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ABSTRACT

MATERIAL CHARACTERIZATION AND COMPUTATIONAL MODELING OF STEEL FOAM FOR USE IN
STRUCTURAL APPLICATIONS

MARCH 2012
BROOKS HOLDEN SMITH, A.B., DARTMOUTH COLLEGE
B.E., THAYER SCHOOL OF ENGINEERING AT DARTMOUTH COLLEGE
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST

Directed by: Professor Sanjay R. Arwade

Cellular metals made from aluminum, titanium, or other metals are becoming
increasingly popularforuse instructural components of automobiles, aircraft, and orthopaedic
implants. Civilengineering applications remain largely absent, primarily due to poor
understanding of the material and its structural properties. However, the materialfeaturesa
high stiffness to weightratio, excellent energy dissipation, and low thermal conductivity,
suggestingthatitcould become a highly valuable new material in structural engineering.
Previous attempts to characterize the mechanical properties of steelfoam have focused almost
exclusively upon uniaxial compression tests, both in experimental research and in computational
simulations. Further, computational simulations have rarely taken the randomness of the
material’s microstructure into accountand have instead simplified the materialtoa regular
structure. Experimental tests have therefore been performed upon both hollowspheres and
PCM steel foams to determine compressive, tensile, and shear properties. Computational
simulations which accurately represent the randomness within the microstructure have been
validated against these experimental results and then used to simulate other material scale
tests. Simulated test matrices have determined macroscopic system sensitivity to various

material and geometrical parameters.
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CHAPTER 1
INTRODUCTION

Cellular metals made from aluminum or titanium are becomingincreasingly popularasa
stiff but lightweight materialfor use in structural components of auto mobiles and aircraft.
However, civil engineering applications require stronger and more economical mate rials than an
aluminum ortitanium foam can provide. Overthe past decade, materials scientists have
developed several ways to manufacture cellular steel, and acouple of these methods are now
mature. However, the material’s mechanical properties are not yet sufficiently defined to use
these steel foamsin structural applications, norisiteven known if the material can be usedin
many applications.

Steel foam has strong potential in the structural engineering realm. Traditional
structural steel has provenitselfinvaluable as an engineering material, but the properties of
structural steel have remained largely invariant for the past century. Steel foam offers designers
the possibility of selecting their own desired elasticmodulus and yield stress from awide range
of possible values, making use of excellent energy absorption properties, and employing highly
advantageous stiffness toweightratios. Further, steel foam offers several non-mechanical
properties which are advantageous to structural applications, including thermal resistance,
sound and vibration absorption, and gas permeability.

Unfortunately, the relationship between microstructural characteristicsand the
material’s effective macroscopic properties remains poorly defined, and the abilityto
manufacture a steel foam with agiven set of properties depends upon this understanding. In
particular, steel foams are manufactured using unique processes which produce microstructures
that have not previously been explored in other cellular metals. Previous attempts to
characterize the mechanical properties of steel foam have focused almost exclusively upon

uniaxial compression tests, both in experimental research and in computational simulations.



Computational simulations have also rarely taken the randomness of the material’s
microstructure into accountand have instead simplified the material to aregularstructure.

Thisthesisfeaturesresearch performed both experimentally and computationally to
establish compressive, tensile, and shear properties of steelfoams produced by atleasttwo
major manufacturing methods.

Experimental research hasincluded uniaxial compression, tension, and sheartests upon
a hollow spheres foam, and uniaxial compression and tension upon a PCM foam. These tests
include the firstknown measurement of the shear properties of asteel foam, and amongthe
firsttensile measurements.

Computationally, a program which accurately simulates multiple types of metal foamsin
various loading patterns has been developed as part of this thesis, utilizing both MatLab and the
ADINA finite element program. The novel simulations account for the randomnessin both the
structure and properties of the material, and have been validated against the results of
experimental tests. This program hasin turn been usedin several matrices of uniaxial
compression and tension tests to demonstrate the large effect that randomness has upon
analyses, to predict the effect of varying geometric parameters,and to prove the feasibility of
using simulations to guide manufacturers in setting manufacturing parameters necessary to
achieve given mechanical properties.

Suggestions are also provided as to furtherresearch work which should be performed to
bring steel foam closertoa commercially viable material. Focusin all testingand simulating has
been placed upon formingan understanding of the properties that willbe mostimportantto
structural engineers in potential applications of the new material within the steel designand

constructionindustry.



CHAPTER 2
BACKGROUND AND LITERATURE REVIEW

2.1 Manufacturing Processes

Key Section Objectives

Provide an overview of the manufacturing processes currently available for steel
foams

Explain the basics of steel foam morphology andstructure

Significantresearch has been performed regarding optimal manufacturing methods for
foams made of metals such as aluminum, titanium and copper. However, steel presents unusual
challenges, particularly in steel’s high melting point, that require new technologies to be usedin
manufacturing.

Current methods of manufacturing allow forany of several different cell morphologies
inthe foam, each with varyingregularity, isotropy, and density. All foams are defined as either
open-celled orclosed-celled based upon whether each microstructural cell is permeable or
sealed with surrounding membranes, respectively. Open-cell foams may be considered a
network of ligaments and closed-cell foams are networks of membrane walls of various
thickness. Current methods of manufacture are able to produce either open-cell or closed-cell
steel foams. All published methods for producing steel foams are summarizedin Table 1. The

following subsections contain more detailed descriptions of the various processes.



Table 1: The several possible manufacturing methods for steel foam, including basic resultant foam characteristics

. . . Min Max  Cell . Major
Process Microstructure Primary Variables Dens. Dens. Morph. Morphology Notes Major Advantages Disadvantages References
Foaming agents Anisotropicif not . . .
Powdet‘ (MgCOs, CaCOs, oo | 065 @esed annealed SrerE, 6 High relatlve' densities Rough pore (Park and Nutt 2001),
metallurgical . . . possible surfaces (Hyun, et al. 2005)
SrCO;3), cooling with some mix methods
Injection molding i < Types of glass (e.g. Glzi\ss hOIdS, shape of High relative densities Poter?tlalchemlcal (Weise, Silva and Salk
. i 0.48 0.66 Closed voids,andincreases . reactions; glass can
with glass balls IM30K, S60HS) . ; possible 2010)
brittleness of material fracture
Oxide ceramic : Ceramic / cement Polygonal shapes on Foaming at room (Verdooren, Chan, etal.
g . 0.13 0.23 Open smallscales, residues of temperatures; complex Manystepprocess 2005a), (Verdooren,
foam precursor & & precursor materials . . .
7 reactions remain shapes possible Chan, et al. 2005b)
L o e ) Sphere Two different cell voids: Low relative densities High relative (Friedl, et al. 2007),
Consolidation of . . ) ) . . o
LY ! manufacture, sphere 0.04 0.21 Either interiorofspheres, and possible; predictable  densities not (Rabiei and Vendra
hollow spheres ¢ a0, . . . )
0% étq connections spaces between spheres and consistent behavior possible 2009)
? %: Types of working . . Wide range of relative . .
Anisotropyis Potentially brittle
PCM : % before sintering, 0.05 0.95 Open e densities;anisotropyis . v (Tuchinsky 2007)
A ) . controllable material mayresult
» filler materials controllable
Comp. powder Matrix material Powder metallurgical Behavioris predictable; (Rabiei and Vendra
metallurgy / used, castingmaybe 0.32 0.43 Closed region maybe foamed no collapse bands until Manystepprocess 2009), (Neville and
hollow spheres doneinstead of PM ora semi-solid matrix densification Rabiei 2008)
Slip Reaction Dlspersant,bubblllng Highly variable cell Manyoptlmlza.ble Cell diameternot (Angel, Bleck and
. . agent,and relative 0.12 0.41 Open . parameters;foaming at , .
Foam Sintering " diameters are produced highlycontrollable Scholz 2004)
quantities room temperature
Polymer foam Polymer material Cellstake o.n vyhatever Low density o.pen-cell Too weak for most (Adler, Standke and
0.04 0.11 Open characteristics the  structure forfilterand structural .
precursor used . L Stephani 2004)
polymer foam had sound absorption applications
Powder space K ¥ F|IIerr_nater|aI UBCa), Porositymaybe graded Por05|_tymaybe grele SpaFe eleler (Nishiyabu, Matsuzaki
2% materialshapesand 0.35 0.95 Closed . bya wide range across material may not
holder ﬁ . across material . and Tanaka 2005)
; gradation the material be removable
Partial bressure of Highly anisotropic but Continuous production Isotropic cell (Hyun, et al. 2005),
Gasar / lotus-type P 0.36 1.00 Closed aligned cell shapes are techniques; high relative morphologies are  (lkeda, Aoki and

gas, which gas to use

unavoidable densities are possible notpossible Nakajima 2007)




2.1.1 Hollow Spheres

Giving highly predictable mechanical properties and requiring only minimal heat
treatment, the consolidation of hollow spheres method is one of the two most popular
techniques for manufacturing steelfoams (Rabiei and Vendra 2009). The hollow spheres
method may resultinfoams of eitherfully closed-cell or mixed open-and closed-cell
morphology, with relative densities from about 4% to 20% possible. The method produces
highly predictable material properties as cell (void) sizeis strictly controlled (Friedl, et al. 2007).
All' hollow spheres processes firstinvolve taking solid spheres of some cheap material such as
polystyrene, placingthese spheresinaliquid suspension of metal powderand a binding agent,
and thendrainingthe liquid to create “green spheres.” These green spheres may then be
sinteredindividually and consolidated using an adhesive matrix, castingin a metal matrix
(Brown, Vendraand Rabiei 2010), or compacting through powder metallurgy techniques (Neville
and Rabiei 2008). Alternatively, the green spheres may also all be stacked into a bulk shape, and
sintered asall at once under high temperature and pressure to create a single block of hollow
spheres (Fried|, etal. 2007). In the sintering process, the spheres end up held together by welds,
or necks of metal that form between individual hollow spheres. A further special variation
involves manufacturing the spheres with ablowing agent within and then allowing the spheres
to expand and sinterinto the resultant honeycomb-like shapes (Daxner, Tomas and Bitsche

2007).

2.1.2 Gasar / Lotus-Type
The gasar manufacturing method, also known as the lotus-type method, is capable of
producing high-density foams ranging from about 35% to 100% relative density with highly

anisotropic, closed-cell morphology. The method features the great advantage thatitis easily



adaptedto a continuous casting process (Hyun, etal. 2005). It also allows for high tensile
strength and ductility—up to 190 MPa at over 30% strain for a foam of 50% relative density—
duetoitsdirectload paths and largely non-porous matrix. In comparison, hollowspheres foams
reach ultimate tensilestrength atabout 8 MPa at 2% strain and 8% relative density (Friedl, etal.
2007).

Gasar steel foams take advantage of the fact that many gases are more soluble in metals
while they are intheirliquid state than when they are in theirsolid state. In the case of steel,
either hydrogen ora hydrogen-helium mixtureis diffused into molten steel (lkeda, Aoki and
Nakajima 2007). As the steel solidifies, the gas leaves the solution, creating pores within the
solid steel body. Two similar methods of performing this process continuously have been
developed: continuous zone melting and continuous casting (Hyun, et al. 2005). In continuous
zone melting, one segment of arod of the base metal is melted in the presence of the diffusive
gas, and then allowed to re-solidify shortly thereafter. In continuous casting, the base metal is
keptmeltedinacrucible inthe presence of the gas, and then slowly cast and solidified (Hyun, et

al. 2005).

2.1.3 Powder Metallurgy

Originally developed foraluminum foams, the powder metallurgy method was one of
the first methods to be applied to steel foamsand is still one of the two most popular (Kremer,
Liszkiewiczand Adkins 2004). It produces primarily closed-cell foams and is capable of
developinghighly anisotropiccell morphologies. The relative densities possible with this method
are amongthe highest, upto 0.65, makingita strong candidate for many structural engineering
applications. Structural applications may demand that the foam retain a relatively high portion

of the base material strength, which should occur at higher relative densities.



The powder metallurgy method involves combining metal powders with afoaming
agent, compacting the resulting mixture, and then sintering the compacted piece at pressures of
900-1000 MPa (Muriel, etal.2009). The metal is broughtto the melting point and held there for
a period of time depending on the foaming agentand desired cell morphology, usually about 15
minutes (Muriel, etal. 2009). The final product may also be heat treated to optimize the crystal
structure of the base metal. Avariation, known as the powderspace holder method, involves
using a simple filler material ratherthan the foamingagentand allows for graded porosity

across the material (Nishiyabu, Matsuzaki and Tanaka 2005).

2.1.4 PCM

The PCM method, originally referred to as a bimaterial rods method, involves forming
steel around a filler material, extruding theserods, sintering them together, and then melting
out the filler material. The rods may eitherbe fed through a filter which would first align them,
or they may be placed randomly, allowing the orientation of the rods and therefore the voids to
be controlled. The rods may also be cut to any desired length or mixture of lengths, allowing
void length to be precisely controlled. Inthe end, a uniquely uniform cylindrical cell morphology
results, and the method may have the potential to produce a wide range of relative densities

from 5% to 95% with highly adjustable void morphologies (Tuchinsky 2007).

2.1.5 Other Methods

Anothermethod of production for steel foamsinvolves the use of a ceramic(Verdooren,
Chan, et al. 2005a) (Verdooren, Chan, etal. 2005b) or polymer (Adler, Standke and Stephani
2004) precursor. Forceramics, a chemical reactionisinitiated to reduce the iron oxideto pure
iron,and thentheironis sintered with carbon already presentinthe ceramic mixture toresult

insteel foam (Verdooren, Chan, et al. 2005a). For polymers, areplication methodis used, in



which molten steelis poured into a high-porosity open-cell precursorshape (Adler, Standke and
Stephani 2004). The final steel foam will take on the same morphology as the precursor
material. Possible relative densities range from 4% to 23% dependinglargely onthe precursor.

Anothermanufacturing method, the slip reaction foam sintering (SRFS) method, is
specifictoiron-based foams and resultsin an open-cell morphology. It has the advantage that,
beingbased entirely on chemical reactions, it operates almost entirely atroomtemperature. It
produces foams of moderate densities, ranging from about 12% to 41%. Two powders are
mixed, one containing the base metal and a dispersant, and the other containingan acid (the
binder) and a solvent. The acid reacts with the iron to produce hydrogen, which then creates air
pockets. Those pocketsare heldin place in the powderby a partial solidification reaction
between phosphoricacidandthe iron. Once thisreactionis complete, water byproducts are
drained outand the foam may be sintered to achieve full strength (Angel, Bleck and Scholz
2004).

There are several further methods of steel foam manufacturethat have been the
subject of at least preliminary investigation by material scientists, including injection molding
and various fibrous foams. Injection molding involves mixing hollow glass beads or other
granularmaterial into the molten metal. To date, steel foams with glass beads have shown high
strength, butalso low ductility and brittle fracture (Weise, Silvaand Salk 2010). Various fibrous
foams have been proposed, but theirresulting mechanical strengthis likely too weak for
foreseeable structural applications. There are two forms of such fibrous foams: truss cores, and
sintered fibers. Truss coresinvolve twisting or welding thin fibers into mesoscale trusses of
various shapes. Such mesoscale trusses can serve as the core layerin structural sandwich panels
(Lee, Jeonand Kang 2007). Fibersinteringinvolveslaying outfibersand sinteringthemtogether.

Again, strength has generally been too low for structural applications, though the oriented fibers



do show potential applications fora material that would only support tensileloads (Kostornov,
et al. 2008).

Key Section Findings

The most popular steel foam manufacturing methods are hollow spheres, gasar, and
powder metallurgy.

Each production method has its own unique advantages and disadvantages in
morphology and difficulty of manufacture.

2.2 Effective Macroscopic Properties

Key Section Objectives

Describe the basic mechanical and non-mechanical properties of steelfoams.

Give examples of the variability of foam properties, as determined through
experimentation.

Explain the several attempts that have been made to model steel metal foam
behavior, through both computational simulation and mathematical formulae.

For engineering purposes, the material properties are of primary importance, and the
manufacturing process used to achieve these propertiesis unimportant. In contrast, the
investigators who have developed the manufacturing processes described in section 2.1 have
performed only limited tests of the material properties of the steel foams resulting from each
process. This section reviews the key experimental studies regarding the mechanical and non-
mechanical properties of steel foams (see Table 2).

In compression, steel foams display a stress-strain curve similarto that of Figure 1,
featuringanelasticregion (uptoo.), a plateauregioninwhichthe voids begin plastic
deformation (identified by 0,), and a densification region in which cell walls come into contact
with one anotherand compressive resistance rapidly increases (after ;).

In tension, yielding and fracture of steel foams occurfirstin eitherthe walls or ligaments

that surround the voids, orin the case of hollow spheres foams, inthe welds that sinter together



the material. Due to bending of the walls, tensile yield strengths of the bulk foamed material

may be significantly less than that of the base material.
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Figure 1: Typical stress-strain curve for steel foam in uniaxial compression

2.2.1 Experimental Material Properties

A number of experiments have been performed to measure steel foam mechanical
properties (seeTable 2). While many models have been proposed to predict properties (see
section 2.2.2), all implicitly assumethat foams of a given base material and relative density will
behave the same (Ashby, et al. 2000). However, the material properties depend uponthe
manufacturing method (Fathy, Ahmed and Morgan 2007), cell size and morphology (Fazekas, et
al. 2002), andsample size tested (Andrews, etal. 2001). For example, powder metallurgy and
gasar steel foams usually have anisotropiccells, resultingin tensile and compressive yield
strengths which vary by as much as a factor of two dependingon direction (Park and Nutt 2001)
(Kujime, Hyun and Nakajima 2005). Others have studied size effects in metal foams, determining

that macroscopic material properties are dependent on sample dimensions (Andrews, et al.

2001).
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The most common mechanical property to measure isthe compressiveyield strength or
plateau strength. The plateau strengthis usually about 5% higherthan the measuredyield
strength (Ashby, et al. 2000). AsshowninTable 4, the compressive yield strength of steelfoam
varies from approximately 1 MPa for highly porous foams (<5% density) to 300 MPa for
extremely densesamples. At about 50% density, steel foam’s compressive strength varies from
100 MPa for typical samples to upwards of 300 MPa for highly anisotropicor speciallyheat-
treated samples. Other mechanical properties, including elastic modulus, Poisson’s ratio,
ultimate tensile strength, densification strain, and energy absorption, have been less frequently
published.

Compressive yield strength (o) normalized by the solid steel compressive yield (o.) is
plotted against elasticmodulus (E.) normalized by the solid steel elasticmodulus (E. ;) in Figure
2, showingthatdifferentratios of stiffness to strength have been achieved, illustrating the large
material selection space available to designers. The solid lines indicate the envelope of stiffness
to strength values predicted by the Gibson and Ashby open and closed cell models for
compressive strength (Ashby, etal. 2000). The wide envelopeindicates that there existsa

substantial design space forsteelfoamsin terms of stiffness to strength ratio.
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Table 2: Material properties extracted from selected publications

. . . Compressive  Ultimate Min Comp
) Relative Compressive Yield R )
Manufacturing Process Density Base metal Stress (MPa) Elastic Mod. Tensile Energy gbs References
(MPa) Stress (MPa) (MJ/m°)
Casting HS — Al-steel composite 0.42 A356+316L 52-58 10000-12000 51 (at57%) (Brown,Vendraand Rabiei 2010)
Ceramic precursor — CaHPO4*2H20 0.23 Fe-based mixture 29+/-7 (Verdooren, Chan, et al. 2005a)
Ceramic precursor — MgO, LD 0.13 Fe-based mixture 11 +/-1 (Verdooren, Chan, et al. 2005b)
Ceramic precursor — MgO, HD 0.21 Fe-based mixture 19+/-4 (Verdooren, Chan, et al. 2005b)
Injection molding — S60HS 0.49-0.64 Fe 99.7% 200 (Weise, Silva and Salk 2010)
Injection molding — I30MK 0.47-0.65 Fe 99.7% 200 (Weise, Silva and Salk 2010)
Lotus type — 50% 0.5 304L steel 95 190 (Ikeda, Aoki and Nakajima 2007)
Lotus type — 62% 0.62 304L steel 115 280 (Ikeda, Aoki and Nakajima 2007)
Lotus type — 70% 0.7 304L steel 130 330 (Ikeda, Aoki and Nakajima 2007)
Polymer precursor — 4.3% 0.04 316L steel 1.2 83 (Adler, Standke and Stephani 2004)
Polymer precursor — 6.5% 0.065 316L steel 3 196 (Adler, Standke and Stephani 2004)
Polymer precursor — 7.6% 0.076 316L steel 4.8 268 (Adler, Standke and Stephani 2004)
Polymer precursor —9.9% 0.099 316L steel 6.1 300 (Adler, Standke and Stephani 2004)
PM - MgCO; foaming 0.4-0.65 Fe-2.5C powder 30(par)-300(perp) (Park and Nutt 2001)
PM — MgCO; and CaCO; foaming 0.53-0.54 Fe-2.5Cpowder 40(5e-5 s'l)-95(16 s'l) 50 (4.5E-5 5'1) (Park and Nutt 2002)
PM — MgCO; and SrCO; foaming 0.46-0.64  Fe-2.5Cpowder 95-320(pre-annealed) 45 (at 50%) (Park and Nutt 2000)
PM — MgCO; foaming 0.55-0.60 F:’:;ccp Z‘?sz fsc' 50-180 (Muriel, et al. 2009)
PM / HS composite — 3.7mm, LC steel 0.389 Fe+.002% 0,.007% C 30 5600 18.9 (at 54%) (Rabiei and Vendra 2009)
PM / HS composite — 1.4mm, LC steel 0.324 Fe+.002% 0,.007% C 30-89 5600 41.7 (at 57%) (Rabiei and Vendra 2009)
PM / HS composite — 2.0mm, stainless  0.375 316L steel 89 9000-10300 67.8 (at 54%) (Rabiei and Vendra 2009)
Sintered HS — 2mm dense 0.04 316L steel 0.89 201 1.59 (Friedl, et al. 2007)
Sintered HS — 2mm porous 0.04 316L steel 1.27 261 1.63 (Friedl, etal. 2007)
Sintered HS — 4mm dense 0.04 316L steel 1.55 358 2.53 (Friedl, et al. 2007)
Sintered HS — 4mm porous 0.04 316L steel 15 362 1.95 (Friedl, et al. 2007)
Sintered HS — 4mm dense 0.08 316L steel 3.34 637 5.32 (Friedl, et al. 2007)
Sintered HS — 4mm porous 0.08 316L steel 3.05 627 5.06 (Friedl, et al. 2007)

Note: Due to chemical processesinvolved in all manufacturing methods, foam properties are not directly comparable to solid metal properties.
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Poisson’sratioforsteel foamsis commonly assumed to be the elasticbase metal value
of 0.3, and few publications have measured Poisson’s ratio. However, for hollow spheres steel
foams, experimental regiments have reported ranges from O (or even slightly negative) to 0.4
(Lim, Smith and McDowell 2002) and 0.09 to 0.2 (Kostornov, et al. 2008), dependingonthe

density and manufacturing method.
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Figure 2: Compressive yield strength versus normalized elasticmodulus of various types of steel

foams, as reported by various researchers (see Table 2). The Gibson & Ashby model's minimum

and maximum values are also displayed (see section 2.2.2.2). The lower graph zooms in upon
the open-celled foams in the top graph.
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Evaluation of the densification strain and energy absorption is possiblein most
experiments, but few values are published. Densification usually occurs at 55-70% strain. Energy
absorption measured up to 50% strain ranges from 40 MJ/m? to 100 MJ/m?, for densities near
50%.

In the few tension tests conducted, tensilestrengths between 1and 5 MPa forlow-
density sintered hollow spheresfoams and up to over 300 MPa forthe anisotropic gasar foam
parallel to the pore orientation have been recorded.

A basicsummary of tested thermal, acoustic, and permeability propertiesisincludedin
Table 3. Non-structural properties are directly associated with parameters otherthanrelative
density: cell morphology for permeability (Khayargoli, et al. 2004), cell size foracoustic
absorption (Tang, etal. 2007), and cell wall thickness forthermal conductivity (Zhao, etal.
2004). Nevertheless, the primary predictive parameteris still relative density and Table 3, which

summarizesthese values, is based upon these measurements.

Table 3: Non-mechanical material properties for steel foam, including thermal, acoustic, and
permeability, for optimal manufacturing methods of steel foam.

Property Minimum @ Density Maximum @ Density Reference
Thermal Conductivity® (W/mK) 0.2 0.05 1.2 0.1 (Zhao, et al. 2004)
Acoustic Absorption Coeff @ 500 Hz 0.05 0.12 0.6 0.2 (Tang, et al. 2007)
Acoustic Absorption Coeff @ 5000 Hz 0.6 0.27 0.99 0.12 (Tang, et al. 2007)
Permeability (m” * 10°) 2 0.14 28 0.1 (Khayargoli, et al. 2004)
Drag Coefficient (s*/m * 10°) 0.3 0.9 2.2 0.14 (Khayargoli, et al. 2004)

Note: Solid steel thermal conductivity is in the range of 20-50 W/mK, acoustic absorption
coefficients range from 0.08 to 0.12, permeability is 0, and drag coefficient is irrelevant due to
the impermeability.

2.2.2 Modeling of Mechanical Properties
In addition to experimental evaluation of the mechanical properties of steel foams,

investigators have attempted to develop computational or analytical models for material
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propertiesthatincorporate explicit representation of the foam microstructure. Attempts have
alsobeenmade to develop and fit phenome nological models to the mechanical properties
obtainedin experiments, interpolating to obtain agood curve fit. Finally, continuum
representations of the mechanics of steel foam deformations have used constit utive models

based on metal plasticity to represent the nonlinear response of metal foams.

2.2.2.1 Computational Microstructure Models

Explicit modeling of steelfoam microstructure has been explored by a variety of
investigators as summarized in Table 4. Computational approach, cell morphology, software,
and details of the mechanics are also summarized. While nearly all of the studiesinclude
plasticity in the simulation, only five include contact, and none include material fracture,
meaning that simulation of the densification strain and tensile ductility isan underdeveloped
area of inquiry.

The simplest models employ tetrakaidecahedra geometry, with continuous faces for
closed-cell foams, and with only struts (no faces) for open-cellfoams (Kwon, Cooke and Park
2002). A tetrakaidecahedronsis shownin Figure 3. These shapesare not physically possible to
create by current manufacturing methods, but are the most computationally efficient shapes
because they stack without gaps. Tetrakaidecahedra models also exist which examine the
impact of defects on the unitcell (Kepets, Luand Dowling 2007). Microstructural models for unit
cellsof hollow sphere steel foams with ordered packing are also relatively common (Lim, Smith
and McDowell 2002). More recently, models of representative samples of closed-cell foams with
random material removed have been explored (Kari, etal. 2007), but these modelsrequire fine

meshes and can be computationally challenging.
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)

Figure 3: A single tetrakaidecahedron. These shapes stack without gaps, so conglomerations of
tetrakaidecahedra are used in simple computational models.

A number of microstructural features have not been modeled to date, including strain
hardeninginthe base metal, fracture, the presence of pressureininternal voids, and voids
made from glass or other materials. Further, simulations generally ignore any effects of special
treatments to the material such as unusual heat treatments, instead focusing on the foams that
are more likely to enter commercial production. Currently, the greatest restrictionin
microstructural computational modelingis the available computational resources, but as
computational capabilities continue to expand, the fidelity of steel foam computational models

will alsoincrease.
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Table 4: Microstructural representations of steel foam used in selected published literature.

Microstructure Representation Int:enn::; to Cell Types Software Nonlinearities Included Behaviors Modeled Reference
AED sl spheres,_5|mulated Stz ekl Unitspheres CAST3M, SAMCEF None —elasticonly 3 imposed stress tensors iEessen Fam 2
weld connections | r/R<0.2 Brechet 2004)

Sintered hollow
metal spheres

Two 2D circles with weld
connections

Sintered hollow
metal spheres

SC hollow spheres, simulated
weld connections

Tetrakaidecahedrons tightly-
packed
FCC and HCP hollow spheres,
direct contact

General open-cell
metal foams
Sintered hollow
metal spheres
Sintered hollow
steel spheres
Sintered,
syntactic, &
perforated HS

Tetrakaidecahedrons w/
random defects

SC, BCC, FCC, and HCP hollow
spheres

Pre-crushed

SChollow spheres sintered steel HS

Composite material with
random hollow spheres

Composite hollow
sphere foams
Sintered hollow

FCC hollow spheres metal spheres

Sintered hollow

ABC symmetry hollow spheres ) ST

SC, BCC, FCC, and HCP hollow
spheres

Sintered hollow
metal spheres
Sintered hollow

Random hollow spheres
metal spheres

Two 2D circles

tetrakaidecahedrons

tetrakaidecahedrons

Unitelongated

Power law strain

ZeBuloN .
hardening, contact

Some power law strain

ABAQUS/CAE hard.

Unitspheres

Unit

(not stated) Plastic deformation

Contact, plastic

LIS deformation

Unitspheres

Bulk Large displacements,

ABAQUS, MATLAB plastic deformation

Unitspheres &
perforated spheres

MSC NASTRAN Plastic deformation

LS-PREPOST, CATIA, Non-penetration contact,

spheres ANSYS, LS-Dyna plastic deformation

Bulk spheres ANSYS-APDL Plastic deformation

Contact, plastic

Unitspheres .
P deformation

(theory) & ABAQUS

Unit spheres (not stated) Plastic deformation

Unitspheres ABAQUS Plastic deformation

Non-penetration contact,

AT plastic deformation

Single sphere

Damage and

densification of spheres

40 imposed stress
tensors

(Fallet, Salvo and
Brechet 2007)
(Sandersand Gibson,
Mechanics of BCCand
FCChollow-sphere
foams 2002)

Elasticcompression and (Kwon, Cooke and Park

plasticdamage
Plasticresponse in

compression and tension
Plastic collapse in uniaxial

compression

Heat transfer, uniaxial

tension

Plastic collapse in uniaxial

compression

Uniaxial compression

2002)

(Karagiozova, Yu and
Gao 2007)
(Kepets, Lu and
Dowling 2007)

(Oechsner 2009)

(Speich, et al. 2009)

(Kari, et al. 2007)

Plastic collapse in uniaxial (Karagiozova, Yu and

compression

Uniaxial compression

Uniaxial compression

Uniaxial compression

Gao 2006)
(Franeck and Landgraf
2004)

(Gao, Yu and
Karagiozova 2007)
(Lim, Smith and
McDowell 2002)
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2.2.2.2 Mathematical Models with Microstructural Parameters

The firstand still most widely accepted models for representing the mechanics of metal
foams are those developed by Gibson and Ashby (Ashby, et al. 2000) as summarizedin Table 5.
The expressions assumethat the primary dependent variable forall foam mechanicsisthe
relative density of the foam, and all other effects are lumpedinto a multiplicative coefficient
with typical ranges provided within the formulasin Table 5. Selection of the appropriate
coefficient must be done with care and the resulting expressions are only valid forasmall range
of relative densities as well as specificmorphologies and manufacturing methods. Convergence

to solid steel values at high relative density is notintrinsicto the expressions.

Table 5: Equations formechanical properties of metal foams as set by Gibson and Ashby (2000)

Property Open-Cell Foam Closed-Cell Foam
Elastic modulus E/E,=(0.1-4)-(p/ps)° E /E,=(0.1-1.0) - [0.5:(p/ps)” + 0.3:(p/ps)]
Compressive yield 32 0./ 0cs = (0.1-1.0) - [0.5:(p/ps) " +

o'c/ Ocs = (01'10)(p/ps)

strength 0.3:(p/ps)]
Tensile strength o, =(1.1-1.4) - o, o, =(1.1-1.4) - o,
Shear modulus G=3/8-E G=3/8-E
Densification strain €5 = (0.9-1.0) - [1 - 1.4-(p/py) + 0.4-(p/ps)’] € = (0.9-1.0) - [1 - 1.4-(p/ps) + 0.4-(p/ps)’]

Comparison of the expressions of Table 5with available experimental data for
compressive yield stress and Young’s modulusis provided in Figure 4. Basictrends are captured
correctly by the expressions, but exactagreementis poor, and only a very wide envelopeis
effectively provided. Data outside the “bounds” of the Gibson and Ashby expressionsinclude
steel foams with unusual anisotropy, special heat treatments, and unusually thin-walled hollow
spheres. The Gibson and Ashby expressions therefore represent an adequate starting point, but

other models require investigation.
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Figure 4: Comparison of available experimental data with Gibson and Ashby expressions of Table
5. Blue linesindicate Gibson & Ashby expressions with leading coefficients equal to minimum,
maximum, and central value.

Experimentalresearchers have developed versions of the Gibson and Ashby expressions

that are specificsubsets of foamtypes, as providedin Table 6. For hollow spheres foams, the

ratio of radius to thickness of the spheres has beenintroduced as a descriptivevariablein

addition to the relative density. Comparison of the expressions of Table 6 with those of Gibson

and Ashby, asshownin Figure 5, demonstrate that although all yield different solutions, they

remain withinthe established bounds. Nevertheless, in comparison to experimental results,

these more specificmodels still make little improvement upon the ability to actually predict
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mechanical properties of metal foam. Utilizing plate bendingand membrane theory, closed-cell
foam modelsthatinclude relative density as well as a measure of the proportion of material
presentinthe wallsof the cell versusinits struts (denoted as ©) have also been proposed by
Gibson and Ashby (Ashby, etal. 2000) and others. Despite the potential forincreased accuracy,
the uncertainty in defining © accurately, and the simplicity of existing expressions (regardless of
accuracy), hasledto slow adoption of thisimprovement. It also remains uncertain asto how

much more accurate even these highly complex equations may prove to be.

Table 6: Experimentally derived expressions for mechanical properties of elastic modulus (first
table) and compressive yield (second table). t = sphere thickness, R= outer radius of hollow
sphere, r =radius of joined metal between spheres

Model Type

Constitutive Equation of Elastic Modulus

Reference

Ideal
Tetrakaidecahedral
Powder Metallurgy

Sintered Hollow
Spheres (FCC)
Sintered Hollow
Spheres (BCC)
Sintered Hollow
Spheres (SC)
Sintered Hollow
Spheres (FCC)
Sintered Hollow
Spheres (BCC)
Sintered Hollow
Spheres (FCC)

E/Ecs =0.32 - (p/ps)2 + 0.32 - (p/ps)

E/Ecs=0.08 - (p/ps)2
E/Ecs=1.25 - (p/ps)1.33, (p/ps) < 0.06
E/E.s=0.72 - (p/ps)1.13, (p/ps) 2 0.06
E/E.s=2.62 - (p/ps)1.67, (p/ps) < 0.1
E/E.s=0.96 - (p/ps)1.25, (p/ps) 2 0.1

Eo/Ecs = 0.65 - (p/ps)1.36
EJ/E.. = [0.826 - (t/R) +0.118] - (t/R)

EJ/Ec = [0.826 - (t/R) +0.118] - (t/R)

Eo/Ecs = [5.14 - (r/R)2 + 0.57 - (r/R) +0.118] - (t/R)
+[-30.1- (r/R)2 + 10.5 - (r/R) + 0.826] - (t/R)2

(Sanders 2002)
(Gauthier 2007)
(Sanders 2002)

(Sanders 2002)

(Sanders 2002)

(Sanders and Gibson

2002)

(Sanders and Gibson

2002)

(Sanders and Gibson

2002)
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Model Type Constitutive Equation of Compressive Yield Reference

Ideal _
Tetrakaidecahedral 0/0.s = 0.33 - (p/ps)2 +0.44 - (p/ps) (Sanders 2002)
Powder Metallurgy 0/0cs = 1.1 (p/ps)3/2 (Gauthier 2007)
Sintered Hollow
Spheres (FCC) 0/ = 1.0 (p/ps)1.30 (Sanders 2002)
Sintered Hollow
=0.81- 1. 2002
Spheres (BCC) o/o.s =0.81 - (p/ps)1.35 (Sanders 2002)
Sintered Hollow
Spheres (SC) 0/0.s = 0.65 - (p/ps)1.36 (Sanders 2002)
Sintered Hollow _ (Sanders and Gibson
spheres (FCC) 04/0¢s = [-1.5810-3 - 62 + 1.10 - 6+ 0.015] - (t/R)1.13 2002)
Sintered Hollow (Sanders and Gibson
=[0.029 - 6 + 0.352] - (t/R)1.13
Spheres (BCC) O/ Ocs = [ 1-(/R) 2002)
Sintered Hollow od€)/o.s =0.071 - €-0.6295 - (p/ps)2 + 0.2674 - €0.1608 - (p/ps), (Sanders and Gibson
Spheres (FCC) €>0.03 2002)
Sintered Hollow o.(€)/0.s =0.0519 - €-0.5958 - (p/ps)2 +0.4652 - €0.4318 - (p/ps), (Sanders and Gibson
Spheres (BCC) €>0.03 2002)
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Figure 5: Graph comparing the alternative mathematical models for compressive yield with the
model of Gibson and Ashby. The graph for alternative elastic modulus models shows similar
patterns.

Key Findings

Steel foam behaviors similarly to solid steel exceptin compression, where the plastic
modulus increases massively at densification in high strain.

The effective macroscopic properties of foams vary dramatically between
manufacturing methods, providing a large design space to engineers. However,
fewresearchers have tested properties otherthan in compression.
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Computational simulations have focused almost exclusively upon highly -simplified
hollow spheres foams, and usually only model compression.

Mathematical models provide only a very general guidance as to predicting the

macroscopic properties of a metalfoam based upon microstructural
characteristics.

2.3 Usage in Structural Engineering

Key Section Objectives

Explain the need and method of modeling steel foam in a homogenized manner
based on plasticity models.

Describe basic advantages of steel foam over other building materials, both in
mechanicaland non-mechanical properties.

Identify severalexample applications for steel foam in structuralengineering, based

upon both published literature and current uses of foams in metals otherthan
steel.

To evaluate the properties of any new material properly, its likely future usage mustbe
consideredthroughout to determine the mostimportant properties and to avoid examining
unnecessary properties. Various structural applications are being considered for steel foam,
some of which even vary depending upon the manufacturing method of the foam. Forexample,
hollow spheres foams are known to have poortensile properties and cannot be manufactured
at higherthan about 25% relative density, so their potential applications are almost entirely
limited to compression-only uses thatdo not require high strength. Efficient use of the material
requires beingable to perform efficient computational simulations in finite element packages,
whichinturn requires beingable to simulate the steelfoamsinahomogenized manner, sothe
inputs for such homogenized models mustalso be established through microscale material

investigation.
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2.3.1 Plasticity Based Models

Due to microstructural complexity, simulations of metal foam components using
traditional 3D solid elements would require orders of magnitude more elementsthan
simulations of equivalent homogeneous solid metal components. Therefore, new types of
elements capable of representingalarge volume of metal foam as a macroscopic material are
necessary forthe examination of structural components and applications of the material.

Macroscale finite element models utilizing either solid or shell elements may employ
homogenized elastic properties, but this will only lead to an accurate material response
representation up toinitial yield. Classical metal plasticity utilizing von Mises yield criteria
assumes metals are incompressible in the plasticregime and thatyield properties are
dependent only on distortional energy associated with shear stress (Khan 1995). However, steel
foam has internal voids, is compressible in the plasticregime, and is thus dependent upon
dilatational energy, associated with mean stress. Traditional material definitions for finite
elements are therefore incapable of representing metal foams as a bulk material during plastic
deformation.

Miller (2000) and Deshpande and Fleck (2000) generalized the von Mises yield criterion
by accountingfor pressure dependence (mean stress)intheir effective stress formulation. These
initial models only included linear hardening. To capture the densification thatis experienced by
metal foams at high strains, the model was expanded and validated foraluminum foams by
Reyes (2003) and Hanssen et al. (2002) to include nonlinear hardening, and laterto also account
for tensile fracture. The Deshpande-Fleck model with these improvementsisimplementedin
various commercial finite element codes such as LS-DYNA and ABAQUS, but calibration for steel

foams has notbeen conducted.
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Importantinputs requiredto calibrate the Deshpande-Fleck model include a stress-
strain curve up through densification, incremental Poisson’s ratio values, and a factor
representing the multiaxial strength of the material. These inputs must be derived through
experimental testingand microscale simulations which utilize traditional plasticity elements. The

Deshpande-Fleck modelis not designed forand cannot be used on microstructural simulations.

2.3.2 Structural Applications
Foamed steel introduces relative density as a design variable in material selection, and
the ability tofoam steel affords potential advantages oversolid steel in both structural and non-

structural properties. These advantages have been utilized in existing design applications:

Structural advantages Non-structural advantages
¢ Minimize weight e Decrease thermal conductivity
e Maximize stiffness e Improve acoustical performance
e Increase energydissipation e Provide air/fluid transport within
e Increase mechanical damping material
e Tunevibration absorption frequencies o Electromagneticandradiation
e Joiningthermally dissimilar materials shielding

Steel foams applications are just beginning to be developed, though some aluminum
foam applications already exist on the commercial market, primarily in the mechanical,
aerospace, and automotive industries. Nevertheless, steel foam bars, rods, foam core sandwich
plates, and foamfilled tubes have been created and tested atlaboratory scale, at sizes on the
orderof 300 mm long by 50 mm diameter (Kremer, Liszkiewicz and Adkins 2004). This work
provides proof of concept testing forthe manufacture of steel foam components which are
similartothose usedin existingaluminum foam applications. Existing metallicfoam applications
have been summarized according to how the advantageous properties of foaming have been
exercisedinthe design application. Structural and mechanical advantages are detailedin Table

7, and nonstructural advantages are exploredin Table 8.
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Table 7: Prototype and production structural applications for metal foams from selected literature.

Weight Stiffness Energy Damping Vibration

Importance to civil engineering Reference

Prototype/In-Production Applications:

Steel foam bars,
rods, sandwich plates

Wall/floor foam
sandwich panels

Balcony platform,
parking floorslab

Crane liftingarmand
support; analogous
to structural beams

Fabrication
equipment

Ariane 5rocket cone
prototype

Race carcrash
absorber

Proof-of-concept, demonstrates steel foam

bars, rods, sandwich plates, foam filled (I.(rerr.1er,.
Liszkiewicz

tubescanall be produced; demonstrates .
and Adkins

essentiallyall aluminumfoam applications

could be extended to steel foam. ALIR)

Mass production of metal foam panels is

possible. Great variety of bendingstiffness- (Banhartand
to-weight regimes opened up by this Seeliger2008)
possibility.

Metal foam panels maytake significant,
even localized, loads, thus appropriate for
floorslab, even heavily loaded parking
garage (as load redistributes adequately).

(Hipke 2011)

Metal foam beams can be produced that

support high/typical structural loadsand (Banhartand
fatigueisnotaunique problemascrane Seeliger2008)
arms were fatigue tested.

Metal foam panelscanbe tuned for

desired vibration characteristics, could, (Neugebauer,
e.g.,be veryimportantforhigh-speedrail etal.2004)
applications.

Shell structures possible with metal foams,

tight dynamic performance constraints can (Banhartand
be met. Metal foamexplicitly cheaper than Seeliger 2008)
traditional sandwich panel inthis case.

Load transferto the support limited bythe (Lefebvre
foamyield. Slower decelerationreduces  2008),
dynamic effects and enhances driver’s (Cardoso and
safety. Oliveira2010)

25



Steel foams exhibit excellent stiffness to weight ratios when loaded in flexure (Ashby, et
al. 2000). In particular, foam panels have better bending stiffness than solid steelsheets of the
same weight (Banhartand Seeliger2008). Therefore, the majority of existing structural
applications seek to either minimize weight given stiffness constraints, or maximize stiffness
given weight constraints, and the ability to control density through foaming makes these goals
possible. For example, amanufactured 16 mm sandwich panel, with 1 mm steel sheet facesand
the remainderfoamed, has comparable bending stiffness to a solid steel plate 10mm thick, but
at only 35% of the weight (Neugebauer, et al. 2004). As anotherexample, a parking garage
utilizing steel mesh reinforced metal foam floor slabs was proposed and full -scale load tests
conducted (Hipke 2011). The design met standard strength and serviceability requirements,
including deflection and strength underlocalized loading, and the use of the metal foam
sandwich panelsreduced the weight of the floors by 75% compared with traditional reinforced
concrete decks.

Minimizing weight can have surprising benefits. The rigid body dynamics of acrane arm
dictate that the mass of the arm controls the maximum lift, though a crane arm with the same
stiffness butless weight can lift more with the same ballast. With this basicprincipleinmind a
metal foam liftingarm, weighing 50% less than its solid steel counterpart was created (Banhart
and Seeliger2008). The crane successfully underwent high cycle fatigue testingand is currently
incommerecial production, thus demonstrating that heavily loaded beams under fatigue loading
are possible with metal foams.

Additional mechanical examplesincludeimprovementsin fabrication equipment
(Neugebauer, etal. 2004) and the cone of a prototype rocket (Banhartand Seeliger 2008) that
explore the structural benefits of increasing mechanical damping, and tuning the vibration

frequency of components.
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Energy dissipation through large compressive deformations at constant stress levels
have been usedinthe automotive industry for crash protection (Lefebvre 2008). Once kinetic
energyiscompletely dissipated through plasticdeformation, the crashisarrested and the
vehicle comestorest. The yield stress of the foam is designed such thatit does not substantially
change the load carrying characteristics of the main car frame. Vehicles equipped with foamed
elements decelerate overalongerdistance and period of time, thereby reducing accelerations
experienced by the vehicle occupants (Cardoso and Oliveira 2010). The ability to absorb energy
of impactor blast while limiting stress levelsis crucial to the design of robust hardening systems
for civil infrastructure.

An important structural advantage for metallicfoams that has not been demonstrated
to date is the mitigation of buckling both forrods and plates, and the conversion of limit states
from unstable buckling modes with little to no energy dissipation to stable modes exhibiting
crushing or post-buckling behavior. In addition, applications with high strain rate, low-cycle
fatigue have notbeen explored. Existing structural advantages demonstrate the potential for
steel foamincivil applications, but much work remains forthese advantagesto be realizedin
practice.

Example non-structural applications for metallicfoams utilize benefits of the material
such as thermal conductivity, fire retardance, acoustics, gas and fluid transport, and
electromagneticshielding (summarized in Table 8). Existing applications are largely in the
mechanical engineering domain, soforeach application, the potential importance to civil

engineeringisalsodiscussed.
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Table 8: Prototype and production non-structural applications of metal foams

Prototype / In-

Production Thermal Fire Acoustic  Fluid E/M Importance to civil
Applications: Resist Resist Absorb Transport Shielding engineering Reference

Industrial chill Reduced thermal (Neugebauer, et al.

forms and X conductivity; could help 2004), (Ashby, et al.

generic foamed thermalbridging in steel 2000)

parts applications.

Metal-ceramic Metal foams allow (ReLgsﬁzr;,rg:I;cgoollg)and

heat shield and materials of disparate . . ’

biomedical X thermalexpansion to be (Shlrzadl,_Zhu and
implants joined. Bhadgshla 2008),
(Levine 2008)
Potential for integral fire (Coquard, Rochaisand
Fire retarders X X resistance in steel Baillis 2010), (Lu and
members. Chen 1999)

Open-cell metal foams (Ashby, et al. 2000),

allow fluid transport, (Reisgen, Olschok and

Heat exchanger X X potential for wallspto be ( Loigerich 2010)

integrated with HVAC.

Sound absorber Potential to integrate  (Ashby, et al. 2000),
on bridge, in X sound absorption and (Gohler, et al. 2001),
auto exhaust, vibration control into  (Bao and Han 2009)

and general use bridge/rail design.

. Potential forshielding (Losito, D.and

Electromagnetic . - .

shield and buried structur.e§, Dimiccolim 2010), (?(u_,
radiation shield components of critical Bourham and Rabiei
facilities. 2010)
Key Section Findings

To modelsteel foamin a finite element analysis, a plasticity modelsuch as that
proposed by Deshpande and Fleck must be employed.

Cellular steel exhibits particular advantages in stiffness to weight ratio, energy
dissipation, vibration control, and thermal conductivity.

Potential applications include parking garages, beams, crash absorbers, integral
bridge vibration absorption, and electromagnetic shielding of critical facilities.

28



CHAPTER 3
EXPERIMENTAL TESTS

3.1 Testing Standards

Key Section Objectives

Explore the testing standards which currently exist and their applicability to metal
foams.

Experimental measurements of steelfoam properties vary significantly not only among
different manufacturing methods, but also among different research groups, even within
nominally similarspecimens (Lim, Smith and McDowell 2002). Bias in the data exists because of
a strong correlation between manufacturing type and research group; for example, only two
research teams work on gasar manufacturing: Nakajima, Ikeda, and Hyun (2003) and Shapovalov
and Boyko (2001). Variability is also due to the lack of standardization in testing (see Table 9).
For example, authors have considered yield stress to occur at strain offsets from 0.2% to 5%;
sample sizes vary significantly, particularly for tensile and shear tests; and many authors do not
describe how samples and testing apparatus were prepared.

Recently, there has been some effortto standardize testing of metal foams. Japanese
and German (Krupp, etal. 2007) standards for compression testing of metal foams have been
accepted, and the International Standards Organization (1SO) recently combined thesetwo
standardsintoits own international standard for compression testing of metal foams (ISO/DIS
13314). However, there are no standards that currently exist for tensile, shear, cyclic, or other
mechanical tests on metal foams. There are analogues in testing of cellular plastics and
ceramics, as listedin Table 9, or in certain testing procedures for solid metals, but metal foam

testing procedures must be devised by analogy to these standards.
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Table 9: Table of comparable American and international testing standards for metal foams.

Test Similar Standards Standard Is Designed For
1SO 2738 Metal foams
Cell openness .
1SO 4590, ASTM D6226 Cellular plastics
Linear dimensions 1SO 1923 Cellular plastics
1SO 2738 Metal foams
Density 1SO 845, ASTM D1622 Cellular plastics
ASTM C271 Sandwich foam core
Cell size I1SO 24003 Metal foa ms
ASTM D3576 Cellular plastics
) ISO/DIS 13314(E), DIN Metal foams
Compression 50134, JIS H7902
1SO 844, ASTM D1621 Cellular plastics
. I1SO 1926, ASTM D1623 Cellular plastics
Tension .
ASTM C1674 Honeycomb ceramics
sh ASTM C273, DIN 53295 Sandwich foam core
ear 1SO 1922 Cellular plastics
Shear fatigue ASTM C394 Sandwich foam core
Compressive creep ISO 7616, ISO 7850 Cellular plastics
Bending I1SO 1209-1 Cellular plastics
Elastic modulus I1SO 1209-2 Cellular plastics
Poisson’s ratio ASTM D6790 Honeycomb core materials
Key Section Findings

While thereis some current effortto create testing standards specifically for metal
foams, there is generally very poor standardization of testing procedures and the
bestanalogues are generally in cellular plastics.

3.2 Testing Procedure

Key Section Objectives

Describe the specimens available for testing and their machinability.
Discuss the procedures used in testing.

Two types of steel foams were availablefortesting, including several hollow spheres
foam samples, and one block of PCM foam. The formerwas acquired from Fraunhofer Institute
for Advanced Materials (IFAM) in Dresden, Germany, while the latter was sourced from MER
Corporationin Tucson, Arizona, USA. Precise inventories are described below.

Sixty-six blocks of hollow spheres steel foam samples were available for experimental
testing. Each block measures approximately 52mm by 55mm by 260mm, is made of a mild

carbon steel, and has a relative density of approximately 14%. Afterinquiriesto the
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manufacturer, Fraunhofer, the company representative stated that the precise alloy
composition cannot be known due to the nature of their production process (Goehler2010).
While the specimens would ideally be prepared for testing exactlyaccording to existing testing
standards for either metal foam or solid steel, the limited machinability of hollow spheres steel
foam samplesavailable often restricted this. Attempts to cut the material have shown that
millingand likely any type of drillingisimpossible, as instead of cutting through the material, the
spinning bit breaks off spheres at their welds and throws them off. Forsimilar reasons, alathe
would likely also cause similar problems, though this was not tested. While previous published
testing suggested thatelectrical discharge machining would be the most successful method of
machining, the cost and difficulty of this method rendered this method prohibitive. The only
successful method of machining readily available at the University of Massachusetts was to use
a band saw. Further, itwas found thata band saw operatingatslowerspeeds provides a better
cut than a band saw operating at higherspeeds. At higher speeds, the saw appears to partially
meltthe sphere walls, while aslowerspeed tears some sphere walls slightly but otherwise
leavesthemcleanly cut.

Only one block of PCM foam was available fortesting, measuring approximately 110mm
by 110mm by 37mm. However, the PCMfoam was also easily machined using amill and so
could be easily cut to have flat surfaces and accurate rightangles. Andrews et al (2001) showed
that size effects reduced the apparent strength of experimental specimens with dimensions
equal tolessthan 8-10 pore diameterstoa side. Forthe PCM foam, the diameter of the largest
poreswason the order of tenths of millimeters, so the minimum 8-10 pore diameters was easily
metin eventhe smallestsamplesinthe directions perpendicularto the voids. However, the
voids were also highly elongated, having lengths of up toabout 20mm. Asthe poreswere

oriented with theirlongaxis runningalongthe shortest dimension of the material,the 37mm
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height, itwasimpossibleto meetthe 8-10 pore diameter minimum (Andrews, et al. 2001).
Nevertheless, testing was performed despite this restriction.

All mechanical tests were performed upon ascrew-driven Instron 3369 testing machine.
In orderto processresulting data, the Instron testing machine was setto export raw data
consisting of elapsed time, crosshead extension, load cellvalues, and, if usedinthe given test,
extensometer strainintoa.csv comma-separatedvalues textfile. These .csv files were then
imported into MatLab, and processed using custom-written scripts to convert the data into

stresses, strains, Poisson's ratio values, and graphs of these results.

3.2.1 Microscopy

Understandingthe precise nature of the material’s microstructure is extremely
important foraccurate computational simulations. The features of interest on the hollow
spheresfoams are particularly the sphere wall thickness, weld diameter, and weld length. All of
these features would be measured on the scale of hundredths of millimeters, whichis possible
underan optical light microscope. The Conte Polymer Science Center at the University of
Massachusetts Amherst possesses such microscopes andthe tools necessary to make
measurements, so examination were done at this location. Through experimenting with
different cutting methods and cutting speeds, it has been determined that a sharp vertical band
saw operating atlow speed (nearto the machine’s minimum speed) provides the cleanest cut.
Thinslices of approximately 5mm thickness were cut using such amethod and then examined
underthe microscope. While itis not possible to measure every weld and hollow sphere ona
given block of material, random samples were observed and their measurements recorded. This

data was then entered into MatLab, approximate distribution was determined visually through
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histograms, and then means and standard deviation were calculated. Thisdataisthenusedto
informthe input parameters for computational simulations.

In orderto characterize the steel foam by a set of discrete parameters, various
characteristics of the material’s microstructure were measured and recorded with the aid of an
Olympus optical microscope. These parametersinclude the outer diameterand the sphere wall
thickness of the hollow spheres, as well as the diameter of the weld areas connecting spheres.
These parameters correspond tothose used in the computational simulations (see Chapter4),
and are also considered sufficient to representthe hollow spheres geometry.

Images were viewed by directing the optical microscope’s outputto a computer, and
observingthe live display in a software imaging package along with asize scale. While the
software did not provide ameans of measuring between arbitrary points, measurements were
performed by calibrating astandard ruler to the image scale and then measuring on screen with
aruler. The subjectivity of these measurements suggested that attempting to make
measurements more precisely through other means would not have yielded results that were

any more accurate.

3.2.1.1 Hollow Spheres Foam

The sphere diameter was measured onthe uncut face of the material so as to ensure
that no incorrectly small measurements would be obtained from spheres that were cut more
than halfway through. See Figure 6fora sample image from which measurements were taken.
Dimensions of each sphere vary throughout the material, sorandom spheres were measured
while ensuring that no one sphere was measured more than once. Further, an occasional
damaged, highly deformed, orbadly corroded sphere was excluded from being measured, as

they were considered notto be representative of the overall geometry. Such criteriaremoved
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fewerthan 5% of spheres fromthe sample frame. It was also assumed that the hollow spheres
are close enough to being axisymmetricthat only a single measurement of diameter was taken
for each sphere, but was taken alonga random direction for which a precise measurement could
be obtained. Some directions were more difficult to obtain a precise measurementalong,
particularly around welds, where the division between where one sphere ends and the next
begins becomes difficult to determine. When a measurement was taken, the ruler was placed
on a pointon one side of the sphere, and then pivoted about that point until the largest
measurement was observed, and then this value was recorded, thereby ensuring that the

measurement was representative of the full diameter.

Figure 6: Sample image of a sphere diameter microscopy measurement.

Weld size was measured from the same uncut face of the steel foamin orderto ensure
that the full weld diameter would be measured. Again, random welds were measured while
making sure that no welds were repeated. The value was obtained by measuring from one cusp

betweenweldstothe next, asshownin Figure 7.
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Figure 7: Sample image of a weld size microscopy measurement.

Finally, the sphere wallthickness could only be measured from a cut face of the
material. However, band saw cuts were too inaccurate and caused too much tearingand
bending of the sphere walls. Therefore, faces of the material which had been cut by electrical
discharge machining (EDM) by Fraunhofer IFAMwere used for measurements. However, itis
likely that many spheres were not cut straight through their centers, which would resultin cuts
not perpendicularto the wall and therefore measurements of the wall thickness being artificially
large. To partially account for this, only spheres thatappearedto be at least close to the
measured average diameter were measured fortheirwall thickness. However, this erroris still
inherentin the wall thickness measurements. Further, the wall thicknessis not uniform
throughoutthe entire circumference due toimprecisions in the manufacturing method as well
as microporosity withinthe walls themselves. When measurements were made, a section which
visually appeared to be average within agiven circumference was measured (see Figure 8). The
wall thickness parameter has the least confidence of the three parameters due to these several

sources of error.
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Figure 8: Sample image of a sphere wall thickness microscopy measurement.

3.2.1.2 PCM Foam

PCM foams had three different types of faces available for measurements under the
microscope: cut parallel to pores, cut perpendicularto pores, and tensile fracture faces
perpendicularto pores.

On the faces cut parallel to pores, it was possible to measure the length of each pore,
and the angle at which each pore was oriented along the plane of the face. The angle of
orientation of the voids was observed to be so close to vertical thatit was not possible to take
an accurate measurementof the angle. It was therefore assumed that the pore length could be
measured along acut made parallel tothe pores, though it was still possible that pores could
have divedintothe material, artificially decreasing the measureablelengths. Asthe shortest
poreswere about2 mmin length (see Figure 9), they were measured withoutthe aid of a
microscope. Nominally random pores were measured while ensuring that no one pore was
measured twice, and thenthe results were tabulated. See Figure 10for a microscopy image of

the face cut parallel to pores.
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Figure 9: Macro photograph of measuring the length of a pore on the PCM material. The full
37mm height of the material is shown.

Figure 10: Microscopy image of a PCM face cut parallel to pores.

Perpendiculartothe pores, measurements weredesired for the diameter of the pores
and the quantity of spheres perunitarea. The tensile fracture face and the cut face each
provided theirown uniquesurfaces fortaking such measurements. The tensile fracture face
might have some Poisson contraction effects, and was far from flat. On the other hand, italso
did not sufferthe disadvantage of having any microscopicburrs or otherdebris from the cutting
process. All cut surfaces were rough cut with a band saw and then milled. Measurements of the
pore diameterwere taken by means of visually searching forthe largest actual diameter
measureable forthe pore, attempting not to measure any microscopicchip inthe metal or other

microporosity as being part of the pore measurement. While this was asubjectivejudgment, it
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was believed thatadequate enough decisions could be made, and there was no discernible
method of setting an objective criterion forthis measurement. It was believed that an
alternative of attempting to take an average value forthe diameter of agiven pore would have
resultedin artificially low diameters becauseit would have been measuring surface deformities,
particularly onthe milled face. See Figure 11for a depiction of how diameters were measured
upon microscopy images of both surfaces. The measurement of pores per unitarea was made

by countingthe pores presentinagiven area.

Figure 11: Microscopy images depicting how void diameters were measured. The top image
shows a tensile fracture surface, whilethe bottom shows a milled surface. The scale is the same

on both images.
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3.2.2 Compression Testing

Compression specimens, the only specimens for which atesting standard specifically
written for metal foams exists, are both the most physically simpleand least affected by
machinability. The standard, 1SO/DIS 13314 calls for rectangular prism specimens with a height
equal tobetween 1.5and 2.0 times the width, with the width and length being equal. All
dimensions should be atleast 8-10 times the diameter of the largest void, whichis the sphere
diameterforhollow spheresfoams, orthe length of the voids for PCM foams (Andrews, etal.
2001). The testing standard specifies that samples should be placed between two flat platens,
lubricated with an “appropriate lubricant”, and then compressed under displacement control. A
screw-driven Instron 3369 machine was used, and two different lubricants were tested: a “Dri
Slide” molybdenum disulphide and graphite aerosol lubricant designed for pressures up to 689
MPa (100,000 psi), and an “X-traHeavy Duty Wheel Bearing” automobile axle grease. After
testing both lubricants, the automobile axle grease was determined to be superiorandall

subsequenttests were performed with this lubricant.

3.2.2.1 Hollow Spheres Foam

A band saw was easily used to cut the straight lines for compression testsin hollow
spheres. The only deviation fromthe ISO 13314 standard resulted from the fact that the cross-
section of the sample blocks as delivered was slightly rectangular, at approximately 52mm by
55mm. Rather than attemptto cut a 3mm sliver of material, this was leftinits slight rectangular
shape. However, inorderto performteststo greater compressive stresses on the available
testing machine, smaller cross-section specimens were also cut, though still having dimensions

of at least 10 timesthe sphere diameter. These were cut to square cross-sections of
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approximately 25mmto a side. See Figure 12 foran image of one of the full-size samplesin the
midst of a compression test.

Three types of uniaxial compressive tests were performed to evaluate the mechanical
properties of the available steelfoam with the one available extensometer. The displacement
rate was between 0.5mm/min and 1.0mm/min (equivalent to strain rates of between 0.003/min
and 0.015/min). Three tests each of densification strain and Poisson’s ratio were performed, and
six tests of the elasticmodulus were performed. See Table 10for details of testing parameters

for each test.

Table 10: Table of the three types of compression tests performed upon hollow spheres foam.

Measurement Loading type Strain rate / min Strain acquisition Specimen size
Densification Monotonic Crosshead 25mm x 25mm x
strain compression 0.015 displacement 55mm (+ 5%)
Poisson’s ratio Monotonic 0.015 Transverse 52mm x 55mm x
compression extensometer 80mm (£ 3%)
Compression, 52mm x 55mm x

0.015 or 0.007 loading Loadingdirection
0.007 0r0.004 unloading extensometer

Elasticmodulus /

yield stress [80mm or 140

mm] (£ 2%)

unloadings spaced at
0.5% to 1.0% strain

Initially, to verify the extensometer and crosshead extension data as well, the crosshead
extension rate was setat Imm per minute and periodic manual measurements were taken
while runninga"Poisson's ratio" type test. Every two minutes, equal to every 2mm of extension,
transverse measurements were taken using a caliper at the center of the material’s height.
Further, a longitudinal measurement of the space between the platens was taken every 10
minutes, starting with ameasurement at 5 minutes. These measurements were taken whilethe
machine was loading. The calipers were accurate to 0.01 mm, though the heterogeneity of the
material itself as well as simple human error probably resulted in an accuracy of only about 0.05
to 0.1mm. The extensometer was verified to be accurate within 3% of caliperreadings, and the

crosshead was verified to be accurate to within 5% of caliperreadings. Later tests, however,
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would show that the crosshead data only remains accurate for low forces (underabout 5,000 N)

and relatively compliant materials (with elastic moduli less than about 2500 MPa).

Figure 12: Image of a full-size hollow spheres specimen during a compression test.

3.2.2.2 PCM Foam

Due to the much smallersize of the material available, only one type of destructive
compressiontest was performed upon the PCMfoams: a monotoniccompression test.
However, differing results were expected based upon whetherthe material was compressed
withits pores oriented transversely orlongitudinally to the direction of loading. With pores
oriented longitudinally, samples measured 9mm by 9mm by 14mm (+ 10%), and with pores
oriented transversely, samples measured 11mm by 11mm by 17mm (+ 10%). The smallest

available extensometer had a gauge length of 51mm and so could not be used on these tests.
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One verification test was also performed with asample measuring 25mm by 25mm by 37mm,
with pores oriented longitudinally, upon a hydraulic Tinius-Olson testing machine. Finally, in
orderto obtain an accurate elastic modulus value, one non-destructive test was performed with
the extensometerattachedto alarge sample measuring 35mm by 42mm by 106mm, with pores

oriented transversely.

3.2.3 Tension Testing

In the absence of a tension testing standard specificallydesigned for metal foams, the
ASTM E8 standard, "Tension Testing of Metallic Materials," fortension testing of solid metal
samples was utilized instead. Tension specimens were machined to adog bone shape as
describedin ASTMES for “plate-type” specimens. Significant deviations from this standard were
necessary for both hollow spheres and PCMtesting, however, with the formerrestricted by
difficultiesin gripping the highly compliant material, and the latterrestricted by quantity of

material available.

3.2.3.1 Hollow Spheres Foam

To efficiently make use of the material available, samples were prepared to a thickness
of 25mm, reduced length of 55mm, reduced width of 25mm, and grip sections of 55mm width
usingthe remainder of the roughly 225mm total length, as shownin Figure 13. The only
deviation fromthe testing standard forthe size is that the region between the reduced section
and the grip sectionis supposed to be filleted to prevent stress concentrations, but due to the
relative impossibility of using a band saw to make a fillet, these transitions are beveled instead
usingthe band saw. It is judged that the microstructure itself should provide greater stress

concentrations than a macroscopicface intersection.

42



20

L v N

215

Figure 13: Dimensioned drawing of a hollow spherestension specimen (all dimensions in mm).

The ASTM E8 standard specifies that the sample should be gripped through screw
threads, friction, ora lip onthe sample, but none of these options are practical for steel foam.
Screw threads are not possible due to the material heterogeneity, and either friction orlatching
ontoa lipwould not be possible as the material would crush as the gripping force was applied,
leadingto eitherdistorted results oranimpossible test. Therefore, a high-strength epoxy was
usedinstead. The slots ateither end of the specimen were filled with epoxy and then the solid
steel platens were inserted into the slots, attaching the two together (see Figure 14). As the
ultimate tensile strength on hollow spheres foamsin particularis relatively low, epoxies are a
viable option. Aninitial test of this epoxy using a small rectangular prism sample failed, butin a
ductile manner, suggesting an insufficient cure time. However, allowing the epoxy to cure
overnightallowed the epoxy to hold and the sample failed appropriately within the material
itself. Two different epoxies were utilized: JB Bond, and Devcon High-Strength Plastic Welder.
The extensometerwas used to measure the specimen elongation on the three tension

specimens tested.
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Figure 14: Photo of epoxying a tension platen. The testing specimen with slot cutinto it is
located immediately below the platen.

3.2.3.2 PCM Foam

The PCM foam was significantly more limited in quantity, butalso much more easily
machined. The same “plate-type” specimen described in ASTME8 could therefore still be used,
justscaled downto smallerdimensions. As the height of the available block was 37mm, the
height of the specimens was keptat37mm. ASTM E8 calls for a thickness equal to the “thickness
of the material”. Since specimens were being cut, the optimal thickness could be chosen by
othermeans. The relevant restriction wasin how to grip the material. Given extremely high
compression strengths measured (see section 3.2.2.2PCM Foam), gripping the material with
wedge grips was presumed to be possible. The maximum thickness that the available wedge

grips could hold was 6 mm, so this was used as the thickness. This thickness also allowed for the
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minimum 6-8voids to be present across the cross-section; note that this a slightly relaxed
restriction from compression, which required 8-10voids diameters across the cross-section
(Andrews, etal.2001). A directscaling of the ASTM E8 standard would call forthe reduced
lengthtobe 4-5 mm. As this seemed unreasonable and could be fewerthan 6-8 voids across,
the width wasinstead setat 15 mm, which was a convenient width for machining. Asamill
could be used for machining, afillet could easily be formedin the transition between the grip

sectionandthe reduced section. See Figure 15for a dimensioned sketch of asample.
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Figure 15: Dimensioned drawing of a PCM tension specimen (all dimensions in mm).

To adequately test the material,two sets of tension specimens were prepared: one with
pores oriented longitudinally to the testing direction, and the otheroriented transversely. Two
specimens were tested for each orientation. Animage of amounted tension specimenis shown

inFigure 16.
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Figure 16: Specimen of PCM foam mounted in the wedge grips and ready for tension testing.

3.2.4 Shear Testing

While the standard sheartestfor structural materialsis atorsiontest, as specified by
ASTM E143, andis the preferred method fortesting,there is notorsional testing machine
available atthe University of Massachusetts for experimental testing. Therefore, experimental
testing was performed according the testing standard for shear testing of rigid cellular plastics,
ISO 1922, whichinvolves attachingathinrectangularsample totworigid platens, and then
pullingone plateninadirection parallel tothe platen’s face, as shown in the diagram of Figure
17. As PCM foams failed in shear during compression tests (seesection 3.3.2.2 PCM Foam),
there was assumed to be little value in attempting specificshear tests of thisfoam. Therefore,

only hollow spheres foams were tested according to this procedure.
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Figure 17: Drawing of shear testing apparatus specified in ISO 1922, the shear testing standard
forrigid plastics (Image from 1SO 1922). All dimensions shown are in mm.

The I1SO 1922 testing standard calls for specimens of size 25mm by 50mm by 250mm.
After multiple attempts at performing such tests, however, it was found to not be possible to
machine a flat enough surface onthe hollow spheresfoam so that the entire surface would end
up laminated by the epoxy, as only limited quantities of epoxy strong enough to hold the
material was available. Therefore, the ISO 1922 standard dimensions were reduced; the 25mm
thickness was kept, butthe depth was reduced from 50mm to 25mm, and then heightfrom

250mm to 55mm. Three such tests were performed. The same Devcon Plastic Welder epoxy
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usedforthe tensiontests (see section 3.2.3.1Hollow Spheres Foam) was used for attaching the
samplestothe platensforthese sheartests. The ISO 1922 standard was followed precisely for
the remainder of the testing procedure, and no further deviations were necessitated by the use
of steel foaminthe tests. Platens foruse in this test were custom manufactured, as none
previously existed that would servethe purpose. In orderto accurately measure strains, an
extensometer was attached between the lower platen and the upper. Asthe hollow spheres
foamis neither particularly stiff nor strong, platen measurements were considered accurate

enough. A photograph of the final setup isshownin Figure 18.

Figure 18: The shear testing apparatus, based upon ISO 1922, loaded with a sample and ready
for testing. The extensometer is attached in the upper right.
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Key Section Findings

Roughly twenty specimens of hollow spheres foam measuring approximately 52mm
by 55mm by 250mm were tested, and one specimen of 110mm by 110mm by
37mm of PCM foam was tested.

Compression, tension, and shear testing procedures were described, all based closely
uponvarious ASTM or ISO testing standards.

3.3 Results

Key Section Objectives

Discuss the results from compression, tension, and shear testing of hollow spheres
testing.

Give results from compression and tension testing of PCM foams.

Numerous compression tests, tension tests, and sheartests have been performed on
both hollow spheres and PCMsteel foams. Optical microscopy measurements have been taken
of both foams. Results are describedin thissection. Procedures foreach of these tests s
describedinthe above section 3.2 Testing Procedure. A summary of all of the tests performed is

shownin Table 11.
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Table 11: Summary table of all experimental tests performed.

# of Sample size # of .
Test tests (mm) blocks Basic Procedure
HS—Sphere .
- 60 52x55x5 0 Two sets of sphere diameter measurements
Diameter
HS—-Weld Diameter 50 52x55x5 0 Two sets of weld diameter measurements
Microscopy HS—-WallThickness 25 52x55x5 0 One setofwall thickness measurements
P(;M —Void 71 25x37x6 0 Mea§urements ofvoiddiameteron one
Diameter tensilefracture surface, and one cut surface
PCM —Void Length 48 25x37x6 0 Two sets of void |length measurements
PCM - Pore' 10 25x37x6 0 10 measurements of pore concentration
Concentration
HS — Elastic Modulus 6 52x55x[80]| 140] 3 Compression with re peated unloadings
HS — Densification 3 25x25x55 0.5 Compression past densification
HS — Poisson’s Ratio 3 52x55x80 1.5 Compression with transverse extensometer
HS —Base Metal 1 8x10x10 0.1 Compression to base metal yield point
Uniaxial _ r—e
Compression (I;Cr:\g ntla_(:irc])il tudinal 4 9x9x14 0.2  Compression untilultimate failure
PCM —Transverse . - .
. . 3 11x11x17 0.1 Compression untilultimate failure
Orientation
v R s 1 37x43x108 0 Non-destructive compression in elastic range
Modulus
HS—-Tension 3 22x55x215 1.5 Tensionofdogboneshape held with epoxy
Unla?ual PCM —Lo.ngltudlnal ) 6x25x37 01 Tgnswn of dog bone plate held by wedge
Tension Orientation grips
PCM —Tr_ansverse ) 6x25x37 01 Tgnsmn of dog bone plate heldbywedge
Orientation grips
Uniaxial
Shear HS —Shear 3 25x25x55 0.5 Shearofrectangular block held with e poxy

3.3.1 Microscopy

Microscopy measurements weretaken for both PCM and hollow spheres in sufficient

guantity as to obtain mean and standard deviation values. These values are obtained primarily

for the purpose of providing accurate inputsinto the Metal Foams Simulator computer program

described in Chapter4. Reportedinthe following sections are the summary results from the

microscopy studies.
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3.3.1.1 Hollow Spheres Foam

Individual measurements of sphere diameter, weld size, and wall thickness were taken
fromtwo different samplesin orderto obtainreliable values foraverage and standard
deviation. The results are shownin Table 12. No significant differencesin values were observed
between the two measured samples. The results of these microscopy measurements changed
the previous assumptions of both sphere diameterand wall thickness, which had been 2mm and
0.13mm, respectively. The 2mmvalue had been based upon the orderinvoice from Fraunhofer
IFAM, and the 0.13mm value had been based upon the 20% relative density also quoted in that
invoice and determined through computational simulations (see Chapter4). The reductionin
both values suggested that our 20% relative density value may also be inaccurate, and so a scale
was usedto measure the weight of a few blocks of known volume. The scale confirmed alower

relative density at 14-15%, showingthat the invoiced relative density was incorrect.

Table 12: Results of hollow spheres microscopy study, showing mean and standard deviation of
values in each sample.

Sphere Diameter (mm) Weld Diameter (mm) Wall Thickness (mm)
Sample 1 Sample 2 Sample 1 Sample 2 Sample 3
Mean 1.87 1.84 0.50 0.45 0.08
Standard Deviation 0.10 0.07 0.10 0.10 0.01
# of Measurements 40 20 25 25 25

3.3.1.2 PCM Foam

Measurements were taken of pore diameter, length, and concentration, with diameter
being measured on both a cut surface and a tensile fracture surface. Results are shownin No
values were provided by the manufacturer.

Table 13. No previous assumptions had been made asto these values. The differences
between void maximum widths measured from the cut surface and the tensile fracture surface

are notstatistically significant, but areal difference may well exist due to microscopicburrs or
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otherdamage produced duringthe milling process. The relative densities of three cut samples
were measured, consistently showingavalue at 34% based upon weight divided by volume

measurements. No values were provided by the manufacturer.

Table 13: Results of PCM microscopy study, showing mean and standard deviation of valuesin
each sample.

Pore Diameter (mm) Pore Length (mm) Pores per mm’
Cut Surface Tension Surface Cut Surface Cut Surface
Mean 0.32 0.34 5.10 1.4
Standard Deviation 0.05 0.06 2.17 0.38
# of Measurements 50 21 48 10, totaling 208 mm?

3.3.2 Compression Testing

The plurality of experimental tests performed were compression tests, due tothe ease
of theirexecution and the extensive datathat could be obtained fromthem. Also, most
potential applications make use of steel foams primarily in compression. Elasticand plastic
moduli, yield stress, densification stress, and Poisson’s ratio values could all be obtained through
various forms of compression tests. All of these were obtained for hollowspheres foams, while
all but Poisson’s ratio data were obtained in PCMtests. The following sections detail all the

results obtained in experimental testing upon both types of steel foams.

3.3.2.1 Hollow Spheres Foam

Three types of compression tests were performed upon hollowspheres foams, as
describedinsection 3.2.2.1Hollow Spheres Foam. These included elasticunloading modulus,
densification strain, and Poisson’s ratio tests. Asummary of all compressive hollow spheres

resultsisshownin Table 14 at the end of this section.

Elastic Unloading Modulus Tests
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Tests with multiple unloadings were repeated six times with an extensometer used to
measure straininthe direction of applied load, with two of the tests using a largerspecimen
height. Animage of the test of a normal-height specimenin progressisshownin Figure 19. As
the extensometerwas used inthe longitudinal direction, these tests were used to accurately

measure the elasticmodulus and yield strain of the material in addition to unloading properties.

Figure 19: An elastic unloading modulus test upon a normal-height specimen in progress.

Longitudinal strain &, was recorded using both the extensometer and the crosshead
displacement of the testing machine. As the extensometer only has a 10% movement, tests
were stopped at 0.1 strain. Before strains of approximately 0.05, the extensometer-based and
crosshead-based strains differed substantially, with the extensometer measuring lower strain
valuesthanthe crosshead. Afterapproximately 0.05 applied strain, the two values were within
5% of one another, though the crosshead values stillshowed much lower stiffnesses during both
unloadingand reloading stages of unloading cycles as compared to the extensometer data. This
observationlends support to the use of crosshead displacementfor measuring &, duringthe

densification and Poisson’s ratio tests, wherelargerstrains were the focus. However, italso
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suggeststhatthe crosshead displacement should be considered very unreliable at strains less
than 0.05.

To attemptto quantify the effect of seating of the specimens on measured strain,
specimens of identical cross section (52mm x 55 mm) but different heights (80 mm and 140
mm) were tested. [t was observed thatin the 140 mm specimens, the extensometer strains
were identical tothose recorded forthe 80 mm specimens, but the strains computed from the
crosshead displacement were 40% lower for the 140 mm specimensthanforthe 80 mm
specimens, and much more closely approximated the values obtained from the extensometer.

The extensometerwas placed in the middle of the specimen, so the fact that it records
lower strain readings than the crosshead indicates that there is significant deformation nearthe
top and bottom surfaces of the specimen. There are likely two causes to this. First, much of the
initial difference may be attributed to the poor workability of the material which made it
difficult to obtain flat and parallel loading faces to within tight tolerances. However, significant
differenceslaterinthe loadingregime demonstratethatthere is more to the anomaly than
simply picking up machiningslop. The second cause is likely related to greater compliance
existing nearthe ends of the material. This would make sense in that cut spheres have
significantly less strength than intact spheres, and the ends of the material are where most cut
spheresare located.

Theyield stress of the material, as calculated by the traditional 0.002 offset of elastic
modulus, isequal to 3.2 + 0.6 MPa. Figure 20 shows that there is substantial variationin the
stress-strain response of the material at strains lowerthan roughly 0.02, but that at strains
greaterthan 0.02 the variability decreases. The 0.002 offset yield stress capturesthis early

variability, butin designing steel foam applicationsin which moderateto large deformations are
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to be expected, the 0.002 offset stress exaggerates the practical variability of the material

properties.

Test #1: 80mm
Test #2: 80mm
Test #3: 80mm |
Test #4: 80mm

Test #5: 140mm
Test #6: 140mm

0 0.02 0.04 0.06 0.08 0.1
Strain {mm/mm)

0.04 0.045 0.05 0.055 0.06
Strain (mm/mm)}

Figure 20: Stress-strain curve of multiple unloadings test showing the full testing regime (top),
where the overlayed black box is the region for which a zoomed view is shown below.
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The 1SO/DIS 13314 metal foams compression testingstandard provides an alternate
method of calculatingayield stressina “0.01 proof stress.” This 0.01 proof stressis defined
simply asthe stressvalue at an applied strain of 0.01, with no offset made for the elastic
modulus. The 0.01 proof stressis equal to 4.0 £ 0.3 MPa, reflecting the much lowervariability in
stress magnitude at this higherstrain. The choice of yield stressis a particularly important
consideration when developing a bi- or tri-linear material model, forwhich the use of 7,90, =
4.0 £ 0.3 MPa islikely a betterchoice than oy 00, =3.2 + 0.6 MPa, being more reflective of the
actual material behavior.

The elasticmodulus was estimated by manually performing aleast square linear
regression on each of the unloading episodes shown in Figure 20. The resulting moduliare
plotted againstthe strain at which the unloading beganin Figure 21. The results show a large
amount of uncertainty earlyin the loading history, but become relatively constant afteran
applied strain of £,=0.02. Afterthis point, the elasticmodulus becomes 3150 + 250 MPa. The
testresults show no strong evidencefor evolution of the elasticmodulus during deformation,
thoughtests were only run until an applied strain of 0.1 (equal to the maximum reach of the
available extensometer), indicating that although the material is well pastyield at that point, no
substantial damage has yetaccumulated at the microstructural level. The highly variable moduli
measured priorto g,= 0.02 are likely due toiinitialimperfectionsin the test specimens, such as
surfaces which are not precisely parallel, and should not be regarded as characteristics of the

material.
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Figure 21: Elasticunloading modulus as calculated manually from each unloading shown in the
stress-strain curves of Figure 20.

These tests were performed primarily using the extensometer for strain data. While this
is significantly more accurate than using the crosshead, particularly either early inthe loading
regime or during movement through high-stiffness regions as shown above, other types of tests
went far beyond the maximumreach of the available extensometers. Therefore, they are based
upon crosshead strain. To validate that the crosshead does provide good enough results after
pickingupinitial slopandinthe absence of unloadings, one straight test was performed of a
52mm x 55mm x 80mm specimen, resultingin the stress-strain curve shownin Figure 22. It can
be seenthat, once the material passesintoinelasticdeformation, the crosshead results are
exactly parallel to the extensometer, and effectively imprecise by astrain of about 0.04.
Therefore, the crosshead provides results of sufficient accuracy to trust results gained aftera

strain of roughly 0.05.
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Figure 22: Validation for the accuracy of crosshead-based stress-strain curves, demonstrating
fair accuracy after a strain of about 0.05.

Densification Strain Tests

Three replications of the densification compression test were performed, resultingin
the stress-strain curves shownin Figure 23. A sequence of photographs showing the progression
of densification is shown in the same figure. Note that all strain values for this test are based
upon measurements taken fromthe crosshead displacement of the Instron. Manual
measurements and comparison with extensometer-acquired strain data collected in othertests
indicates thatthe strain readings, while not accurate enough to estimate the initial elastic
modulus, do provide accurate measurements as the strains become largerthan 0.05.

Duringthe tests, the material was observed toformintoan S-curve or C-curve shape,
beginningata longitudinal strain of approximately 30%. While this anomaly is similar to buckling
invisual appearance, its commencement at such high strains suggests thatit is caused by locally
higherstrainsinthe material. The term “asymmetricsmooshing” is used to describe this
behaviorinthis thesis, and animage of a sample having undergone this asymmetricsmooshing

isshownin Figure 25, and isalso noticeable in most stages of Figure 23.
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Figure 23: Engineering stress-strain curve from densification tests.

Figure 24: A sequence of images of the steel foam during the test at various strains (from left to
right then top to bottom: 0.0, 0.10, 0.35, 0.50, 0.65, 0.85). Note that photos use a wide-angle

lens; the platens did not rotate during compression.
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Figure 25: A densified sample which experienced asymmetric smooshing.

Densification begins at a strain of approximately 0.65. No established definition exists
for the onset of densification, so the following has been adopted: Let E(g) be the tangent
modulus of the material determined by performing alinear regression on the stress strain curve
overthe range [g, €+0.005), and define E;..4(€=0.01) to be the value of this tangent modulusin
the window immediately following the 0.01 proof stress (essentially ayield stress, but taken as
the stress at a strain of exactly 0.01, and not offset by the elasticmodulus). The densification
strainis then defined asthe following:

Equation 1
gg=min & FE ¢ >Ey_..(6=0.01)

In otherwords, densification is assumed to begin when the tangent modulus exceeds for the
firsttime the post-yield tangent modulus. This definition gives an average densification strain
for the three samplesof £4=0.65 with a range of + 0.05.

The tests also revealed that the material exhibits a substantial hardening modulus
between the yield and densification points of approximately 20-25 MPa. The presence of such a
hardening modulus should give pause to analysts who preferto use an elastic-perfectly plastic
material model. The hardening modulus is variable, butif measured as a secantline fromthe

yield pointto the densification point, itis equal to 21 MPa with a range of +1 MPa. Despite the
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small value of the hardening modulus, the large strains that can be absorbed by the material
mean that the stress level increases by afactor of two betweenyield and densification, a
feature thata perfectly plasticmodel would of course fail to capture.

Poisson’s Ratio Tests

Three replications of the Poisson’s ratio compression test were performed and used to
evaluate the evolution of the Poisson’s ratio with applied compressive strain. As these tests
used the crosshead forlongitudinal strain data, theirresults were not used foranything other
than Poisson’s ratio calculations. However, the crosshead was assumed to be accurate enough

for these measurements. Animage of such a testin progressisshownin Figure 26.

Figure 26: Image of Poisson’s ratio compressive test in progress. The extensometer blades are
held against the material by pressure

To calculate the evolving value of the Poisson’s ratio, the assumption was made that the
two transverse components of the strain (e,and €,) are equal. The average Poisson’s ratio was

then calculated over0.005 increments of applied strain €,. By this definition, the Poisson’s ratio
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isgiven as a function of position by the following, where g,( €,) representsthe value of the
transverse strain g, evaluated atapplied strain g,:

Equation 2

_ &y £210.005 —g,(5)

VE, =
0.005
Figure 27 shows the complicated evolution of Poisson’s ration with increasing applied

strain, with a fairly rapidincrease from nearzeroto a peak value at an applied strain of
approximately 0.4, which fallsin the middle of the post-yield plateau shown in Figure 23:. This
peakisfollowed by agradual decrease until the end of ourtest at the onset of densification. The
testwas terminated at the onset of densification becausethisis where the Instron testing

machine reached its maximum capacity.
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Figure 27: Engineering Poisson’s ratio versus crosshead strain.

An important observationresultingfromthesetestsisthatthe Poisson’s ratio of 0.32-
0.34 whichis derived based on elementary mechanics of cellular networks may notapply forall
foams (Ashby, etal. 2000). In the case of the HS foam tested here, the peak value of Poisson’s
ratiois inthe mechanistically derived range, but over almost all of the range tested, the HS foam

exhibits aPoisson’s ratio much lowerthan 0.3. Thisfinding will have significant meaningforthe
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behavior of HS steel foam under multiaxial stress states and even underuniaxialloading where
the level of confinementinthe interior of the specimen would be much lower than predicted by
the Gibson and Ashby Poisson’s ratio values.

Duringthe tests, some small fragments of the material, sized on the order of
approximately 0.5mmto 4mm were observed to fall off onto the lower platen. Also, the
Poisson’s expansionresulted in the corners of the samplesjust startingto extend overthe edge
of the platens when the machine cut off. However, itis believed that neither of these anomalies
resulted in majordiscrepanciesinthe results.

Miscellaneous

One furthernon-standard test was performedin orderto evaluate the strength of the
base metal usedinthe hollow spheres foam. Theoretically, at some pointdeepinto
densification, the material would become dense enough so thatitwould effectively becomea
solid metal, and then experience anotheryield point characteristic of the solid metal. In this
procedure, asample that had already been crushed to the Instron 3369's machine capacityin
the densification tests (described above) was cut down to a smallercross-section and further
compressed. After crushingto the Instron's capacity once, the resulting stress-strain curve still
showed nosign of the base metal itself havingyielded and reached its ultimate strength, so the
cross-section of the sample was cut down again. This process was repeated athird time, when
finally abase metal yield point was observed at approximately 260 MPa (equivalent to roughly
A36 steel), showing that this was the ultimate strength of the material. Animage of the three

stages of specimens usedin thistestingare shownin Figure 28.
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Figure 28: The three stages of specimens used to test the base metal yield strength of the
hollow spheres foam.

Table 14: Summary of all compressive hollow spheres properties.

Initial Inelastic Yield Hardening Densification Densification
Modulus Unloading Stress Modulus Strain Stress
(MPa) Modulus (MPa) (MPa) (MPa) (mm/mm) (MPa)
Average 1900 3150 3.6 21 0.65 16
Range +600 +100 0.4 +1 +0.05 +1
Ultimate Elastic Poisson’s :2:::"@5
Stress (MPa) Ratio 50% Strain
Average 260 -0.03 0.2
Range +0.03 +0.04

3.3.2.2 PCM Foam

Due to limited quantities of material available, only one type of compression test,
equivalentto the densification-type test performed upon hollow spheres specimens, was
performed for multiple PCMfoam samples. However, two sets of these tests were performed;
one with the pores oriented longitudinally, and one with the pores oriented transversely.
Resultant stress-strain curves are shown in Figure 30. All tests were performed upon an Instron
3369 testing machine (50 kilonewton capacity), having cross-sections of approximately 9mm x
9mm, exceptfortest#4 inthe longitudinal orientation, which was performed upon a Tinius

Olson testing machine (1750 kilonewton capacity) with a 25mm x 25mm cross-section. Note
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that, because the material was so short in longitudinal height, the extensometer could not be
used, and strain values are therefore based upon crosshead displacementand only
approximate. In particular, the extremely high stiffness of the material, witnessed in alatertest,
isnot reflectedinthese plots (see the end of this section where an elasticmodulus testis
described).

Compression specimensfailed in a diagonal brittle fracture at astrain of roughly 0.15
and stress of roughly 500 MPa. Test #4 in the longitudinal orientation and tests #2 and #3 inthe
transverse orientation reached this ultimate capacity, as shownin Figure 30. The othertests
were terminated upon reaching the capacity of the testing machine before ultimate material
capacity was reached. The dimensions were kept within tolerances of about 5%, so the slight
differencesin cross-sections may explain why some specimens reached ultimate and others did

not. Images of two specimens which failed in such abrittle mannerare shownin Figure 29.

Figure 29: Images of two PCM compression specimens which failed in brittle fractures:
longitudinal orientation test #4, performed upon the Tinius Olson testing machine (left), and
transverse orientation test #2, performed upon the Instron 3369 testing machine (right). Block

arrows indicate the direction in which load was applied.
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No difference was observed in ultimate capacity between longitudinal and transversely
oriented specimens, though only one longitudinal specimen reached ultimate capacity.
However, the average yield stress of the longitudinal specimens was approximately 15% higher,
at 409 £ 10 MPa, than that of the transverse specimens, which measured 349 £ 50 MPa. The

traditional 0.2% offset definition of yield stress was used for these results.
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Figure 30: Uniaxial compression stress-strain curves with pores oriented longitudinally (left) and
transversely (right) to the direction of loading. All tests were performed on an Instron 3369

machine, except test #4 in the longitudinal direction was performed on a Tinius Olson.

66



One furthertest was performed upon a specimen having dimensions of 37.4mm by
43.8mm by 108.6mm; thatis, the entire block of material remaining after all of the above
compression tests and the tension tests describedin section 3.3.3.2PCM Foam were performed.
The pores were oriented transversely. This specimen was large enough to attach the
extensometerontoand was tested only out to a strain of 0.01, or just enough to obtaina
reliable elasticmodulus. From this test (not shownin the graphs), an elasticmodulus value of
59,000 MPa was obtained, suggesting an extremely stiff material and one in which the elastic
modulus had scaled almost linearly (34% of 200,000 MPa is 68,000 MPa). Note that thisis
roughly 10 times stiffer than the graphs of Figure 30 suggest, though those testsused the
crosshead displacement fortheirstrain values, while this test used the extensometer. Atable

summarizing all compressive properties of the PCMfoamis shown as Table 15.

Table 15: Summary of all compressive properties of PCM foam.

Transverse Longitudinal Transverse Ultimate Ultimate
Initial Modulus  Yield Stress Yield Stress Strain Stress
(MPa) (MPa) (MPa) (mm/mm) (MPa)
Average 59000 409 349 0.15 505
Range n/a +10 +50 +0.01 15

3.3.3 Tension Testing

Tensiontests were performed upon both hollow spheres and PCMfoamsin orderto
determine elastic moduli, yield stresses, and ultimate stresses and strains. Though the
dimensions differed between the two materials, the procedures were essentially the same. The
only difference in resulting datais that the PCM foams were too small to attach and

extensometerto.
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3.3.3.1 Hollow Spheres Foam

Three replications of auniaxial tension test were conducted to evaluate the behavior of
the hollow spheres foamintension, even the qualitative properties of which have notbeen
reported previously. Animage of atestin progressisshownin Figure 31.

The results, summarizedinthe stress-strain curves of Figure 32, indicate poortensile
ductility for this material, with fracture strains 0.019 + 0.007 and a high level of uncertainty
associated with even that small fracture strain. The peak tensile stresses of 4.9 + 0.9 MPa are
also highlyvariable, although the strength in tension is comparable to the stresslevelin
compression at equal strain levels. In afourth test (not shown in the graph), several periods of
unloading were included to evaluate the material elasticmodulusin tension. No significant
difference was found between the compressive and tensile moduli, which were both
approximately equal to 3150 MPa. Full results are summarizedin Table 16.

In tests#1 and #3, two dominant cracks formed originating from opposite sides of the
specimen, while in the othertest, asingle dominant crack formed. In tests #2 and #3, the
dominant crack(s) formed well away from the transition fromthe grip to test sections,
suggestingthatthe specimen design, despite its small deviations from the ASTMES testing
standard, is appropriate for characterizing the tensile material properties of this hollow spheres

steel foam.
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Figure 31: Image of a hollow spheres tension test in progress.

The shape of the stress strain curve in all three tests was similar up to the point of peak
stress, the pointat which a dominant crack becomes manifestin the specimen. Inall three
cases, some ductility is shown, as a distinctyield pointand a small amount of inelastic
deformation were observed. The nearlyimmediate drop to zero stress level in test #3was
recorded because the dominant crack appeared at the location of one of the extensometer
blades, meaningthatadditional strain ceased to be recorded. The crosshead-based stress-strain

curves, which are not shown, indicate that the post-peak behavior was similarforall three tests.
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Figure 32: Stress-strain curves forthe three tension tests performed (top), with corresponding
photos of failed specimens (below, tests #1 through #3 pictured from left to right).

Macro imagery of the fracture surfaces (see Figure 33) revealed that fracture occurred
by failure of the individualhollow spheres along the circumference of the weld. Thisindicates
that the connections between spheres, where the material thickens substantially, are stronger
than the hollow sphere shells themselves, and indicates that if greater tensile strength —and
possibly greater ductility—is desired from the material, thicker spheres or possibly larger
diameterwelds should be used. If the diameter of the spheres were increased, this change could

be made without affecting the overallrelative density of the material.
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Figure 33: Macro photo of tensile fracture surface. Arrows indicate examples of spheres from
which welds have pulled out.

Table 16: Summary of all hollow spheres tensile properties.

Unloading Yield Stress Ultlm.ate Ultimate
Modulus (MPa) Strain Stress
(MPa) (mm/mm) (MPa)
Average 3150 3.7 0.019 4.9
Range n/a +0.4 +0.007 +0.9

3.3.3.2 PCM Foam

Tensiontests for PCM materials were significantly more consistent than those observed
in hollow spheres tests. Two tests each were performed with the pores oriented longitudinally
and transversely to the direction of loading. Animage of atest that had just completedis shown
in Figure 34. The PCM specimens were too small to attach an extensometerto, sostrain values

shown are measured by the crosshead and therefore imprecise.
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Figure 34: Image of PCM tension test that had just completed, showingthe full test setup on the
left and a zoomed image of the grips and specimen on the right.

Unlike the hollow spheres foam, the tensile strength of the PCMfoam was observed to
be nearly twoto three timeslowerthanits compressive yield strength. The strength, however,
was significantly higher. Furthermore, the ultimate strength of the transverse orientation was
roughly 40% weakerthan the longitudinal direction. In comparison, PCM compression tests
showed only about a 10% difference in strength between longitudinal and transverse
orientations. The cause of the initial dip in the stress-strain curves (see Figure 35)is likely due to
the wedge grips seating upon the specimen and providing additional strainirrelevanttothe
material. Evidence of this may be seeninthe minor damage to the grip surface of the specimens
shown nearthe ends of the specimen photos of Figure 36. Despite the use of a smoothfillet,
failures were predominantly located at the fillet, suggesting that results shown here may be

conservative. Fullresults are summarizedin Table 17.

72



200
Test #1 //’
Tauyt Test#2 T
"
[
=3
W 100y 1
7
iG]
a0t 1
I:I 1 1 1 1 1
0O 005 01 015 02 025 03
atrain (mmdmim)
200
Test #1
1auy Test #2 T
o
o
E1II||:|
& ——
&
i
a0t 1
|:I 1 1
I 0.05 01 013

Strain {mmdmm)

Figure 35: Stress-strain curves for PCM tension tests, with pores oriented longitudinally (top)
and transversely (bottom) to the direction of loading.
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Figure 36: Photos of failed PCMtension specimens, with pores oriented longitudinally (top row)
and transversely (bottom row) to the direction of loading.

Table 17: Summary of all PCM tensile properties.

Longitudinal Transverse
Ultimate Stress  Ultimate Stress
(MPa) (MPa)
Average 162 100
Range +10 5

3.3.4 Shear Testing

Once a successful method of performing sheartests was found, three such tests were
repeated upon hollow spheres foams. Animage of the full test setupisshown in Figure 37.
Strains shown and discussed in this section are shearstrains, sothat a strain of 1.0 referstoa

displacement equal in magnitude to the thickness of the material between the platens.
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Figure 38: Image of shearspecimens #1 (left) and #2 (right) at about 0.08 strain, clearly showing
shear cracks.
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Tests showed remarkable consistency, with elastic modulus and ultimate stress varying
by lessthan £10% (see Figure 39 and Table 18). Some ductilityis evidentinthat the material
definitelyyields before itreachesits ultimate strength. There are also two distinct slopes
evidentinthe post-yield behavior. The second, smallerslope beginning atabout 0.07 shear
strainis likely where friction between the heterogeneous fracture surfaces begins. Test #3does
show somewhat sudden dip at a strain of 0.07; thisis believed to be where asmall (lessthan 10
mm?) region of the specimen delaminated from the platen. This was the only testin which any
delamination occurred, and it exhibited a higherultimate stress than othertests, soits data was
kept.

A measurement was taken ontest #3 of the separation between platens, inorderto
verify that stresses were as purely shear as possible without rotation. The measurement was
taken at the top of the platens. The separation was measured to be approximately 0.1mm just
afterthe ultimate strain was passed, and eventually reached Immat 0.11 strain. At ultimate,
the shearstrain was about 0.03, equivalenttoabout 1.5mm of displacement, suggesting

approximately a 7% rotation.
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Figure 39: Stress vs shear strain graph for hollow spheres shear tests.
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Table 18: Summary of hollow spheres shear properties.

Shear Yield Stress Yield Shear Ultimate Ultimate
Modulus (MPa) Strain Stress Shear Strain
(MPa) a (mm/mm) (MPa) (mm/mm)
Average 648 3.3 0.007 4.0 0.026
Range +40 +0.3 +0.001 +0.4 +0.004

3.3.5 Discussion of Results

Gibson and Ashby (Ashby, etal. 2000) developed mathematical models for predicting
the effective properties of metal foams. Comparing all of theiravailable “open-cell” equations to
experimental results, the hollowspheres results are within the very large predicted possible
range with the exception of Poisson’s ratio, whichis predicted to be between 0.32and 0.34
(Ashby, etal. 2000), differing substantially from these results, which showed a Poisson’s ratio
varying from 0 to about 0.25 depending upon compressive strain.

Tension and compression of hollowspheres foams feature different yielding and failure
modes, with the compressive strength depending upon wall buckling, and the tensile strength
dependingupon weld size and quality as well as sphere shelltension. Itis believed tobe a
coincidence thatthe compressive and tensile yield strengths are actually almost the same
(averaging 3.4 or 3.7 MPa, respectively). Due to compression required during the manufacturing
processto sinterthe hollow spheres material, the spheres themselves have significant
deformities, as can be seeninthe microstructural images of Figure 40. These deformities

encourage buckling of the spheres and are a microstructural instability.
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Figure 40: Two microstructural photos of hollow spheres showing the amount by which spheres
are deformed around weld regions, resulting in instability in the spheres walls.

The PCM material has proven to be significantly more brittle than the hollowspheres
foam, showingvery little strain between compressive yield and ultimate failure. While precise
strains were notdeterminable, they were less than 15% in both tension and compression.
Compressive yield strains were onthe order of 0.001, and noyield pointwas observedin
tension. The brittleness arises from the sintering process during manufacturing. The ability to

mill the PCM material led to smooth surfaces and few macroscopiccrack initiators, but cracks
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began at the poresinstead, as was particularly visually apparentin tests where pores were
oriented transversely.

For PCM foams, the orientation of the pores made agreaterdifference in tension than
incompression. Tensile ultimate stresses differed by approximately 40%, while ultimate stresses
were nearlyidentical and yield stresses only differed by 10% in compression. As expected,
orientationslongitudinal to the direction of loading are strongerthanthose in the transverse.

Key Section Findings

Hollow spheres foams showed very similaryield strengths in compression, tension,
and shear, at 3.3-4.0 MPa, with low ductility in tension and very high ductility
leading to densification in compression.

PCM foams showed extremely high strengths and stiffnesses compared to other
steel foams, with compressive ultimate stresses up to 409 MPa, tensile ultimate
stresses up to 162 MPa, and elastic modulion the order of 60,000 MPa.
Compression tests experienced brittle failures, while tensile tests showed much
lower ultimate stresses.
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CHAPTER 4
COMPUTATIONAL SIMULATIONS WITH RANDOM MICROSTRUCTURES

4.1 Introduction and Motivation

Key Section Objectives

Describe the reasons for designing and performing new types of computational
simulations for metal foams.

There are several possible microstructures for metal foams, though closed-cellfoams
presentthe most promise forstructural applications due to their higherstrength and stiffness
properties. The most prominent of the closed-cell manufacturing methods include gasar/ lotus-
type, powder metallurgy, sintered hollow spheres, and composite hollow spheres. Each method
resultsin different microstructures, some of which may be anisotropic, have different
deformation mechanisms, ordifferent stress concentrators. Existing mathematical models have
generally tried to describe the macroscopic material properties of all metal foams by the same
single input parameter: the relative density (equal to the density of the foam divided by the
density of the solid metal) (Ashby et al 2000). Microstructural differences along with the various
published experimental tests, however, suggest thatthe behavior is more complex thanthese
models describe.

Thus far, attempts to perform finite element analyses of metal foams have focused
almost exclusively uponsintered hollow spheres foams, simplified to assume aregular stacking
pattern such as face-centered cubic or body-centered cubic, and then simulations are
performed with unitcells (Sanders and Gibson 2002) (Gao, Yu and Karagiozova 2007). To more
accurately simulate metal foams, the microstructures should be modeled as the random
structure that they are, and also microstructures characteristic of other manufacturing methods

should be simulated. Finite element simulations allow for an understanding of how bestto
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optimize afoam’s microstructure to achieve desired macroscopic properties. Later, foams with
such optimized structures could be tested experimentally to verify computational predictions.

The generation of suchrandom models, as well as theirsolution, post-processing, and
three parametricstudies usingthese models are described in this chapter. Usinga combination
of MatLab and the ADINA FEA program, two parametricstudies have been performedto
investigatethe behavior of gasarand hollow spheres metalfoams. The influence that specific
microstructural parameters have upon the macroscopic material propertiesisinvestigated by
examiningthe simulation results for the effective macroscopicstress-strain curve, yield stress,
elasticand plastic Poisson’s Ratios, and percent of the material yielded.

Key Section Findings

Deficiencies in previous computational simulations, particularly in the failure to
modelrandomness, are rectified in the new Metal Foams Simulator.

4.2 Computer Program

Key Section Objectives

Describe the user interface and basic method of function of the program that has
been developed to simulate metal foams.

Explain the basic coding theory as to how the program operates internally.

To perform computational simulations, a program has been developed that will perform
all steps of the analysis based upon simple userinput. This section of the text will giveonlya
summary of the technical details of this program code. The theory behind the code is explained
separatelyinsection 4.3 Finite Element Analysis. Acomplete user guide forthe programisalso

containedin the Appendix.
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4.2.1 Coding and User Interface

The program developed makes use of both the ADINA finiteelement package and
MatLab. All code is contained within the MatlLab scriptfileMetal Foams Simulator.m.
The codingtheory is based upon instructing MatLab to write out a series of ADINA scriptfiles,
thenrun ADINA in batch mode with these scriptfiles, andfinally read in ADINA’s output files and
perform mathematical analysis on these outputs. Allcommands are fully automated so that
once the scriptis executed, itis capable of running everything frominitial geometry generation
to results extraction without any furtheruserinput. All code is kept fully commented, with
detailed descriptions which precede each function describing whatthe function does and
roughly how itdoesso, as well asline comments forindividual lines of code which are deemed
particularly complex or difficult to follow.

Throughoutexecution, aseries of three status barsis displayed, for preprocessing,
solving, and then postprocessing, displaying the specificcurrent task being performed and the
progress to completion of each of three major portions of the code. The status bars also provide
a “Cancel” button which, when pressed, cleanly aborts all processes, cleans up temporaryfiles,
and returns MatLab to its previous state. Inaddition, all ADINA outputis redirected to the
MatLab command window, so all steps that ADINA is performing may be observed by the user in
real time. See Figure 41 fora sample screenshot of the program during execution.

The code contains significant error-trapping based uponthe UNIX standard exit code
mechanism. Within the code, the mechanism operates by means of settingand monitoringa
global variable (or “application variable” in MatLab terminology) to track the exit code. The exit
code starts off at a value of “0”, and if no error isencountered, then that value remains
unchanged andis eventually returned by the code to the MatLab command line, indicatinga

successful execution. A total of 15 error codes are possible from within the program, and any
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error codes returned by externally-executed UNIX programs such as scp or rm are also passed
on and returned. Internal error checks search for problem conditions such asimproper
parameters passed by the user, a freeze within the ADINA program, failure to read an expected
data file, ora meshingerror. All possible errors should be captured by this internal mechanism

and will notresultina quick exit by the MatLab program.
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Figure 41: Sample screenshot of program during execution.

Either 35 parametersfor general closed-cell simulations or 38 parameters for hollow
spheressimulations are required to run the entire simulation. These parameters may be set
eitherdirectlyintheMetal Foams Simulator.mfile, wheretheinputvariablesare fully
explained and commented, or passed to the script file asfunction parameters. The latter
method allows for the possibility of asecondary script to drive the simulations. Forexample, this
method of usinga secondary scriptis usedin running simulation test matrices, where the
secondary script passes a set of all required parametersforone individual simulation, waits forit

to complete with asuccessful exit code, and then passesthe next set of required parameters for
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the nextindividual simulation. Through these means, the program may be simply setup and
thenallowedto run everything without userinterve ntion. Previous secondary scripts have also
checkedfora non-zero exit code, which would indicate that an error was encountered,and then
attempt to re-run that same simulation with slightly modified parameters such asa more
refined mesh in orderto automatically attempt to correct common problems. If too many of
these automaticretriesfailed, thenthe secondary script would give up, record the irrecoverable
failure of that specifictestintoalog file, and then move ontothe nexttest.

The capability of interfacing with a UNIXjob queue, such as that commonly used on
supercomputers, was also added to this code, thoughitwas neverusedin practice due to
technical difficulties with the solveritself onthe available supercomputer. In this procedure, the
code would doall preprocessing on the local computer, and then upload the datafilesto
another machine and submitthe ADINA solve jobtothe run queue. Once thatjob was complete,
the usercould re-execute the program and it would retrieve the results datafromthe other
machine, and perform postprocessing operations on the local machine. In this way, the most
computationallyintensive portion of the program, the solving, may be exported toamore
powerful machine.

The program finally returnsresultsin the form of graphs saved in multiple formats as
well asa MatlLab workspace file, [name] results.mat,whichcontainsall outputvariables
includingall variables that were used for graphing. Further, atotal of at least 6 logfiles, 4 ADINA
inputfiles,and 10 raw data files are generated throughout the course of program execution. In

the end, a grand total of at least 46 files are generated by the program.
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4.2.2 Code Segments

The code consists of three distinct segments, including preprocessing, solving, and
postprocessing. Usually, thesesegments are all runin one execution, butthey may be run
independently if the userdesires by settingthe “run_part” input parameterto the desired
segmentorcombination of segments. Tofacilitate this separation of segments, the code savesa
MatLab workspace file entitled [name] internal.mat atthe endofeach segment.Thisfile
records all variables necessary forthe following segments to run properly, such as geometry
settings or material properties. Functions within each segment are clearly distinguished by

” u

, “solve

” u

including one of four prefixes on each function name: “pre , “post_",or“help_".The

last prefix distinguishes helper functions which are used by multiple segments of the code, such
as one function that monitors an ADINA logfile to check forerrors or program freezes.

The preprocessing segmentinternally has three parts, each of which executesa
separate ADINA script. The firstis the geometry generation and meshing of the specimen, for
which functions are unique to either hollow spheres or general closed-cellfoam simulations.
This part involves MatlLab generatingavalid geometry, and then writingan ADINA script to build
and mesh that geometry and then outputa NASTRAN file to describe the mesh. This NASTRAN
file, whichisasimple plaintextfile, is then read and parsed by MatLab to extract the locational
coordinates and ID numbers of mesh nodes. These ID numbers are necessary forload and
boundary condition application as well as for various post-processing operations. Next, asimple
ADINA script that does nothing otherthan calculates the total volume of the generated
geometryiswritten and executed. Thisdatumis later used to calculate the relative density of
the simulated foam. Finally, an ADINA scriptis written and executed to apply loads and
boundary conditions to lists of appropriate nodes, and the ADINA datafile is prepared for

solving.
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Duringthe solution segment, MatLab merely executes the ADINA solverand then
monitorsits outputfile forerrors or freezes. The program performs no other operations during
thistime.

Finally, duringthe postprocessing segment, MatLab writes and executes an ADINA script
for exporting sets of the results datainto plaintext files, then reads and parses those plaintext
files, and finally preparesresultsin auser-comprehensible format. Three textfiles are exported,
one which containsa list of timesteps and the loading present at each step, anotherwhich
contains nodal results data, and the last which contains elemental results data. To
accommodate particularly large simulation runs, the opening of which may require more RAM
than is presentonthe system, ADINAissetto only open a maximum of 20 timesteps atonce.
ADINA is executed multiple times and results data are concatenated together by MatLab if there
are more than 20 timestepsinthe simulation.

Parsing of the extremely large text files is accomplished with the assistance of the highly
efficient UNIX ‘sed’ program, which then converts the textintoa form that can be directly read
by MatLab. These data imported from the textfilesinclude raw values such as nodal
displacements, nodal reaction forces, and accumulated effective plasticstrain of elements.
MatLab then convertsthese datainto stresses, strains, and other engineeringvalues, and then
usesthese to calculate secondary results such as average transverse strains, an incremental
Poisson’sratio, and percentage of elementsyielded. Both engineering and true values for stress,
strain, and Poisson’s ratio are calculated, with true values of strain calculated by using the
formula ., = In(1 + £,,,4)and true values of stress calculated by dividing the load values by
the average instantaneous cross-sectional area of the material. Finally, several scalarvalues such
as elasticmodulus, yield stress, and elastic Poisson’s ratio are calculated. Graphs generated

include stressversus strain, modulus of stress versus strain, incremental Poisson’s ratio, and
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percentage of elements yielded versus strain. All graphs are generated based upon both
engineeringand true equivalents of the values, and are each generated in MatLab . fig, TIFF
image . tif, and Encapsulated PostScript . eps formats.

Key Section Findings

The program developed takes between 35 and 38 input parameters and converts
theminto a total of 46 output files including several graphs and derived scalar
values, all while providing the user with a detailed display of the program’s
currentstatus towards completion.

Making use of ADINA, MatLab, and several efficient UNIX applications, the program

computes a random geometry, solves, and then extracts and calculates common
engineering graphs and values.

4.3 Finite Element Analysis

Key Section Objectives

Describe the geometry theory behind generation of both the hollow spheres and
generalclosed-cell models.

Explain the engineering theory for meshing, solving, and finally converting raw
results values to effective macroscopic mechanical properties.

The codingand userinterface of a program are useless withoutasolid theory behind
the program’s operations. Throughoutthe Metal Foams Simulator.mprogram,
extensive finite element analysis theory is employed, from the nature of the geometry

generated, to how to post-process the raw results data.

4.3.1 Geometry Generation

Most manufacturing methods for closed-cell metal foams resultin a microstructure that
may be thought of as a bulk material with voids of some geometry scattered randomly
throughout. Among the most notable exceptions to this are foams produced by the hollow
spheres method, which are arandom stacking of hollowed-out spheres connected together

through small welds. Two different algorithms were therefore developed to generate the
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geometries: one torepresent the majority of closed-cellfoams, and the otherto represent
hollow spheres foams specifically. Throughout this paper, the formeralgorithmis referred to as
the “general closed-cell” geometry. The important constraints included that both algorithms had
to be able to produce a geometry compatible with the ADINA FEA program and that a single
simulation had to be possible to performin MatLab withinaperiod of at mostseveral hoursona
modern computer.

For both the hollow spheres and general closed-cell models, the remaining volumes of
the geometries, within metal portions of the matrix, are assumed to consist exclusively of solid
metal. This may not be entirely accurate, as most manufacturing methodsresultin atleast some
porosity inthe bulk metal, but the assumption was considered an adequate and necessary
approximation. As cellular metals made of steel are the focus of these simulations, an elastic-
plasticbilinear model has been adopted. The elastic modulus used was 200000 MPa, scaled
linearly by the estimated relative density of the microporosity within the material (p timesE).
Theyield stress was obtained from material property tablesif the base metal was known, or

estimated through calibration if not. The plasticmodulus was generally assumed to be 690 MPa.
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4.3.1.1 Hollow Spheres Geometry

Figure 42: Hollow spheres geometry: sample geometry as generated (left); photograph of the
experimentally-tested sintered hollow spheres steel foam (right).

The microstructural components of a physical sintered hollow spheres foam consist of
the hollow spheresthemselves, and thenthe welds between those spheres. The spheres have
beenshowntobein arandom close-packed (RCP) stacking (Gao, Yu and Zhao 2008). While

previous efforts to simulate such foams have assumed that this RCP stacking could be simplified
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to a structured stacking such as face-centered cubicorbody-centered cubic, amore accurate
simulation requires the stackingto be modeled as random. Several algorithms were considered
for the generation of this RCP sphere stacking. Wouterse and Philipse (2006) tested five such
algorithms, and showed that two different variations of the “Mechanical Contraction Method”
resultedin RCP stackings that were most similarto an experimental stackingin theirgeometric
properties. The algorithmically simpler of those two methods, the “Modified Mechanical
Contraction Method”, was chosen for implementation, and operates by the following procedure
(Kansal, Torquato and Stillinger 2002) (Wouterse and Philipse 2006):

1. Randomlyplace spheres of zerosize throughout the domain.

2. Increase thesize of all spheres by an equal magnitude.

3. Checkforoverlappingspheres, and move both spheresin each overlap pair
away from each other by an equal magnitude. Repeat this step until all overlaps
are eliminated.

4. Repeatsteps?2and 3 until the final sphere sizeisreached.

Afterspheresare successfully placed, the welds are inserted to connectthem. The
welds between the spheres inan actual hollow spheresfoam are solid cylinders with
longitudinally concave sides which curve until they reach atangent with the sphere (thatis, it
pinchesinwards). However, due to the difficulty of modeling such ashape, two different
methods of approximatingit were developed. Inthe first, thesewelds are approximated by a
straight cylinder of a given diameter connectingany spheres that are within some threshold
distance of each other. In physical terms, this method would represent the hollow spheres being
sintered without applied pressure. Inthe second method, representing the hollow spheres being
sintered with pressure, the Modified Mechanical Contraction Method is adjusted to allow some

maximum magnitude of overlap between spheres. Since the actual manufacturing process
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would have indented each sphere and not changed the original thickness or mass of either, an
additional cylinderis overlaid upon the connection with a height equal to the sum of the
thickness of the two sphere walls. This second method is more realisticto the hollow spheres
foamthat has been tested experimentally, as microscopy showed significantindentation of the
spheres due to compaction (see microscopy informationinsection 3.2.1.1Hollow Spheres
Foam).

Several variables are allowed to vary randomly in this geometry algorithm; these include
the sphere size, wall thickness, weld diameter, and sphere location (see Figure 43). All of these
do have randomvariation in the actual manufacturing process, though the precisedistribution
and distribution parameters are largely unknown. The deterministic variables include the weld
structure and some of the input parameters for the Modified Mechanical Contraction Method
such as the number of spherestoinitiallyplace and the number of overlaps threshold at which
to incrementthe size of the spheres (seeTable 19). In the end, this algorithm resultsina

geometry such as that displayedin Figure 42.

Table 19: Probabilisticdistributions assumed forinput parametersin hollow spheres geometries.

Input Parameter Probabilistic Distribution

Sphere radius Gaussian
Sphere wall thickness Gaussian

Weld overlap Deterministic

Deterministic (face-centered cubic), or
Uniform random
Number of spheres Deterministic

Initial sphere placement
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Figure 43: Diagram showing the various geometry characteristics of the hollow spheres
algorithm, using the straight cylinder method of representing welds (left), and the overlap

method of representing welds (right).

4.3.1.2 General Closed-Cell Geometry

The general closed-cell geometry algorithm, capable of generating geometries for most
closed-cell foams, was targeted at accurately representing metal foams produced by the gasar,
PCM, powder metallurgy, and high-density composite hollowspheres. These voids are
approximately slender ellipsoids for gasarand PCM, something between spheres and ellipsoids
for powder metallurgy, and precisely spheres for composite hollow spheres. Torepresent all of
these adequately, the modeluses straight cylinders with optional hemispherical caps. These
cylinders maythen be oriented atany angle and elongated any length.

In each of the manufacturing methods, the void centroids may be placed eitherasa
Poisson pointfield, orasa random stacking of “lanes” within which voids are centered. Inthe
latter method, the same Modified Mechanical Contraction Method as was used for the hollow
spheresgeometryis used but with atwo-dimensional stacking of void diameters. Each two-
dimensional centroid isthen used as the centerof a “lane” along which to place voids. A further
random perturbation may also be applied about thatlane centroid in orderto preventvoids
frombeing perfectly lined up alongthe single line of alane. In eithercase, overlap may be

restricted. Preventing overlap of voids is done by drawing a centerline through the cylindrical
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portion of the voids, and then calculating the distance between the centerline line segments of

each of the voids, using an algorithm presented by Hoffman (2005).

Figure 44: PCM geometry: sample geometry as generated (left); photograph of the
experimentally-tested PCM foam (right).

In addition to the random location of the voids, several parameters of the general
closed-cell geometry algorithm are also modeled as random variables. The length of the ellipsoid
and the diameter of the cylinderare both modeled as Gaussian random variables. The
orientation of the voidsis modeled as two random variablesin the Betadistribution,

representing spherical coordinates, with parameters of the distribution chosen to control the
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anisotropy of the void orientations. The geometry also allows the minimum distance between
voidsto be adjusted as a deterministicvariable (see Table 20). Upon completion, this algorithm

resultsina geometry such as that displayedin Figure 44.

Table 20: Probabilistic distributions assumed for general closed-cell input parameters.

Input Parameter Probabilistic Distribution
Void length Gaussian
Void diameter Gaussian
Void orientation 6 Beta (0—m)
Void orientation ¢ Beta (0 —2m)
Minimum void distance Deterministic
Number of voids Deterministic

After performingseveral simulations, meshing proved particularly difficultin the region
of the hemispherical caps forlongand thinvoids, such as those in gasar or PCM metal foams.
Therefore, an additional option was added to the geometry generation algorithm to create voids

which have no hemispherical caps but are otherwise identical to the voids previously described.

4.3.2 Simulation

Once the geometries are generated, they are meshed using second-order tetrahedral
elements. These werejudged to be most efficiently ableto representlinearstrainvariations
across arbitrary three-dimensional geometries. Thisis particularly important forthe hollow
spheres model, in which the primary strength mechanisminthe foamisthe ability of the sphere
wallstoresistbending. The size of these elementsis setata maximum throughout the body and
then automatically refined as necessary. That maximum size is set at approximately 60% of the
sphere wall thickness for hollow spheres foams, and at approximately one -sixth of the smallest
void diameterforthe general closed-cell foams, but adjusted as needed to allow the geometry

to be meshed andthensolved underthe available computing power.
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Calculations were originally performed on a desktop serverwith 16 GB of RAM and two
six-core AMD Opteron 2427 processors, with each core runningat 2.2 GHz. These models had
on the order of 10° degrees of freedom with 20 incremental applications of displacement (time
steps). Each model typically takes 3-6 hours to solve. More recently, models have beenrunona
new desktop server with 76 GB of RAM and four six-core Intel Xeon E5645 processors, with each
core runningat 2.4 GHz. These models have on the orderof 10’ degrees of freedom with 40

time steps, and typically take 6-18 hours to solve.

4.3.2.1 Compression and Tension Testing

Loads and boundary conditions for both compression and tension simulations are
applieddirectly toindividual nodes. Uniaxial simulations apply displacements to the +z surface,
and then applyfixitiesinthe zdirection to the entire -z surface (see Figure 45 for simplified
image of boundary conditions). To prevent rotation orrigid body translation of the model during
loading, fixitiesin the x direction are applied to any nodes within 0.05 mm of a material
centerline parallelto the y-axis, and fixitiesin the y direction are applied to nodes within
0.05mm of a material centerline parallel to the x-axis.

Tensiontestsimplemented element deletion in orderto simulate fracture failures.
ADINA's built-in element deletion algorithm, which only considere d a maximum effective strain,
was considered inadequate. Therefore, an alternative algorithm was implemented by usinga
user-defined function foracustom rupture criterion. The “stress modified critical strain” (SMCS)
fracture criterion, as proposed by Chi, Kanvinde, and Deierlein (2006), considers both stresses
and strains and was intended for complicated geometries. This algorithmis based upon the

following function:
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Equation 3:
Ep,—dre % >0 forr>I1*
Where g, is the accumulated effective plasticstrain, g,, isthe meanstress, o, isthe effective or

Von Mises stress, and 1 is the length of the region over which the stresses and strains are being

checked. The parameters @ and [* are both material parameters which are intended to be

calibrated experimentally, where @ is a unitless multiplierand (* is an effective minimum length.

1 1

v X

Figure 45: Diagram of boundary conditions applied in uniaxial simulations. Grey block arrows
represent the vertical fixity applied to the entire face, black block arrows represent the
horizontal fixities applied along centerlines, and red block arrows indicate applied loads.

The ADINA user-defined function mechanism, however, is only capable of testingone
isolated element ata time, and has no ability to check any parameters of neighboring elements.
Therefore, thereisnowaytoimplementthe r > [* check. However, previous experimental
calibrations have shown [ * values of approximately 0.1mm to 0.2mm (Chi, Kanvinde and
Deierlein 2006), whichis close to the size of an individual elementinthe simulations, sothe
results should be reasonably closeto accurate. The appropriate value of @ could only be
established by matching fracture strain results for the experimental samples with those of

simulations.
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4.3.2.2 Shear Testing

There are two options fora type of sheartestto implementinthe Metal Foams
Simulator. The standard sheartest for structural materialsis atorsion test, as specified by ASTM
E143. While thisisthe preferred method fortesting, the absence of aphysical torsional test
machine and the relative difficulty inimplementing the boundary and load conditionsin
torsional test simulations ruled out this option. Therefore, both the computational simulations
and experimentaltesting were done usingthe testing standard for sheartesting of rigid cellular
plastics, ISO 1922. This testing standard involves attaching athin rectangularsample to two
platens, and then pullingone platenin adirection paralleltothe platen’s face, orequivalent
boundary and load conditionsin simulations.

Boundary conditions and load applications require adifferentarrangementin shear
than inuniaxial compressive ortensilesimulations. The -x face is used as the loading face, and
the +x face isheldfixedin opposition, with boundary conditions applied only tothese faces (see
Figure 46). Both sides feature x-displacement fixities across the full areas to oppose bending. A
furthery-displacementfixity is applied along the centerline of each face to preventrotation but
still allow forany Poisson effects. Finally, a z-displacement fixity is applied onlyto the +x face,

while z-direction loadingis applied to the -x face.
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Figure 46: Simplified diagram showing boundary conditions applied to the shear simulation
specimen. Grey block arrows indicate fixities applied to the full area of a face, black block arrows
indicate fixities applied only along the centerline shown, and red block arrows indicate applied

loads.

4.3.2.3 Multiaxial Testing

Multiaxial tests repeat the same pattern of load and boundary condition application as
isusedin uniaxial simulations. Biaxial tests apply loads perpendicularto the +z and +y faces,
while triaxialtests alsoload the +x face. Boundary conditions are applied on the opposing faces;
however, no centerline fixities are applied parallel to loading directions. See Figure 47 for a
simplified diagram of boundary conditions applied in a biaxial test; triaxial tests eliminate all

centerline fixities and would also fix the -x face and load the +x face.
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Figure 47: Simplified diagram showing boundary conditions applied during a biaxial simulation.
Grey block arrow represent fixities applied to the entire face, black block arrows represent

fixities applied only along the centerlines shown, and red block arrows represent loads.

4.3.3 Post-Processing

The post-processing procedure involves exporting various nodal and elemental values
intoa textfile, thenimportingand processing these using MatLab. First, stress-strain curves are
generated by exporting nodal reaction forces, summingall positive reactions on both +zand -z
faces, and then dividing by the original areato obtain engineering stress. The elasticmodulus is
then extracted as the maximumi nitial slope of thisline, and a 0.2% strain offsetisapplied with
this elasticmodulustofind the yield stress. When post-processing shear tests, all exported
reaction and displacementvalues are setto return data from parallel to the loading face rather
than perpendiculartothe face as in uniaxial compression and tension. For multiaxial tests,
stress-strain curvesin all loaded directions are calculated, and afurtherstress-strain curve
which averages all loaded directions is also evaluated.

To effectively evaluate the elasticand plastic Poisson’s Ratio values for metal foams, an
incremental Poisson’s Ratio was used. At each timestep, the x-displacements of all nodes that

originally constituted the -x and +x faces of the material are averaged, and then a difference is
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taken betweenthe two. The same thingis done fory-displacements on the -y and +y faces, and
these are taken as the x strainsand y strains, which are then averaged to obtain a transverse
strain. The difference between thistransverse strain sincethe lasttime stepisthen divided by

the applied z-strainsince the latest timestep to obtain anincremental Poisson’s ratio, Av.

Equation 4
A Asiy+Ac_y + (Asyy+ Ac_y) 1
V= .
2 Agz,app.‘,ied

Elasticand plasticPoisson’s ratio scalars are then estimated by averaging the Poisson’s ratio
values overeachregion. Forbiaxial tests, only the freedirection is consideredin all Poisson's
ratio calculations, and for triaxial tests, Poisson's ratio datais left undefined.

Finally, to more easily identify patterns which relate the microstructuretoits apparent
macrostructural properties, the percentage of the material which hasyielded is extracted at
each time step. The percentyielded may be related to the ductility of the material. In
comparison, many solid steels show arapid plastification of the entire material beginning atthe
yield strain underuniaxial loading. This valueis calculated by summingthe number of elements
which show a non-zero plasticstrain atany of theirintegration points, and then dividing by the

total number of elementsinthe material.

4.3.4 Summary of Assumptions

Numerous assumptions are made throughout the execution of the Metal Foams
Simulator. Some are inherentinthe ADINA program itself, such as the assumed accuracy of a
given mesh. Otherassumptions are based upon the absence of human errorininputtingvalues.
However, majorassumptions made internallywithin the code of the Metal Foams Simulator

itself are shownin Table 21.
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Table 21: Table of major assumptions made internally within the Metal Foams Simulator.

Assumption

Explanation / Effect

All regions within the domain except for
voids are solid metal.

Bilinear material model is sufficient for the
solid metal.

Kanvinde & Deierlein (2006) provide an
adequate method forimplementingelement
deletion

The 'r>|*' criterioninthe Kanvinde &
Deierlein fracture criterion maybe safely
ignored.

Hollowspheres: the sphere radius, wall
thickness, and weld radius are randomwith a
truncated Gaussian distribution.
Hollowspheres: The Modified Me chanical
Contraction Method provides a sufficiently
accurate representation ofthe s phere
stacking.

Hollowspheres: The curved shape of the
weld between s pheres maybe neglected.

General closed-cell: The voids may be
approximated as either cylinders or cylinders
with hemispherical caps.

General closed-cell: The void height and
diameterare randomwith a truncated
Gaussiandistribution, andthe orientationis
randomwith a beta distribution.

General closed-cell: The spatial distribution
of voids maybe represented as either
uniform randomor spaced at Gaussian
randomintervals.

Inserting centerline fixities to prevent
rotation willnot undulyintroduce other
stresses.

Averaging the displacements ofan entire
face and then comparing opposing faces is
an adequate method of calculating Poisson's
ratio.

Geometry Generation

Microporosityis presentin almost all manufacturing methods, so
the simulation gives an apparently stifferand stronger material
than experiments would. Note that the microporositymaybe
partiallyaccounted for byadjustingthe material propertiesof the
base metal.

Forstandard carbon steels, this assumption makes minimal
difference. However, for any base material witha more
complicated stress-strain curve, it may causeinaccuracies
proportional to the nonlinearity of the actualbehavior.

The Kanvinde & Deierlein algorithm is intended to predict fracture
of a homogeneous solid steel. The assumptionis thatitis still valid
forthe smallscales and microporosity presentinfoams.

There was nowayto implement thispart of the algorithm, soitis
assumedthatthe algorithmis still valid enough without this check
(seesection4.3.2.1 Compression and Tension Testing).

Itis knownthatthereisvariance, but the distribution hasnot been
preciselydetermined.

While a paper (Wouterse and Philipse 2006) showed good
experimental match, that study was based upon marbles, and the
hollow spheres method may be different.

The 'overlap' methodrepresents the weld as a cusp (stress
concentrator), andthe 'cylinder' methodrepresentsitas a straight
cylinder.

Different closed-cell manufacturingmethods produce differently-
shapedvoids. The accuracy of this assumption depends uponthe
specificfoambeing modeled.

Itis knownthatthereisvariance, butthe distribution hasnot been
preciselydetermined, and maywell differ between closed-cell
manufacturing methods as well.

Different closed-cell manufacturingmethods produce differently-
arrangedvoids. The accuracy of this assumption depends upon the
specificfoambeing modeled.

Solving
There are manyways by which a blockof material might be
restrained from rotation under service loads. Itis believed that
thes e centerline fixities will accomplish this task with the fewest
side effects (such as undue stressconcentrations or unrealistic
constraints of deformities), butit doesnot eliminate them.

Post-Processing

The best method might be to compare and average the relative
displacements of individual opposing points, but thisis not
possible withrandom geometries. The algorithm used may
misinterpret certain geometricalchanges as being or not being
Poisson effects, though the averaging should cancel most of these.
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Key Section Findings

Hollow spheres geometry is developed through a Modified Mechanical Contraction
Method to compute a random close-packed sphere stacking. General closed-cell
geometry creates either a Poisson point field or random close-packed stacking of
“lanes” and then places randomly oriented and sized cylinders with optional
hemispherical caps.

The foam is meshed with second-order tetrahedral elements, solved, and then raw
displacements and reactions are tabulated to calculate both engineering and
true stress, strain, Poisson’s ratio, and percentage of elements yielded.

4.4 Results

Key Section Objectives

Validate the simulations as to their similarity to experimentalresults.

Establish the value and necessity of using a random structure in addition to random
characteristics.

Describe results from several simulation matrices which investigated the effects of
varying specificgeometric parameters.

Demonstrate the ability for simulations to be used in material manufacture and
design.

The following sections describe the several simulation sets which have been performed.
Each section begins with atable describing the input parameters used in the simulations (refer
to section A.1.2 Definition of Input Variables for the meanings of each of the input parameters).
If multiple values were used, then curly braces "{}" are used to denote aset of val ues. Note that
features have been addedto the Metal Foams Simulator as time has progressed, sosome input
parameters may not have existed yet at the time the simulations were executed. Forthe
purpose of reproducibility, however, all currently-availableinput parameters are listed with
values which will givethe same results. As an example, multiaxial simulations were not available
duringany of the simulations below, but setting the input parameter 'applied_nstrain=[00 -0.1]"'
isthe same thingas applyinga-0.1strainin the olderversion of the code, and so the formeris

showninthe table.
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4.4.1 Hollow Spheres Tests

Two validation tests and three simulation matrices were performed for hollowspheres
simulations. First, aninitial validation was performed to test the accuracy of the program against
published experimental results. Once experimental tests could be performed on steelfoam at
the University of Massachusetts, afurthervalidation test was performed. The three simulation
matrices include one testing the effects of geometricrandomness upon the elastic modulus, one
evaluating post-yield behavior with various geometric parameters, and afinal one investigating

the sensitivity of yield stresses and elasticmodulito various geometric parameters.

4.4.1.1 Initial Validation

Table 22: Input Parameters used in the hollow spheres initial validation simulations.

Simulation Input Parameters Geometric Input Parameters
Name Value Name Value
run_part ‘all' radius 0.75
run_location 'local’ radiusstddev 0.075
timeout 9600 thickness 0.05
name {} thicknessstddev 0.005
geom_type 'HS' weld_type ‘cylinder'
domain [03;03;03] weld_overlap -
nsteps_elastic 20 weld_percent -
nsteps_plastic 10 weld_max_length 0.025
timestepping 'ATS' weld_radius 0.15
mesh_element_size 0.14 weld_radiusstddev 0
applied_nstrain [00-0.1] wall_truncate 0.75
applied_shear 0 mcm_iterations 20
shear_direction - mcm_threshold 0.05
rand_seed {} mcm_init_placement 13
base_emodulus 200000 mcm_init_spacing -
base_ystress 172 mcm_init_lattice 'urandom’
base_poisson 0.3 mcm_init_perturb_radius 0
base_pmodulus 500
base_kanvinde_alpha 2.6

Performed on a machine with 16 GB RAM and two 6-core AMD Opteron 2427 processors running at 2.2 GHz each

For hollow spheres validation, asimulation was performed for 1.5mm spheres with
standard deviation of 5% and thickness of 0.05mm with standard deviation of 0.005mm, to

compare with results from Gao etal (2008). Gao et al (2008) cite ranges of values which they
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measured for sphere diameterand thickness; forthe purpose of simulations, theseranges were
assumedto be equivalenttofourstandard deviations. The 'cylinder' weld type was used for this
simulation.

Thisvalidation showedyield strengths less than those reported experimentally. The
experimental value was 3.1 MPa, while the simulation produced ayield stress of 2.3 MPa,
resultingin adifference of 20%. However, this may also be explained by size effects. That s, the
spheresthatwere cutalong the edges of the material have amuch lower strength than
contiguous hollow spheres, and the simulation had many spheres cutin this manner. Andrews
et al (2001) showed thatsize effects reduced the apparent strength of experimental specimens
with dimensions lessthan 8-10void diameterstoa side. This simulation had lengths of roughly
2.5 voiddiameterstoaside.

The simulation also showed a much higher elasticmodulus than expected, at 2560 MPa
rather thanthe experimental 114 MPa. A possible partial explanation for thisisthatthe weld
diameters were assumed to be 0.5mm for all spheresinthe simulation. However, experimental
studies (Gao, Yuand Zhao 2008) showed that the weld diameters vary from 0.08mm to 0.5mm.
The smallerareaof a 0.08mm weld diameter would provide a greater stress concentration to
the sphere and thereby allow more complianceatthe same applied displacement. The strong
effectthat weld diameter has upon the elasticmodulus was shown in the study described in
section 4.4.1.4 Structural Randomness Analysis, and it probably also affects strength in the same
manner, butthis was not tested.

The initial validation showed significant deviations, but those deviations have
satisfactory explanationsin either previous experimental research orin subsequent simulation
studies. The simulations were therefore considered to be adequately accurate to merittheir

continued use in this research.
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Further, the use of only scalar values made validation more difficult and more uncertain

The next section describes validation to experimental results performed at the University of

Massachusetts, in which simulations could be validated against afull stress vs strain curve as

well as Poisson’s ratiovs strain curve.

4.4.1.2 Validation to Experimental Results

Table 23: Input parameters used in hollow spheres validations to experimental results.

Simulation Input Parameters Geometric Input Parameters
Name Value Name Value
run_part ‘all' radius 0.9315
run_location 'local' radiusstddev 0.0475
timeout 9600 thickness 0.0832
name {} thicknessstddev 0.0125
geom_type 'HS' weld_type '‘overlap'
domain {[05.5;05.5;05.5], weld_overlap 0.04
[0 6.25; 0 6.25; 0 6.25],
[07;,07;07]}
nsteps_elastic 20 weld_percent 0.85
nsteps_plastic 20 weld_max_length -
timestepping 'ATS' weld_radius -
mesh_element_size {0.04-0.06} weld_radiusstddev -
applied_nstrain [00-0.1] wall_truncate 0.9315
applied_shear 0 mcm_iterations 30
shear_direction - mcm_threshold 0.01
rand_seed {} mcm_init_placement 21
base_emodulus 160000 mcm_init_spacing -
base_ystress 210 mcm_init_lattice ‘'urandom’
base_poisson 0.3 mcm_init_perturb_radius 0
base_pmodulus 500
base_kanvinde_alpha 2.6

Performed on a machine with 76 GB RAM and four 6-core Intel Xeon E5645 processors running at 2.4 GHz each

Several simulations were performed in orderto validate the full stress-strain curve of
the simulations with those obtained experimentally. The 'overlap' weld type was de veloped and
used inthis study. The study also served the further purposes of validating the 'overlap'
algorithm and investigating size effects within the simulations. One 7mm cube, two 6.25mm
cubes, and several 5.5mm cubes were simulated. The largerthe simulation, the longerit takes
to solve and the more difficultitis to mesh successfully, so only one such simulation was

performed. The 7mm cube run in this study took roughly three dozen attemptsto generate a
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continuous and meshable geometry, and took about 72 hours to run from preprocessing
through postprocessing on the available 24-core machine.

Allinputs were based upon microscopy studies when possible (seesection 3.3.1.1
Hollow Spheres Foam). The base metal strength was based upon the experimental test
performed (see section 3.3.2.1Hollow Spheres Foam), and the elasticmodulus was assumed to
be the standard 200,000 MPa. However, based upon microscopy studies, amicroporosity (that
is, porosity withinthe sphere walls themselves) of 20% was estimated and therefore the base
metal yield stress and elasticmodulus were both reduced by this value. Thisassumed alinear
relationship between relative densityand material properties, which is not exactly accurate, but
should be close at high relative densities.

The validation simulations showed increasing accuracy as simulations became larger
(see Figure 48 and Figure 49). Similar to what was shown in experimental tests by Andrews et al
(2001), smallersimulations have lower apparent strengths and stiffnesses. However, those
experimental tests showed lower apparent strengths foranythingless than alength of 8-10 void
diameterstoaside, equivalentto 16-20mm for these geometries. At 7mmtherefore, the
predicted strength should still be lower than the experimental, atleastin the absence of other
errors. This suggests that the simulations are overestimating the stre ngths and stiffnesses
somewhat, asthe 7mm simulationis actually slightlyabove the experimental in Figure 48.

No known published research has attempted to study the size effects upon Poisson's
ratio. However, asis expected, the largerthe simulation, the more accurate Poisson's ratio
simulations become (see Figure 49). Nevertheless, even at 7mm, Poisson's ratio is still fairly
inaccurate, showing anegative slope atastrain of 0.1 ratherthan positive. While the

experimental datais noisy, there isaclear positive trend to the data until a strain of about 0.4,
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and this pattern was seen on other Poisson’s ratio tests as well. No simulations with Poisson's

ratio have been performed pastacompressive strain of 0.1.
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Figure 48: Stress-strain curves for hollow spheres validation to experimental data.
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Figure 49: Poisson's ratio vs strain curves for hollow spheres validation to experimental data.
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4.4.1.3 Post-Yield Behavior Simulation Matrix

Table 24: Input parameters for hollow spheres post-yield behavior simulation matrix.

Simulation Input Parameters Geometric Input Parameters
Name Value Name Value
run_part ‘all' radius {0.75,1,1.25,1.5}
run_location 'local’ radiusstddev {radius / 20}
timeout 9600 thickness {0.05-0.23}
(variable was adjusted to result in overall relative
densities of roughly 10%, 15%, and 20%)
name {} thicknessstddev {thickness / 10}
geom_type 'HS' weld_type ‘cylinder'
domain {[04.5;04.5;04.5] - weld_overlap -
09;09;09]}
nsteps_elastic 20 weld_percent -
nsteps_plastic 0 weld_max_length {thickness / 2}
timestepping 'ATS' weld_radius 0.43
mesh_element_size {0.05-0.20} weld_radiusstddev 0
applied_nstrain [0 0 -0.004] wall_truncate 0.75
applied_shear 0 mcm_iterations 40
shear_direction - mcm_threshold 0.0435
rand_seed {} mcm_init_placement {23
base_emodulus 200000 mcm_init_spacing -
base_ystress 172 mcm_init_lattice 'urandom’
base_poisson 0.3 mcm_init_perturb_radius 0
base_pmodulus 500
base_kanvinde_alpha 2.6

Performed on a machine with 16 GB RAM and two 6-core AMD Opteron 2427 processors running at 2.2 GHz each

For the hollow spheres matrix, spheresize was varied from 1.5mmto 3mm in 0.5mm
increments, and relative density was varied from approximately 10% to 20%, in 5% increments.
Note that relative density cannotbe itself setas inputvariable, so simulations were only
targeted at specificrelative densities and actual values were off by up to 3% from the target.
Overall, specimens were cubes measuring4.5mm to each side. The sphere size was assumed to
be a random variable with the given mean and a5% standard deviation, and the relative density
was adjusted by means of specifying the shellthickness, which was also assumedtobe a
random variable but with a 10% standard deviation. Thesevariances were assumed based upon
reported experimental values from Gao et al (2008). Parametersforthe sphere stacking method
were giventoformthe densestrandom stacking possible, as determined by manually

experimenting with simulation parameters, which was equivalent to abouta 55% stacking
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density. Atypical stress-strain curve and a graph of the percent of the material which has

yieldedisshownin Figure 50.
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Figure 50: Sample results graph from the hollow spheres test matrix: normalized stress and
percent of material yielded versus strain at 23% relative density. Note that stress is normalized
by the yield stress of the base metal, 316L stainless steel.

Results show that, at a givenrelative density, the elasticmodulus and yield strength
bothincrease with smallerspheres, asshownin Figure 51. This may be explained by the sphere
shell thicknessesinthose smallerspheres beingthickerin orderto provide the extramass. A
thickershell will provide more bendingresistance, and plate bendingis the primary strength
mechanisminthe material. Elasticmodulus and yield strength are both affected by this strength

increase approximately equally.
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Figure 51: Yield stress vs relative density, showing a rough decrease in the yield stress as the
sphere diameter increases. The elastic modulus plot shows a similar pattern.

The Poisson’s ratio, however, shows a much more complicated behavior. Above a
relative density of approximately 15-20%, the elasticPoisson’s ratiois approximately equal to
0.32, and the plasticPoisson’s ratiois approximately 0.30. Below 15-20%, however, the elastic
Poisson’sratioslowlydecreases from 0.16 to 0.14, and the plasticratio slowly decreases from
0.18 to 0.16. Plots of these two different behaviors are showninthe sample graphs of
incremental Poisson’sratioin Figure 52. It should also be noted that four simulations that were
inthe 15-20% relative density range had to be retried at least once due to the solverfailing to
converge ata strain of about0.0012, equivalentto approximatelythe yield strain and the strain

at which the Poisson’s ratio curve begins approachingits plastic plateau.
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Figure 52: Sample results graph from the hollow spheres test matrix: incremental Poisson’s
Ratio, at a low relative density and a high relative density.

Falletetal (2007) did experimental tests and two-dimensional FEManalyses to show
that there existsatransition pointinthe relative density of hollow spheres foams at whicha
plastichinge which forms along the weld circumference results in asoftening behavior rather
than a plateau behavior. With a weld radius of 0.43 mm, as was used inthese simulations, they
suggest that thistransition point would be at a thickness to sphere diameterratio of about0.1.
The ratio of this presumed transition seeninthe three-dimensional simulations performed here
isapproximately 0.08-0.1, equivalent to 15-20% relative density. The close correlation suggests

that thisisindeed the phenomenon responsible for the change in behavior.
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4.4.1.4 Structural Randomness Analysis

Table 25: Input parameters used in hollow spheres structural randomness analysis.

Simulation Input Parameters Geometric Input Parameters
Name Value Name Value
run_part ‘all' radius 1
run_location 'local’ radiusstddev {0,0.05}
timeout 1200 thickness 0.13
name {} thicknessstddev {0,0.013}
geom_type 'HS' weld_type ‘cylinder'
domain {[07;07;08.66], weld_overlap -

[0 6.54; 0 6.54; 0 7.86),
[06.78;06.78; 0 8.10] }

nsteps_elastic 2 weld_percent -
nsteps_plastic 0 weld_max_length 0.39
timestepping 'ATS' weld_radius 0.35
mesh_element_size {0.09-0.11} weld_radiusstddev {0,0.10}
applied_nstrain [0 0-0.0004] wall_truncate {1-15}
applied_shear 0 mcm_iterations 40
shear_direction - mcm_threshold 0.0263
rand_seed {} mcm_init_placement -
base_emodulus 200000 mcm_init_spacing 2
base_ystress 172 mcm_init_lattice 'fec!
base_poisson 0.3 mcm_init_perturb_radius {0, 2,1, 0.5, 0.25,0.125 }
base_pmodulus 700
base_kanvinde_alpha 100

Performed on a machine with 16 GB RAM and two 6-core AMD Opteron 2427 processors running at 2.2 GHz each

A series of simulations as well as a statistical analysis were performed to evaluate the
effect of the structural and material randomness of hollow spheresfoams upon the
homogenized elasticmodulus of the foam. This section attempts to evaluate the efficacy of one
of the most recentand detailed mathematical models of the elastic modulus of hollow spheres
foams, which is based upon an face-centered cubic(FCC) sphere structure, as well as attempts
to quantify the amount by which the random structure of the actual material affects the
homogenized elasticmodulus of the material. First, asecond momentanalysisis performed
uponthe aforementioned mathematical model, assuming random inputs. Then, the results of
this analysis are extrapolated to alargerstructure by means of establishing Voigt and Reuss
bounds. In orderto evaluate the effect of structural randomness, aseries of simulations of an

increasingly random structure are performed using the ADINA finite element analysis program.
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Finally, amajorreasonthat geometricrandomness affects the macroscopic material properties
isthat, as randomnessincreases, the spheres end up with fewer otherspheresin contact with
them, and so fewerwelds are present. Therefore, the threshold distance at which spheres are
assumedto have a weld connectingthemisvaried in ordertotestthistheory. All of these

results are compiled and compared, and conclusions are made.

Figure 53: Drawing of the meaning of each of the variables used in describing hollow spheres
foams.

While assumingthat hollow spheres foams were adequatelyrepresented by aface -
centered cubicstructure, Gasser, Paun, and Bréchet (2004) proposed that the essential material
parameters of hollow spheres foams for predicting effective macroscopic properties were the
sphere outerradius (r), sphere shell thickness (t), and the radius of the weld neck between
spheres (w), the precise meaning of which are shown in Figure 53. Through mathematical
approximation, they suggested that the elasticmodulus would be afunction of t/rand w/r.
Finally, theyrana series of simulations uponrepresentative FCCunit cells of varying parameters
usingthe ABAQUS finite element program. The team performed 25 realizations of simulations
with varyingshell thickness and sphere radius, using arepresentative unit cell with periodic
boundary conditions, asshownin . Using curve-fitting to derive coefficients, they suggested that
the following equation could be used to predict the effective macroscopicelasticmodulus of a

hollow spheres steel foam:
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Equation 5

Thevariablesr, t, and w are as described above. E;is the effective elastic modulus of the foamed
metal, whichis then normalized by E;, the elasticmodulus of the solid base metal. This equation,
shown as Equation 5, is not entirely accurate at predicting the elastic modulus of all foams, asiit
isan empirical equation calibrated only to afew experimental tests of materials with relative
densitiesinthe 4% to 8% range. For the particularfoam tested experimentally at the Unive rsity
of Massachusetts (see section 3.3 Results), this equation predicts an elastic modulus of about
10,000 MPa, but tests showed a modulus of about 3,200 MPa. However, it is used in this section

to help evaluate the effect of material randomness.

Figure 54: Images of the representative unit cells used in the Gasser, Paun, and Bréchet (2004)
simulations used to develop Equation 5.

In an actual metal foam, the input parameters would not be deterministic; there is some
variationinherentin the hollow spheres manufacturing process resultingin the input
parametersvarying across the material. Therefore, r, t,and w are set as randomvariables as
follows. Capitalized letters are used to indicate random variables, and the meanvalues,
indicated by the first numberin each pair, are equivalent to a 20% relative density:

e R~N(1,0.05°) mm

e T~N(0.13,0.013°) mm
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e W~N(0.35,0.1°) mm

With no more specificinformation otherwise available, all variables are assumed to be
of Gaussian distribution. The variances are based upon ranges experimentally determined by
Gao et al (2008); the maximum and minimum values in the ranges thattheyreported are
assumed to be approximately two standard deviations from the mean.

Analytically, itis not possible to calculate the mean and variance for Equation 5 given
that the expected value of 1/R"is not well-defined. Therefore, first- and second-order Taylor
Series approximations of Rare used instead. Much of this calculationis purely algebraic, butis
based upon the formulathat fora random Gaussian variable X, the expected value of X*is p,’ +
0y’, and the expected value of two independent Gaussian variables multiplied togetheris the

expected value of each variable multiplied together. Calculating theseresultsin the following

equations:
Equation 6
Epe = 514 WIT +0587 CWT +0118 T 7301 WT'+105 WT C+0826 T°
™~ -
- g.42 WO 1174 CWT 40018 T T 204 CWOT +315 wr t+es2 T - % i-
Equation 7
. . % R . R R . > o2 "q:*
Eoimie » = Epue + 0168 TWIT 43522 W +0236 T 602 W T +126 W T+ 4956 T~ R +1-

Applying the expected value operatorto each of these equations to find the mean (E[ £])
and variance (E[(E-pe) (E-pe)]) results in the following:

Efirst oraer ~ (0.1393, 0.0136°)
Eiecond orger ~ (0.1411, 0.0422°)

Finally, to confirm the accuracy of these results to the predictions of the formula model,
a Monte Carlo simulation was performed upon the original £equation, Equation 5, as derived by

Gasser, Paun, and Brechet (2004). These simulations were only pluggingin valuesto the

mathematical equation, but with 100,000 iterations, they precisely resulted in the following:
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£~ (0.1403, 0.0421%)
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E(1,1,4)
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Figure 55: Diagram of the meaning of the matrix of unit cells

Therefore, the second-order Taylor Series approximation provides very precise resultsto
Equation 5. The first-order Taylor Series approximation captures the meanvalue well, but does
very poorly capturingthe variance. However, itis still amarked improvement upon simply
plugginginthe meanvaluesof R, T, and W, which resultsin £ = 0.1377.

The material properties vary spatially across a hollow sphere foam, soin order to
representthis, the unit cell must be repeated several times overavolume. For this paper, a
volume of 4 x 4 x 4 unitcellswas chosen, asshownin Figure 55. The small size was chosenas a
result of computational powerrestrictions and because it was considered desirable for this
analysis to have similardimensions to the ADINA simulations to facilitate better comparisons.

Consideringeach unit cell totake up a volume of 1.0 x 1.0 x1.41 mm, an overall volume
of 4.0x 4.0 x 5.64 mm was created, whichis approximately the maximum size which can be
simulated with available computing powerin ADINA. As unit cells are used in this analysis, the

voids withinthe material are inherently presentin each unitcell, and thereforeneed not be
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otherwise accounted for. Voigt and Reuss bounds on possible values may be derived either
analytically by Taylor Series approximation, or through Monte Carlo simulation, as shown below:

Equation 8a and b:

[ ~ 1 r J-
E, Pl A II—ZZZ;z]k—\ - 01224
“ Ly, = Lsa ., ., . i
r 1 r 1
B, = \I—'JITW\ S EEY L o e
L7 eS— | Lsa _ . .. E% )k

As Voigtand Reuss bounds set the minimum and maximum possible mean values, the
mean elasticmodulus should therefore be between 0.1224 and 0.1403, assumingthatthe unit
cellmodelisaccurate.

To evaluate the accuracy of the unitcell model, several full-size simulations of an FCC
stacking of hollow spheres were performed. Initially, two different types of simulations were
performed: first, acompletely deterministic simulation was performed with all spheres having
radius, thickness, and weld radius equalto the mean valuesforeach variable; second, the
radius, thickness, and weld radius were allowed to take on theirrandom values, with Gaussian
distributions of mean and variance as used for the unit cell model.

In a pure FCC simulation, such aswhen all the spheres are deterministically the same
size, spheres may simply be placed into the latticeand simulated welds used to connect them.
The actual welds betweenthe spheresin areal metal foam have solid circular cross-sections
with concave sides which curve until they reach atangent with the sphere. However, due to the
difficulty of modeling such ashape, these welds are approximated by astraight cylinder
connectingany spheresthatare within some threshold distance of each other. As all spheres
have exactly the same distance betweenthemin this case, welds are created atall locations,

finally resultingin ageometry asshownin Figure 56.
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Figure 56: ADINA image of the geometry of a deterministic model

If the sphere sizes vary across the material, on the other hand, thenthe material can no
longerbe considered as apure FCCstructure, as there may be overlap between two adjacent
spheresthat have above average size. In orderto correct this overlap, an algorithm normally
used to generate a purely random stackingis employed.

The deterministicsimulation resultsin an elasticmodulus of 0.1418, whichis
approximately equal to the 0.1403 Voigt bound. Thirty Monte Carlo simulations were performed
withrandom sphere radii, shell thicknesses, and weld radii (computational time: about 72
hours). Note that the structure of the hollow spheresisstillconsidered to be nearly FCCforall
simulations thus far. The results of these 30simulationsis a nearly Gaussian distribution, as
shown in the normal probability plot of Figure 57, and the following mean and variance:

s

®  Erondominputs ~ (0.0963, 0.0152°)
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Figure 57: Normal probability plot, showing a nearly Gaussian distribution to the elasticmodulus
of 30 random samples.

One possible explanation forthis decrease in the mean value of the elasticmodulusis
that the numberof weldsinthe geometry decreases. If two adjacent sphere s have smaller radii
than the mean, then they may end up with more than 0.13 mm of space between them, whichis
considered to be the threshold value forwhen welds are assumed to have been created. To test
thistheory, thatthreshold value isincreased to 0.39 mm, or three times the mean shell
thickness of the spheres. A typical image of such a geometry with randominputsisshownin
Figure 58. Running 30 of these simulations resultsin the following mean and variance:

o Erandominputs ~ (0.1329, 0.0087°)
Thisvalueis securely within the Voigt / Reuss bound range, and nearly 40% higherthanthe
original random simulations, suggesting that, at the least, the absence or presence of welds

between spheres plays avery majorrole in setting the elastic modulus of the material.
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Figure 58: Typical image of a geometry with random inputs and a 0.39mm weld diameter. Note
the particularly long welds, two of which are circled in yellow, which would not have been

created with the 0.13mm threshold.

While simulations of FCC materials suggest that unit cell models are relatively accurate
for these, actual hollow spheres foams have no such regular stacking pattern. To quantify this
effect, an FCCstructure is established as for the prior simulations, butthenarandom
perturbationisappliedtoeachsphere. This perturbationis defined by aradius about the FCC
location of the sphere center, within which anew, uniformly random location for the sphere
centeris picked. Several ADINA simulations were performed with such random perturbations,
with 10 simulations performed at each of five increasingly large perturbation radii. Further, this
set of simulations was performed twice, once with aweld creation threshold of 0.13 mmand
one, following the results of the FCC simulations, with aweld creation threshold of 0.39 mm.
Note that the sphere radius, sphere thickness, and weld radius are all still considered as random
variables as well. Animage of atypical geometry generated with a Imm random perturbation
radiusisshownin figure . The results forthe means and variances at each perturbation radius,

and forboth weld creation thresholds, are plotted in Figure 60.
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Figure 59: Image of a typical geometry generated with a Imm random perturbation radius and a
0.39mm weld threshold. Note that there are two missing welds. There also some particularly
long welds, two of which are circled in yellow, which would not exist with a 0.13mm weld
threshold.

These mean values of elasticmodulus decrease similarly overincreasing perturbation
radii for each of the weld thresholds, butthere isaclear difference in magnitude displayed, with
the higherweld threshold showing significantly higher stiffnesses. With the lower Voigt bound
of 0.1224, the smaller weld threshold falls out of the range immediately, but the larger weld
threshold remains within the range until a perturbation radius of 0.25 mm. Note that, for the
0.39 mm weld threshold, the number of welds does not start to decrease until a perturbation
radius of 0.5 mm, which coincides with when the mean of the elasticmodulus begins to rapidly
decrease. This fact was verified by manually examining simulations and observing that the
number of welds created by the geometry algorithm did not begin to decrease until higher
perturbation radii. A perturbation radius of 2mm is effectivelyacompletely random structure,
and hence the graphs appearto be formingasymptotes by about that point. Due to the small
sample size of 10 at each data point, the standard deviations have a high errorassociated with

them, but theirgeneral trends may still be analyzed. In these, the standard deviation of the
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elasticmodulus forthe 0.13 mm weld threshold decreases with increasing perturbation radius,

but forthe 0.39 mm weld threshold remains relatively constant throughout.
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Figure 60: Mean values (top) and standard deviations (bottom) of the normalized elastic
modulus forincreasing perturbation radii.

Researchers have previouslyattempted to solve the problem of predicting an effective
macroscopicelasticmodulus for hollow spheres foams by means of assuming thatthe foamis
equivalentto a regularstacking of hollow spheres and then deriving properties for unit cells.
This section has attempted to expand and evaluate thisidea by first examining the effect of

random variable inputs upon the results of amathematical model foran FCCunitcell proposed
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by Gasseret al (2004). Then, these results were extended out to a three-dimensional matrix of
random unit cellsin orderto establish Voigt and Reuss bounds for an effective macroscopic
elasticmodulus. This range was then compared against ADINA simulations performed of a
deterministicFCChollowspheres structure, an FCCstructure with random material parameters,
and a structure with randomly perturbed sphere centerlocations and random material
parameters. After observingarapid decrease inthe elastic modulus with increasing
randomness, one theory as tothe cause was checked by increasingthe maximum sphere
spacing threshold requirement foraweld to be assumed. The mean and variance of all analyses

are displayedin Table 26.

Table 26: Overall summary of all means and variances of elasticmodulus for all representations
of hollow spheres foams.

Geometry Simulation Type Weld Threshold =0.13 mm Weld Threshold =0.39 mm
Mean Variance Mean Variance
1" OrderTaylor Series 0.1393 0.0136° 0.1393 0.0136°
Unit Cell 2" OrderTaylorSeries 0.1411 0.0422? 0.1411 0.0422*
Monte Carlo 0.1403 0.0421? 0.1403 0.0421?
Matrix of Unit Cells  Voigt/Reuss Bounds 0.1224 < E < 0.1403 0.1224 < £ < 0.1403
. . Deterministicat Mean 0.1416 - 0.1416 -
FCCADINA Simulation g 4 om Input 0.0963 0.0152 0.1348 0.0089°
0.125 mm Perturbation 0.1031 0.0141° 0.1337 0.0074
randomly Perturbeg ©-25 MM Perturbation 0.0866 0.0126° 0.1303 0.0073?
andaom'y FErturoed g ¢ 1 m perturbation 0.0619 0.0130? 0.1153 0.00622
ADINA Simulation . 2 2
1 mm Perturbation 0.0492 0.0098 0.0787 0.0088
2 mm Perturbation 0.0370 0.0057° 0.0541 0.0068°

Overall, the mean valuesfor elastic modulus show strong agreement forunit cells up
through the ADINA FCC simulation with deterministicinputs, all showing values of about pg =
0.14. However, once the input variables are randomized, the elasticmodulus begins rapidly
decreasing. This effectis only accentuatedis randomnessisintroducedinto the structure of the
material by applying random perturbations. The greaterthe perturbation, the lowerthe elastic
modulus was shown to be, eventually decreasing to 40% of the stiffness with no perturbations,

or 25% of the fully deterministicstiffness. However, the variance predicted by the Gasseret al
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equation, Equation 5, was shown by all simulations to be a sharp overestimate, at nearly eight
timeslargerthanthe greatestvariance observed in simulations. However, due to the small
sample size of ten at nearly all data points, itis possible that this gap may decrease with further
simulations.

In orderto testthe theory that the numberof welds present has a strong effect upon
the effective stiffness of the material, two sets of simulations were performed, one with a
threshold of 0.13mm and the other with a threshold of 0.39mm at which welds were assumed
to exist between spheres. In these simulations, making the input variables random only caused a
5% decrease in the stiffness, and applying random perturbations only decreased the stiffness to
40% of the deterministicstrength. There was also only avery minimal (less than 10%) decrease
instiffness observed aslongas welds were stillintact, which was the case up until arandom
perturbation radius of 0.25 mm (as verified from examininginternal simulation data). These
results seemto supportthe theorythatthe loss of weld connectionsisindeed avery major
cause, though certainly not the exclusive cause, of the loss of stiffness in the system as
randomnessincreases.

These results suggest that, while mathe matical models based upon regular periodic
stackings of hollow spheres are certainly useful, they are likelyto overestimate the actual
effectivestiffness of the material. The majorreasonforthisis that regular stacking patterns
assume thatall weld connections between spheres are intact, which hasbeenshownto be
unlikely given the random characteristics and structure of the material. Therefore, future
mathematical models should be based upon truly random stacking patterns of the hollow
spheres, orat the least, should include some adjustment for the loss of weld connections

inherentinamanufactured hollow spheres foam.

124



Later microscopy studies (seesection 3.3.1.1 Hollow Spheres Foam) showed that there
are indeed many spheres which are located nearto each otherbutbetween whichthereisno
physical connection. It was not possible to quantify this effect, but qualitatively, its existence

was confirmed, as shown by examplein Figure 61.

Figure 61: Microscopy image showingthe two spheres on the left nearto each other, but having
no physical connection.

4.4.1.5 Sensitivity Analysis for Compression Tests

Table 27: Input parameters used in hollow spheres sensitivity analysis for compression tests.

Simulation Input Parameters Geometric Input Parameters
Name Value Name Value
run_part ‘all' radius {0.83,0.93,1.03}
run_location 'local’ radiusstddev 0
timeout 9600 thickness {0.073, 0.083, 0.093 }
name {} thicknessstddev 0
geom_type 'HS' weld_type '‘overlap'
domain [0 6.25; 0 6.25; 0 6.25] weld_overlap {0.03, 0.04,0.05}
nsteps_elastic 20 weld_percent 0.85
nsteps_plastic 10 weld_max_length -
timestepping 'ATS' weld_radius -
mesh_element_size {0.05-0.065} weld_radiusstddev -
applied_nstrain [00-0.1] wall_truncate 0.93
applied_shear 0 mcm_iterations 30
shear_direction - mcm_threshold 0.0001
rand_seed {} mcm_init_placement {about33}
base_emodulus 160000 mcm_init_spacing 1.82
base_ystress {132, 210,303 } mcm_init_lattice {'urandom’, 'fcc' }
base_poisson 0.3 mcm_init_perturb_radius 0
base_pmodulus 500
base_kanvinde_alpha 2.6

Performed on a machine with 76 GB RAM and four 6-core Intel Xeon E5645 processors running at 2.4 GHz each
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Using the hollow spheres validation simulation described in section 4.4.1.2 Validation to
Experimental Results as the basis point, asensitivity analysis was performed to explore the
effects of varying specificmicrostructural parameters. The varied parameters are those which
could be adjustedin the actual manufacturing process, including base metal yield strength,
sphere diameter, sphere shell thickness, and sphere overlap distance. The last representsand is
physically equivalent to the amount of pressure applied during the sintering process.

Three points were simulated for each parameterin orderto acquire sensitivities: the
central value, one slightly below, and one slightly above. Sensitivities were defined by first-order
central differences normalized to the central value of elastic modulus of yield stress (see

Equation 9 and Equation 10, respectively, where pisthe varied parameter).

Equation 9
E _ Eu.pper - Elower
norm —
(pupper - plows‘r) ' Ecentral
Equation 10
_ fy,upper - fy,lowsr
f_:)',.norm -

(pu.pper | 1ower) ' fy,central

At each point, one simulation was performed with a deterministic, face -centered cubic (FCC)
geometry (see Figure 62), and two were performed with random geometries. All other
parameters were setas deterministic. Itisimportant to note that whenvaryingthe sphere
diameterorthe sphere shell thickness, this also changed the relative density of the material, so
some of the change in mechanical propertiesis due to there simply being more orless mass
withinthe volume. Further, the relative densityof aspecimen witharandom geometryislower

than that with a face-centered cubicgeometry.

126



Figure 62: Sample image of adeterministic, face-centered cubicgeometry usedin the sensitivity
analysis simulations.

In the results, it was observed that the variation was close to linear for most parameters
overthe range simulated, though became noticeably non-linear when varying the sphere
diameter, as can be see fromthe graphs in Figure 63. Providing an alternativeview of the data,
results are shownin Table 28 normalized to the base foam properties. Allresultsforrandom
simulations should be taken with some doubt as to their precision as only two random
simulationswererun foreach parameterset.

As was expected, changingthe yield stress of the base metal had anegligible effect
uponthe elasticmodulus, and aclose to 1:1 linear relationship with effective foamyield stress.
Sphere diameteradjustments strongly affected the relative density as well, but nevertheless
showed thatsmallerspheres have slightly higher strengths than larger spheres. Thisis expected
since the overall foam strengthis highly dependent upon the bending stressin the sphere walls.
The shell thickness results are very close to proportional with the change in relative density. The
weld overlap, however, has negligible effects upon the relative density, yet shows strong effects
uponthe foams' elasticmoduliandyield stresses. Itis believed that the lowerstrengths and

stiffnessesinthe random upper-bound simulations for weld overlap are anomalies of
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randomness and that more simulations would show an average higherthan the base values, as
isseeninthe FCC simulations. From theseresults, it may be suggested that stronger and stiffer
foams should be manufactured by using spheres thatare as small as possible and using higher

compression during sintering (so asto increase the weld overlap).

Table 28: Normalized results data from sensitivity analysis, normalized to the base value.

Relative Density Elastic Modulus Yield Stress

Varying Bound Value FCC Random FCC Random FCC Random
Lower 0.63 1.00 1.00 1.00 0.99 0.66 0.69
BaseYield Stress (MPa) Base 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Upper 1.45 1.00 1.00 1.00 0.91 1.41 1.17
Lower 0.89 1.13 1.06 1.25 0.94 1.25 1.04
Sphere Diameter (mm) Base 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Upper 1.11 0.73 0.82 0.49 0.51 0.43 0.74
Lower 0.88 0.88 0.86 0.88 0.82 0.89 0.91
Shell Thickness (mm) Base 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Upper 1.12 1.11 1.08 1.12 1.14 1.11 1.20
Lower 0.75 0.99 0.98 0.89 0.89 0.88 0.92
Weld Overlap (mm) Base 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Upper 1.25 1.00 0.96 1.10 0.90 1.10 0.97

By utilizing these sensitivity results from computational simulations, the optimal
material characteristics foradesired combination of elasticmodulus and yield stress may be
determined. This set of simulations only provides enough datato reliably obtain first-order
sensitivities nearto 14% relative density (see Table 29). However, with more such simulations it
would be possible to determinethe material properties needed in orderto achieve any
mechanical properties within the range afforded by the hollow spheres method. Complete
scalinglaws could be developed, and the important dependent parameters could be

determined.
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Figure 63: Graph of all simulations performed in sensitivity analysis. Blue points are FCC
simulations; red points are the average of the two random simulations performed at each point.
The first-order central difference slopes are shown as solid lines, and the second-order curve fits

are shown as dashed lines.

Experimentaland computational studies in this thesis have shown that the scaling laws
proposed by Gibson and Ashby (2000) and several others, which are based solely upon relative
density are imprecise and provide, at best, only rough ballpark estimates for material
properties. However, if otherimportant parameters are identified, new and more precise scaling
laws could be developed. Should an organization desire a material with a certain set of
physically possible properties, they could simply consult the formulaand determine the

manufacturing parameters needed to achievethem.
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Table 29: First-order central difference results from sensitivity analysis, normalized about the
base value shown.

Elastic Modulus (E,om)

Yield Stress (fy norm)

Varied Parameter Base Value FCC Random FCC Random
Base Yield Strength 262 MPa 0.000 0.000 0.004 0.002
Sphere Diameter 1.86 mm -1.91 -1.08 -2.04 -0.75
Shell Thickness 0.083 mm 12.08 15.96 10.97 14.68
Weld Overlap 0.04 mm 10.31 0.56 10.97 2.77

4.4.2 Gasar Tests

While the code itself groups gasarand PCM foams as the same, they have beensplitin

two within this results discussion. This section describes those simulations intended to model

gasar steel foams, which includes one set of validation tests and one study of post-yield

behavior.

4.4.2.1 Initial Validation

Table 30: Input parameters used in gasar initial validation simulations.

Simulation Input Parameters

Geometric Input Parameters

Name Value Name Value
run_part ‘all' n_voids {38, 53, 32}
run_location 'local’ ab 0.5
timeout 2400 c 4.0
name {} abstddev 0.1
geom_type 'Lotus’ cstddev 0.5
domain [05;05;05] theta 0
nsteps_elastic 20 phi 0
nsteps_plastic 0 thetastddev 0
timestepping 'ATS' phistddev 0
mesh_element_size 0.18 include_hemi_caps true
applied_nstrain [0 0 -0.004] minimum_dist 0.2
applied_shear 0 void_placement 'urandom'’
shear_direction - lane_init_radius -
rand_seed {} lane_perturb_rad -
base_emodulus 200000
base_ystress 172
base_poisson 0.3
base_pmodulus 500
base_kanvinde_alpha 2.6

Performed on a machine with 16 GB RAM and two 6-core AMD Opteron 2427 processors running at 2.2 GHz each

Results for the gasar geometry were validated using experimental results published by

Ikeda, Aoki, and Nakajima (2007), as no gasar material was available to test. Three 304L stainless
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steel gasarfoams of 50%, 63%, and 70% relative density wereused to validate the general
closed cell simulation. Forthese simulations, a mean void transverse diameter of Imm was
assumed with astandard deviation of 0.1mm, and a mean void height of 4mm witha 0.5mm
standard deviation. All voids were oriented deterministically parallel to the z-axis and the
minimumvoid spacing was 0.2mm. These values were based upon rough measurements of
published images (lkeda, Aokiand Nakajima 2007). Different relative densities were achieved by
varyingthe number of voids. As expected because of size effects, the simulation showed yield
strengths below the experimentally-reported values, as shown in Table 31. However, all
simulated yield strengths were consistently 11 to 14% below the experimental, suggesting that
the simulation’s yield values may be validated as accurate to within atleast 15 percent.

Due to restrictionsin available computing power, the maximum size model that could
be simulated was only 3-4 void diametersin length on each side. However, accurate
experimental results have been shown to require samplesthatare atleast 6-8 void diametersin
length on each side (Andrews, etal. 2001). They show a dramaticdrop-off in effective
macroscopicstrength and stiffness beginning atan edge length of 3-4 void diameters. This is due
to a combination of edge effects, where voids located along an edge will reduce the material’s
strength more than fully interiorvoids,and scale effects, where the size of the voids are large
enough relative tothe sample size thatindividual voids affect the effective material properties
to a non-trivial degree. Therefore, assuming that the simulations are correctly representing the
physics of the metal foam, the simulations should give lower strength values than those
reported experimentally due to the difference in the size of the samples. Further, othererrors
may arise in that, while the original base metal is known, the amount by whichits properties

may have been altered during the foaming processis unknown.
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Table 31: Gasar foam validation using gasar experimental values. Partially adapted from
research by lkeda, Aoki, and Nakajima (2007).

Relative Density Experimental Yield Stress (MPa)  Simulation Yield Stress (MPa)

50% 90 80
63% 115 99
70% 130 109

4.4.2.2 Post-Yield Behavior Simulation Matrix

Table 32: Input parameters used in the gasar post-yield behavior simulation matrix.

Simulation Input Parameters Geometric Input Parameters
Name Value Name Value
run_part ‘all' n_voids {3-41}
(variable was adjusted to result in relative densities of
80%, 90%, and 95%)
run_location 'local’ ab {1.0,1.5,2.0}
timeout 2400 c {2-8}
(variable was adjusted to result in elongation ratios,
c:ab, of 2:1, 3:1, and 4:1)
name {} abstddev 0
geom_type 'Lotus’ cstddev 0
domain [010; 0 10; 0 10] theta 0
nsteps_elastic 20 phi 0
nsteps_plastic 0 thetastddev 0
timestepping 'ATS' phistddev 0
mesh_element_size {0.42-05} include_hemi_caps true
applied_nstrain [0 0 -0.004] minimum_dist 0.2
applied_shear 0 void_placement 'urandom'’
shear_direction - lane_init_radius -
rand_seed {} lane_perturb_rad -
base_emodulus 200000
base_ystress 172
base_poisson 0.3
base_pmodulus 500
base_kanvinde_alpha 2.6

Performed on a machine with 16 GB RAM and two 6-core AMD Opteron 2427 processors running at 2.2 GHz each

Similartothe simulation matrix performed for hollow spheres foams (see section 4.4.1.3
Post-Yield Behavior Simulation Matrix), aset of simulations was performed to determinethe
post-yield behavior of gasarfoams. In addition to the relative densities varying from 80% to
95%, the ratio of void heightto transverse diameterwasalsovaried from 2:1to 4:1, whichare
plausible ranges for producible gasarfoams. All voids were oriented deterministically parallel to
the z-axis, which is approximately accurate, and all input variables were set to be deterministic.

All simulations were performed with cubicspecimens approximately 5mm to a side. An
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example of atypical geometry generated in this simulation matrix isshownin Figure 64. Figure
65 shows sample outputgraphs fromone run at 80% relative density, 2:1elongationratio, and

1.5mm transverse void diameter.

Figure 64: Image of a typical geometry generated during the post-yield behavior simulation
matrix.

Amongthe most important material variables, both the yield stress and the elastic
modulus were observed toincrease as the voids were elongated, as shownin Figure 66. For a
fixed relative density of 80%, the simulations show that the elasticmodulus is approximately 4%
largerand theyield stressisapproximately8%largerat a 4:1 ratio comparedto a 2:1 ratio. Note
that while thisis astrong advantage for gasar foams, the foams are anisotropicanditis
expected thattheirstrength and stiffness will be lower when force is applied perpendicularto
the voids’ orientation. This phenomenon may be explained by the elongated pores providing a
more straightand direct stress path through the material as well as providing less opportunity
for bending behavior within the material compared to non-elongated pores. In contrast, the
long, relatively flat walls of the voids in the transverse direction would provide long beam-like

structures which may be highly susceptible to bending.
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Figure 65: Sample output graphs from gasar simulation matrix: normalized stress and percent of
material yielded vs strain (left); incremental Poisson’s Ratio vs strain (right). Note: Stress is
normalized to the yield stress of the base metal, 304L stainless steel.
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Figure 66: Yield stress vs relative density, showing increased yield stress with greater void
elongation. A similar pattern may be seen for elastic modulus.

As the relative density of the gasarfoamsis decreased, the elasticPoisson’s ratio
increasesslightly, from 0.3to about 0.32, and the plasticPoisson’sratio, measured at the time
stepimmediately afterthe yield point, decreases from 0.5to about 0.42, as shownin Figure 67.
Further, the amount of strainrequiredto fully transition from elasticto plasticplateaus
increases. The decrease in the plastic Poisson’s ratio may be attributed to the material’s voids
collapsingand the material’s volume crushing. The longertransition period is demonstrated by
the graph of the percentage of the material yielded, which increases more slowly with lower
relative densities. As less of the material is actually yielded at the apparent macrosco picyield
point, the Poisson’sratiois also more elastic-like at such lower densities. The effect of
elongatingthe cylindersis less apparent, but the transition period between elasticand plastic

Poisson’s ratio becomes slightly sharperand the plasticPoisson’s ratio becomes slightly larger.
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Figure 67: Poisson's Ratio versusrelative density, showing an increasing plastic Poisson's Ratio
and decreasing elastic Poisson's Ratio as the relative density increases.

4.4.3 PCM Tests
As experimental PCM material was only acquired in the last two months of this
research, only one set of simulations was performed for PCMfoams, and these were testsonly

to validate the simulations against the PCMfoam.
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4.4.3.1 Validation to Experimental Results

Table 33: Input parameters used in the PCM validations to experimental results.

Simulation Input Parameters Geometric Input Parameters
Name Value Name Value
run_part ‘all' n_voids 15
run_location 'local' ab 0.35
timeout 9600 c 5.1
name {} abstddev 0.06
geom_type 'Lotus’ cstddev 0.22
domain [02;02;02] theta 0
nsteps_elastic 20 phi 0
nsteps_plastic 10 thetastddev 0
timestepping 'ATS' phistddev 0
mesh_element_size 0.03 include_hemi_caps true
applied_nstrain [00-0.1] minimum_dist 0
applied_shear 0 void_placement 'urandom’
shear_direction - lane_init_radius -
rand_seed {} lane_perturb_rad -
base_emodulus 200000
base_ystress 1050
base_poisson 0.3
base_pmodulus 5000
base_kanvinde_alpha 2.6

Performed on a machine with 76 GB RAM and four 6-core Intel Xeon E5645 processors running at 2.4 GHz each

All geometricinput parameters forthe PCM validation simulations were based upon
microscopy measurements (seesection 3.3.1.2 PCM Foam). Weight and volume measurements
were used to determine the relative density of 34%. No microporosity was assumed, as
microscopy images were inconclusive asto whether microporosity is present. MER Corporation
never stated the type of steel used inthe manufacturing, sothe base yield stress was
completely unknown. Inthese simulations, the base yield stress was determined by means of
calibrating the simulation's resultant yield stress to be equal to the experimentally measured
yield stress. Doing so suggested thatthe base metal yield stress should be roughly 1150 MPa.

Experimental characteristics were evaluated in two steps: one testforelasticmodulus,
and one foryield stress. Plotting both along with the simulation results has little meaning, so a

comparison of scalar valuesisshownin Table 34.
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Table 34: Comparison of elasticmodulus and yield stress values for PCM validation simulations.

Elastic Modulus (MPa) Yield Stress (MPa)
Simulation 68,000 395
Experimental 59,000 349

Key Section Findings

Hollow spheres, gasar, and PCM steel foams are validated to be accurate within 10-
20% of experimentalresults.

The gasar post-yield simulation matrix shows thatincreasing the void elongation
alsoincreases the yield stress of the macroscopic material. The hollow spheres
simulations show a rapid transition between Poisson’s ratio behaviors at
approximately 15-20% relative density.

The use orabsence of a random structure in hollow spheres foam is shown to result
in a differencein elastic modulus of over 50%, largely due to the loss of welds as
the structure becomes increasingly random, reinforcing the importance of
utilizing a random geometry in simulations.

A sensitivity analysis study for hollow spheres foams shows that simulations may be
usedto develop formulae that predict the behavior of steel foams and could
allow designers to determine necessary manufacturing parameters in orderto
achieve a set of desired material properties.
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CHAPTER 5
SUGGESTED FUTURE WORK

5.1 Introduction

This thesis describes recent experimentaland computationalresearch to measure the
compressive, tensile and shear properties of steel foam. More workis required, however, to
encourage the structural engineeringindustry to begin using steel foam as a viable material in
construction. Thisadditional work includes both material research to better understand the
mechanical, thermal, and other properties of the steel foam material, as well as applications
research such as prototyping and demonstration projects to prove the real -world value of steel
foam. The two pursuits must go hand-in-hand, but as this thesis has focused upon the former,
suggestions will likewise focus onthe same.

Thisresearch has proven computational simulations to be aviable and cheaper
alternative torepeated experimental testing. However, simulations must still be calibrated and
proven experimentally, so furtherworkin bothis necessary. A prioritized list of recommended
future work which could be done immediately inafollow-up projectis shownin Table 35. A
more general prioritized list of recommended longer-term tasks is shownin Table 36. Detailed

descriptions of each task and the necessary associated work are discussed in the following text.
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Table 35: Prioritized list of recommended work which could be immediately performed as a

follow-up project to this thesis

Priority Task Description Reason for Priority

1 Experimental connection testing —perform tests to simulate  Components need to be attached
connections by wood screws, bolts, or other methods somehow

2 Simulationvalidationto sheartests Code’s there andtests are done

3 Simulation sensitivity a nalysis for gasar foams Gasaristhe most promising foam

a Development of newtestingstandards —espedallyfollowing  This will be essential for encouraging
up on tensiontest standard development industryto use foam

5 Experimental thermal testing —evenifjust witha simple Itis one ofthe bestselling points that
controlled heat source and thermometer the material hasmultiple uses

6 Experimental cyclic testing —high-cycle testing This isimportant for sandwich panels

7 Experimental strain rate testing Impact energyabsorption uses

3 Add new featuresto simulation code —strainrate, thermal, Simulatingtests that will have been
and/ordensification, as technical feasibility permits done isimportant

9 As manysimulation sensitivity analyses as possible They're what designers will use

Table 36: Prioritized list of longer-term tasks for encouraging industry to begin using steel

foams.
Priority Task Description Reason for Priority

1 Testingothersteel foams —especially gasar foams VGBS k) most.prt?mlsmg =G
forstructural applications

2 Experimental connection testing Components need to be attached
somehow
Theyare the lifeblood for proving the

3 Simulationvalidations viability of simulations that don’t
need calibration

4 Simulation sensitivity analyses for gasar foams Gasaristhe most promising foam

5 Development of new testingstandards Thls il e ez ey e e
industryto use foam

6 Experimental thermal and other non-mechanicaltesting Itlsoneofthebestsgllmgpomtsthat
the material hasmultiple uses

. . . ) Energyabsorption applications, such

7 Experimental cyclic testing —low-cycle fatigue 55 @t s, mEe 4

8 Experimental strainrate testing Impactandblast applications

9 As manysimulation sensitivity analyses as possible They're what designers will use

10 Add densification testing feature to simulation code It’s essentialforenergyabsorption

11 Add strainrate testing feature to simulation code Impactandblast absorption uses

12 Add thermal testing feature to simulation code Multiple uses ofsteelfoams

13 Experimental cyclic testing —high-cycle fatigue Bridge andsandwich panel uses

14 Experimental creep testing Less essential, but should be tested

15 Experimental multi-axial testing Difficult, but potentiallyimportant

16 Add otherfeaturesto simulation code —connections, cyclic, Lessimportant, buttheywouldbe

creep, torsionalshear, other non-mechanical simulations

useful bonusitems to simulate

5.2 Experimental

Key Section Objectives

Describe possibilities for future experimentalwork in this research project.
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Suggested experimental workincludes developing new testing standards, performing

more types of tests, and testing different types of steel foams.

5.2.1 Develop New Testing Standards for Metal Foams

Thus far, only one testing standard has been created for metal foams: 1SO/DIS 13314,
for uniaxial compression testing. As shown by previous research in the field, methods of
performingtests and datato report were ratherarbitrary before the completion of this
standard; it was rare for even properties such as elasticmodulus to be reported (see section
2.2.1 Experimental Material Properties). Further, industry will want to be certain that numbers
they see from differenttests and different foams are comparable, and that the testing
procedures have been stringently reviewed.

Accordingto Dr. Ulrich Krupp at the University of Applied Sciences in Osnabriick,
Germany, there isan active committee attemptingto develop a tensiletesting standard for
metal foams (U. Krupp 2011). Future research should followup upon this attempt, continue to
encourage the committee, and provide furthersuggestions.

Tensiontests are the mostimportant next step, butfurther committees should also be
assisted orassembled to develop testing standards for shear, multiaxial, and connection testing
as well. Furthertesting, however, may wellbe required before such standards can be
developed, asthe sheartesting performed as part of thisthesisisthe first sheartesting of any
steel foam known by the authorto have been performedthus far. Furtherliterature review
should be completedtolook forsuch tests that may have been performed upon metal foams

otherthan steel.
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5.2.2 More Testing Types

The researchin thisthesis has only involved compression, tension, and sheartesting.
While hollow spheres metalfoams have thus far provento be unlikely candidates for many
structural applications, roughly forty-five more 52mm x 55mm x 250mm samples are available
for testing at the University of Massachusetts. Atthe very least, further testing of hollow
spheresfoams can provide atemplate formethods by which to test other types of steel foams.

To that end, connection, strainrate, thermal, and other testing are suggested.

5.2.2.1 Connection Testing

No matter how steel foamis usedinapplications, itwillneed to be attached to other
materials, giving connection testing particularimportance. Previous experience in testing has
provided some guidance asto connections which might be possiblefor hollow spheres steel
foams. For example, welding of the available hollow spheres foam was attempted by the
University of Massachusetts Mechanical Engineering Department Machine Shop staff, but
provedimpossible with known techniques. Ratherthan weld, the steel foam simply melted
understandard steel welding methods, despite attempting multiple types of welding, ruling out
thistype of connection as at leastimmediately most practical. See Figure 68 for an image of

possible methods of connecting metalfoams.
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Figure 68: Image of possible methods of joining metal foams, as diagrammed in (Ashby, et al.
2000)

Further, uniaxial testing has shown that the material is actually strongerin shearthanin
tension, and eventhe cheapestsolid steel bolts will be strongerin all failure modes than the
steel foam. This suggests that bolted connections can be assumed tofail ina nettensile fracture
mode. Some connection of bolted connections may be valuable to confirm this assumption, but
this need only be minimal testing. Further, machining holesin the hollow spheres foam may not
be possible.

Wood screws or other self-tapping screws, however, may prove to be a promising
method of connection, as the material is heterogeneous and on the same order of strength as
timber products. Such connections mightlook very similartowood connections, and so such
standards should be referenced inthe testing of these connections.

Anothervaluable type of connection testing is that based upon epoxy. Afingerjoint
connection, such as that which was actually used fortension tests, should be the first priority in

thistesting. The tension test procedure (see section 3.2.3 Tension Testing) has already been
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proven. However, instead of having areduced cross-section in the center of the specimen, it
could be leftas a straight rectangle, and the point at which the connection fails could be
measured. Such a testshould also be repeated with the end regions both confined and
unconfined. Inthe unconfined mode, it may be expected that the specimen willfail partially in
tension, with the foam opening up nearthe end regions, as was seeninan early experimental
test(see Figure 69). In the confined mode, which would be roughly equivalent to having

"multiple fingers", the specimen should fail in a purely shear mode.

Figure 69: Image of an early experimental test, which should be e quivalent to an unconfined
connection test of a "single finger" joint.

5.2.2.2 CyclicTesting

Hydraulictesting machines are capable of simulating many repeated cycles of loading.
As the hollow spheres foam has shown itself toyield at nearly the same stre ngthin compression
as intension, high-cyclictesting may be of value to simulate service loads in a structure such as

a sandwich panel. The tension specimen, asdescribed in section 3.2.3Tension Testing, has both
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tensile and compressive capacity, soitcould be directly used in such testing. The only thing to
make sure of would be thatthe epoxy used has sufficient cyclicload capacity sothatit doesn't
fail first.

Steel foamsin general have very strong potential in earthquake energy absorption and
otherapplications involving repeated plasticdeformation. Hollow spheres foams, however, have
very minimal inelastic capacity intension, meaning thatany low-cycle fatigue applications for
hollow spheres mustbe in compression-only applications. Unidirectional low-cycle fatigue, while
of some value, should be placed atamuch lower priority, as testing such as strain rate testing
(see nextsection)should provide much more valuable results. If othertypes of steel foams
which have more tensile ductility are acquired, then bidirectional low-cycle fatigue should be
considered avery high priority. Insuch a case, the tests would be very relevant to potential
applications.

In contrast, high-cycle fatigue remains within the elasticrange, and would be relevant to
applications such as sandwich panelsinroof, floor, or wall components. These are applications
for which hollow spheres foams are potentially well suited. The available hollow spheres foam
has a fairly uniformyield stressin tension and compression, so such high-cycle fatigue tests

could be symmetricand provide very high value.

5.2.2.3 Strain Rate Testing

A promising application forsteel foam, and particularly for lower-capacity foams such as
hollow spheres, may be explosive energy absorption. Previous researchers have performed
some limited testingin these regards (Cardoso and Oliveira 2010), (Park and Nutt 2002), but not
uponsintered hollowspheres foams. Such testing would require the use of a high-speed

hydraulictesting machine or split Hopkinson bar test machine to achieve strain rates necessary
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for dynamiceffects. However, existent compression platens designs could be used,and the
same procedure as previous compression tests without the extensometer could be reused (see
section 3.2.2 Compression Testing). This would be essentially following 1ISO/DIS 13314 but with

higherstrainrates.

5.2.2.4 Creep Testing

Several potential applications for steel foaminvolveits use as structural panels of
various forms. Ifit isto be usedinlong-term service positions such as these, where there would
be permanentdeadloads, then understanding the creep behavior of steel foam is essential.
While tensilecreep may also prove important, documenting compressive creep is more
imminently important. Forthis, ISO 7850 ("Cellular Plastics, Rigid - Determination of
Compressive Creep") may prove agood template. The standard is not highly detailed, but
suggests dimensions (50mm x 50mm x 40mm) which are very reasonable for the available
hollow spheres steel foam, and testing conditions such aslong-term sustained stresses, which
should be possible with available equipment. However, since solid steel experiences only

minimal creep, preliminary tests may show this to be a negligible characteristic.

5.2.2.5 Multiaxial Testing

True triaxial testing requires capacities not commonly availablein multiaxial testing
machines. However, aconfined compression test may be more easily possible, and deserves
furtherinvestigation. Itis possible that usingsome type of fiber wrap, such as that usedin
reinforcing concrete, may provide effective confinement while still allowing longitudinal strain.
Such a possibility deserves investigation, as applications such as earthquake fuses are likely to
be confined and this would certainly provide higher strength capacity forthe material. The

previously-used compression procedures could be re-used in this test (see section 3.2.2
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Compression Testing), just adding confinement to the specimen and using a cylindrical shape to

the specimen.

5.2.2.6 Non-Mechanical Testing

Amongthe most unique and marketable characteristics of steelfoam are the various
non-mechanical advantages thatit gives. Steelfoam will probably always be more expensive
than solid steel due toits difficulty of manufacture. However, if designers could combine sound
absorption, thermal insulation, and vibration isolation into one structural component, that may
be economicallyviable. Few experiments have been performed to evaluate these properties.
Vibration and sound absorption would likely require specialized equipment. Regardless, thermal
insulation could be measured non-destructively with simply a controlled heat source on one end
of a sample and an accurate thermometer on the other. Research should first be performed
upon available testing standards for non-mechanical propertiesin orderto determine

appropriate procedures.

5.2.3 Testing Different Steel Foams

Two different steelfoams have been tested overthe course of this research, though
each isextreme inits mechanical properties. The hollow spheres foam, having an ultimate stress
of lessthan 6 MPa intension and shear, are too weak to use in most structural applications. The
PCM foam thenis as strongas many solid steels, butis very brittle and therefore exhibits few of
the energy absorption advantages that would make the added cost of steel foam worthwhile. It
was not possible to acquire othertypes of steel foam during this research thus far, but further

attempts should be made.
MER Corporationin Tucson, Arizona may provide agood option through their methods

of manufacturing gasarfoams. Based upon previous research involving gasarfoams (Hyun, et al.
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2005), (Shapovalovand Boyko 2001), gasar foams seem to provide agood intermediary strength
and can be manufactured in continuous processes. Therefore, gasarfoams have potential strong
promise in commercial structural applications.

Other potentially useful types of steel foam include powder metallurgy, composite
hollow spheresand powder metallurgy, orslip reaction foam sintering. The last has been the
research of only Aachen University in Switzerland, sowhile it provides great advantagesin that
it can be foamed at room temperature, the method may be too far from commercial
developmentat this point (Angel, Bleck and Scholz 2004). The composite hollow spheresand
powder metallurgy option is being extensively researched at North Carolina State University
underthe direction of Dr. Rabiei. This method can only be producedina longbatch process, and
so may be undesirable (Rabiei and Vendra 2009). Powder metallurgy is awell-proven method, a
variant of whichisalready usedin the commercial manufacture of solid steels with unique
crystal structures. The method s also capable of producing steel foamsin potentially
advantageous relative densities (Park and Nutt 2000). Therefore, while itis a batch production
method, itis probablythe best option forstructural engineering applications after gasarfoams.

Key Section Findings

The mostvaluable future experimentalwork in this projectincludes helping to
develop new testing standards, performing further types of testing, and
evaluating steel foams produced by other manufacturing methods.

5.3 Computational

Key Section Objectives

Identify new features that should be added to the simulation code, including briefly
explaining the changes that will be necessary toimplement those new features.

Discuss further simulations which should be performed using the Metal Foams
Simulator.
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The development of the Metal Foams Simulator has been a core focus of thisthesis, and
it hasreached a highly developed state. However, there is certainly more which could and
should be added or refined. The core of the code is fully functional, soitis unlikely thatany
changes will require a majorre-structuring of the code. The only potential very major change
would be if ADINA provesto be too limited in functionality, and switching to another FEA
program becomesdesirable.

There are always potential efficiency improvements. Some, such as parallelizing the
geometry generation code, would be helpful butalso overly time-consuming toimplement,
particularly since the geometry generation code has required the most continuous refinements
throughout this project. Others, such as fine-tuning the mesh elementsize, make a big
difference but are of necessity a continuous and unending optimization process.

One area that should be optimized is the post-processing code, which currentlyis slow
to extractits data and convertit to a format more usable by MatlLab, and grows exponentially
sloweron largersimulations. Several improvements have already been made to this code, but
there isstill definite room forimprovement. For example, parallelizing the reading and parsing
of ADINA's .txt output files would be extremely valuable, as thisis the slowest pointin post-
processingand currently only uses one processor. The best method of accomplishing this task
would likely be tofirstsplitthe . txt filesinto multiple smallerfiles, and thenlaunch
independent sed processes upon each of these smallerfiles simultaneously. Thereare alsoa

couple of loopsinthis post-processing code which could be edited to be run in parallel.

5.3.1 New Features

Potential new features to the code generally involve adding new testing types. Features

should be added to allow the simulation of any tests that may be performed experimentally, as
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well as some that may not be possible to perform experimentally. One of the greatest
advantages of computational simulations is that they allow for simulations that are either
impossible or cost-prohibitive to perform experimentally. In descending order of likely value,
these potential newsimulated tests could include densification, connection, strain rate, thermal,

cyclic, creep, torsional shear, and then othernon-mechanical tests.

5.3.1.1 Densification Tests

In all compression tests, orevenin sheartests, contact between the walls of voids
strongly affectsthe behavior of the material. However, in finite element packages,
implementing contact physicsisa very difficult problem, and one which has not yet been
addressedinthe simulation code. In ADINA, which requires the internal ID numbers of potential
contact surface pairsto be specified in orderto activate its contact code, there maynot be a
practical solutiontoimplementing this. There is noway to either predict or extract what ID
numberwill be assigned to any given surface inthe ADINA geometry. Itis possible that some
future version of ADINA may provide asolution, but the nature of such as solution cannot be
predicted.

The other optionis the more daunting task of convertingthe code to use a different
finite element package which may provide a better solution to contact physics. Convertingthe
code would require changesto all functions which write ADINA script, as every finite element
package usesitsown scriptlanguage. Further, any functions which parse ADINA output would

alsorequire some modification to read datafromfiles of a different format.

5.3.1.2 Strain Rate Testing
Strain rate simulations require considering dynamiceffectsin the physics of the

materials. Currently, simulations apply displacements progressively, but the physics are pseudo-
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static. Adding dynamiceffectsin ADINAis only acheckbox in the analysis options, which would
needtobe enabled, thoughitis unclearwhetherthis would provide a sufficiently accurate
analysis. Additionally, the mass of the materialsinvolved would have to be set accurately. Since
it has no effect upon pseudo-staticanalyses, the mass of the material was neveractually setin
the current code. The biggest change in the code wouldinvolve minorreworking of the timestep
settingin ADINA. In the current code, timesteppingis always based onatotal time of 1, and
thendividedintothe numberof desired steps. The total time would have to be adjusted to set

the desired speed of displacement application correctly.

5.3.1.3 Thermal Testing

Thermal testingis a non-mechanical test that does notinvolve force stresses or strains,
so itwould require some significant modification to post-processing code in addition to
boundary conditions and loading profiles. It may also require detailed modeling of air flow and
convection. Much of thiswould likely be implemented through if/then statements at the
beginning of boundary condition settingand then again at the beginning of post-processing,
where the existing code would be setto execute for everything except thermal tests, and then

some new code only for thermal tests would be executed as the other option.

5.3.1.4 Connection Testing

Connection testing would require some important changes to the code, butno
extensive reworking of the code. Any connection, whether bolted, screwed, welded, orepoxied
wouldinvolvethe use of some amount of a different material. Therefore, asecond material
definition would need to be created earlyinthe input file. The geometry of that connection
would have to be created, though this should be placed afterthe entire steel foam geometry

generation hasbeen completed. At that point, abolt hole could be created by boolean
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subtraction of a cylinder, for example, or the shape of a weld could be created. Any weld or
epoxy would require simulatingarigid link between the steelfoam and the connection material,
the most effective method of which would be to use the "glue mesh" functionality of ADINA.
This functionality enforces nodal compatibility between two surfaces, and the ID numbers of
bodies should be known within the code, so thisshould be possible to use. The greatest
restrictionin connection simulations would likely be model size, as many connections would
require alarge volume of material in order to provide useful strength. Larger volumes of steel
foam require significantly more memory and processing power, likely renderingsome

connections prohibitive to simulate in the absence of asupercomputer.

5.3.1.5 CyclicTesting

ADINA provides two mechanisms which could allow for cyclicsimulations, and itis
difficult to predict which would provethe superior method. The first method involves running
each part of the cycle as a separate simulation and setting new loading profiles each time the
simulation restarts. The second method would be for ADINA to apply the entire cyclic pattern
internally, though postprocessing would be highly complex. The decision as to which method is
superiorwould be based upon going through both procedures manually and determining how
much time difference there would be between the two, and looking at the automatically
generated ADINA scriptfilesto determine complexity and ability toimplement through the
simulation code.

Runningeach part of the cycle separately would likely be simplertoimplementinthe
code, but would probably require more computational timeto perform. Withinthe code, it
would require implementing asimple loop startinginthe load application section of the pre-

processing, and ending at the point where post-processing datais stored to the MatLab results
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file. Then, anew function would have to be written to store and pass on the data about what
loads should be applied at which step of the cycling, and then to compile the results datafrom
all previous steps of the cycling into usable form. The data storage and passing section would be
able to use the same variables that are currently used to drive the simulation; it would only
issue a new set of these variables at each step of the cycle, though it would skip the geometry
generation and meshing portions of the code as that only needsto be done once. However,
ADINA would also need to save the data on current strains at all nodes and thenre -apply those
at each restart. Data compilation would involve calculating both netand cumulative (sum of
absolute values) of stress and strain values. Therefore, results files for cyclic simulations would
have to be extended to contain afew more variables than othertestsin orderto include both
types of results. However, while this coding work would likely be simpler, the simulation would
likely require more computational timethanif the entire cyclicloading wereapplied through
ADINA.

The second method forimplementing cyclictesting would be to set ADINA to perform
the entire cyclicloadingin one simulation. In this, ADINA would internally be cal culating both
the netand cumulative stresses and strains, and the postprocessing code would have to be
extendedto extract all of these results. Codechanges wouldincludeaddinga cyclicload profile
and thenapplying thatto nodes, possibly requiring a user-defined function to be writtenin
ADINA’s FORTRAN code language.

Note that, in both methods, a particulardifficulty would be in tensile cycles where local
material failure occurs. In the first method, failure thresholds would either need to be assumed
to uniformly decrease as the number of cyclesincreases, or some method of trackingand then
passing back to ADINA the cumulative stresses on elements would have to be found for the

elementdeletion mechanism to properly function. Inthe second method, the only way for the
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elementdeletion functionto operate would be for ADINA to internally track cumulative stresses
and make these values accessibleto the element deletion function. Either way, properly d ealing

with this problem may be impossible.

5.3.1.6 Creep Testing

ADINA offers material models and analyses specifically designed to simulate creep
physics. The simulations would involve replacing the current elastic material model with acreep
model, and then applyingloads as forces ratherthan displacements. The only required change
to post-processing would be that stress vs strain curves would become no longer useful, and
shouldinstead be replaced by time vs strain graphs. The different types of stresses, such as
bendingstresses, involved in the macroscopic compression ortension of steel foams may well
lead to very different creep behaviors than foundin solid steel. Solid steel only experiences
creep at high temperatures, soa microstructural simulation would only represent creep when
the solid steel has exceeded its activation energy. Such asimulation would have value,
particularly in applications where the steel foam was being used as athermal insulator or where
fire ratings were important. However, it would not represent any low -temperature creep, which

may occur but would require new constitutive modeling instead.

5.3.1.7 Torsional Shear Testing

The torsional sheartest, as specified by ASTM E143, will be much more complicatedto
implementasitrequires multiple changes tothe geometry andload application algorithms, as
well as very awkward manipulation of ADINA. First, the geometry must be cylindrical. In the
hollow spheres simulations, the algorithm currently generates the sphere stackingand then
intersects arectangular prism shape with it to create the cut sphere walls. Thisrectangular

prismshape would need to be switched toa cylinderinstead. The original sphere stacking could

154



still be performedin arectangular prism shape. Forthe general closed-cell simulations, voids are
currently placed randomly within arectangular prism domain and then subtracted from a solid
body that filled that same domain. The mostimportant change would be to setthe solid
material to be a cylinderinstead of the prism. Though not necessary, the voids could also be set
to only be placed within that cylindrical domain; if left unchanged, then the voids outside the
cylinderwould just be subtracting empty space from empty space and so would do no harm.

The loading and boundary conditions would then need to be changed. The boundary
conditions would be simple in that the base of the cylinder could be completely fixed, rather
than fixing primarily only the one direction perpendicularto the face as isdone in the uniaxial
tests. The loading, onthe otherhand, would need to be applied so as to provide pure torsion.
This would require writing an entirely new algorithm forload application, as the load vector
would have to be based upon an auxiliary node located at the center of the circle. All applied
displacementloads would have to be perpendicularto a radius emanating from this point, with
a magnitude proportional to their distance from this point. This requires modifying the
mechanism used to specify loadsinthe code.

Finally, postprocessing would requiressignificant modification. Stress and strain would
have to be based upon the auxiliary point center of the cylinder’s cross-section as the load
application. However, ADINAdoes not have asimple way to use an auxiliary pointin the
exporting of reaction and displacement data. Therefore, significant calculations will be
necessary in MatLab, including determining effective stress and strain vectors at the faces of the
material. This will require more datato be exported by ADINA as well as significantly more

processing of the data once imported into MatLab.
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5.3.1.8 Other Non-Mechanical Testing

ADINA only has built-in material and computational models for thermal analyses.
However, computational analyses of vibration transmission and sound absorption would also be
potentially valuable, as steel foams do exhibit advantageous characteristics in these areas.
Elastic material models with high-speed dynamicload applications could potentially accomplish
some of this, but otherfinite element packages may also provide simpler methods of
performing such simulations. The precise nature of changes necessary for these othernon-
mechanical simulations cannot be predicted, butit would be worth investigating how possible

theirimplementation might be.

5.3.2 Geometry Improvements

Some improvements that may possibly be proven necessary for accuracy are described
inthis section. The current code, out of necessity, makes numerous simplifying assumptions (see
section 4.3.4 Summary of Assumptions), mostly relatingto the geometry of the material, and it
may turn out that one or more of these simplifications cause excessive error.

One possible inaccuracy isinthe general closed-cell simulations, which represent avoid
by a cylinderwith optional hemispherical caps. Inreal gasar foams, the main bodies of these
voids have a relatively constant diameter, but the voids come to a sharperpointoneitherend. If
these sharperpoints prove to cause large stress concentrations, then the hemispherical caps will
have to be changed. The voidis currently generating by subtracting one cylinder body and two
sphere bodies from the simulated block. Another, more representative body will have to be
used, or perhaps developed through the rotation of atwo-dimensional sketch.

Anotherinaccuracyinthe general closed-cell simulationis that the orientation of the

voidsin a fabricated gasar piece varies geometrically, becomingless aligned with the direction
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of foaming nearertothe edges of the material. Currently, the simulation code has the capability
to vary the orientation of voids, butitcan only do so ina random fashion. There is no
mechanisminthe code to vary any material characteristics based upon geometriclocation,
exceptingasimple algorithm for preventing the overlap of voids, though this could be changed.

Inaccuracies are also presentinthe hollow spheres simulation, one of the greatest of
whichisthat sphere walls are currently assumed to be of uniform thickness within any given
hollow sphere. Itis likely that the sphere thickness is somewhat random and also generally
thickernearertothe welds. Representing this geometry with full accuracy is certainly
impractical and would provide only minimal benefit, but greateraccuracy may be necessary. By
the current method of generating a sphere geometry, subtracting one sphere body from
anotherlargersphere body, creating any surface roughness would be extremely difficult.
However, arelatively simple improvement could be to setthe sphere thatis subtracted to be
somewhat off-center from the larger sphere, thereby resultingin one side of the sphere wall
beingthickerthanthe other.

Many otherimprovementsto the geometries are possible, and could prove to be
valuable, though what might be necessary cannot be predicted. Examples are described above,

and otherchanges mightrequire either more orless coding effort.

5.3.3 Simulation Validation

Simulations are only as good as their correlation to experimental results. Therefore, a
continuingtaskisto validate and calibrate the simulations to such experimental results.
Unfortunately, few precise values are available in published literature. Of those thatare

available, some validation tests have already been performed, as describedin section 4.4
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Results. However, the best source for precise validation datais through the complete
experimental dataavailable from tests performed at the University of Massachusetts.

Afterfurthertestsare performed experimentally, equivalent computational simulations
should be performed. The biggest unavoidable sources of errorin this task are currently a result
of the limited computing poweravailable and difficult boundary and loading conditions.
Computational simulations are performed on samples that are much smaller (volumetrically,
1/100 to 1/1000) than the sample being experimentally tested. Size effects, as discussed by
Andrews et al (2001), resultinthe material appearingartificially weaker. However, even with
errors such as this, results should be close. If they are not, theninput parameterstothe
simulation can be tuned, and certain model geometry and meshing characteristics may be
editedtoincrease accuracy and reconcile the differences.

Several importantinput parameters are not precisely known and may be tuned to
achieve more accurate results. Generally, the relative density of asample may be determined
accurately, butthe precise distribution of mass within the materialis difficultto measure. In
hollow spheres simulations, thisis particularly apparentin the ratio between material in the
welds versusinthe sphere walls. To adjust this while keeping the relative density constant, one
couldincrease eitherthe diameterorthe length of the welds, and then the thickness of the
sphere walls, forexample. In the general closed-cell simulations, the adjustmentis primarily in
the numberversusthe size of the voids, as well asin adjusting the shape of the voids (height
versus diameter). Further, both types of simulation have several random variables. Increasing
the standard deviation of the sphere wall thickness, weld diameter, void dimensions, orvoid
orientations may also have an effect upon the simulation results. Forexample, justafew hollow

sphereswiththinnersphere walls may decrease the macroscopicelastic modulus, despite
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holding the mean wall thickness constant. This effect would be due to those thinnerspheres

beingsignificantly more compliant.

5.3.4 Simulation Test Matrices

Some test matrices have already been performed to determine specificaspects of the
mechanical behavior of steel foam. Future test matrices should focus on determining further
mechanical properties, such as shear or tensile responses, and if functional accessis gainedtoa
supercomputer, then some previous test matrices could be repeated with larger samplesizes.
As new features are added and debugged, such as the ability to perform connection tests or
creeptests (see section 5.3.1New Features), then simulation matrices of these should also be
performed.

The most promising steel foams are likely gasar foams (see section 5.2.3 Testing
Different Steel Foams), so simulations should likewise focus upon gasarfoams as much as
possible. However, gasarfoams are expected to exhibit different properties depending upon
whetherporesare oriented longitudinally or transversely to the direction of load application,
and so simulations with both orientations should be performed to examine the difference.

Some steel foams, however, may show more promise for specificapplications. For
example, hollowspheres steelfoams may be betterforsandwich panels. Therefore, simulations
of loading scenarios relevant to sandwich panels should be performed, such as shear
simulations.

Finally, the long-term goal of the simulationsisto allow fabricators to select geometric
properties based upon desired mechanical properties, such as yield stress or elasticmodulus. To
this end, one simulation matrix has been performed demonstrating this capability in the form of

a sensitivity analysis for hollow spheres steel foams (see section 4.4.1.5Sensitivity Analysis for
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Compression Tests). Further such sensitivity analyses should be performed for othertypes of
steel foams and othertypes of loading regimes, such as uniaxial tension in gasarfoams.

Key Section Findings

Further new testing types should be added to the simulations, including
densification, connection, strain rate, and thermaltests. Furtherimprovements
should also be made as needed to the geometry generation in the code.

While simply more simulations are better, priority should be placed upon calibrating

the codeto furthertypes of steel foam and the execution of more testing
matrices including sensitivity analyses.
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CHAPTER 6
CONCLUSIONS

While steel foam holds strong promise as a structural engineering material, the
relationship between its microstructural characteristics and mechanical properties has remained
poorly understood. This research has sought to rectify this problem through aregimen of
experimental tests as well as the simulation of matrices of tests through a novel program
capable of representingthe random structure of multiple types of steel foams.

Experimental Tests

Experiments have tested the available 14% relative density hollow spheres foams and
the 34% relative density PCMfoam in both uniaxial compression and tension, attemptingto
follow relevant testing standards as closely as possible. Compression tests, both of full-size
samples and of reduced specimens brought out to densification have been performed upon
hollow spheres foams, while the PCMfoam was tested to brittle failure with pores oriented
both longitudinally and transversely. Tension coupons have demonstrated the tensileyield and
ultimate strengths of both foams. Insome of the first sheartests of any steel foam, the hollow
spheresfoam has also been tested to ultimate shearfailure. Specific conclusions from
experimental testinginclude:

e Previousexperimental research has focused almost exclusively upon uniaxial
compression testing.
e Hollowspheresfoam:
o Thehollowspheresfoamisaveryeffectiveenergy absorber, havinga
densification strain of roughly 0.65 and an ultimate stress of 260 MPa.
o Behaviorupuntilyieldis nearlyidentical in compression, tension, and shear,
with ayield stress of roughly 3.5 MPa.

o Tensionandshearshowed an ultimate stress of about 4.5 MPa.
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o Poisson’sratiois highlyvariable, rangingfromaboutOto 0.3 in a non-linear
manner.
e PCMfoam:
o ThePCM foamisessentiallyalightweight solid steel replacement, thoughiitis
very brittle.
o The pore orientation makes roughly a 10% differencein compressive strength,
and a 40% difference intensilestrength.
o Incompression, the material yielded at a stress of between 350 and 410 MPa,
and then failed in brittle fracture at close to 500 MPa.
o Intension, noyield pointwasobserved, but fracture occurred at between 100
and 160 MPa.
Computational Simulations
A computer program, the Metal Foams Simulator, has been developed which utilizes
MatLab andthe ADINA finite element analysis program to create two types of random steel
foam geometries, hollowspheres or general closed-cell, apply loading and boundary conditions
to the specimen, solve, and then perform postprocessing to extract effective macroscopic
mechanical properties of the material. Specificconclusions from computational simulations
include:
e Previous modeling attempts have provenimprecise, particularly when considering any
large range of foam parameters.
e Metal Foams Simulator
o Validationtests of hollow spheres, PCM, and gasar foams have shown accuracy
to within 20% of experimental results, with increasing accuracy as simulation

size wasincreased.
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o Astatistical analysis of the effects of arandom microstructure upon simulation
results showed that randomness may decrease the macroscopicstiffness of the
material by up to 70% compared to deterministic simulations, demonstrating
the value of including randomness in any simulations.

o Hollowspheres simulations accurately demonstrated a plastichinging effectina
sudden transition between two different Poisson’s ratio behaviors, further
validating the simulations.

o Gasar simulations showed astrong effect of pore elongation upon the strength
of the foam, suggesting that materials with elongated pores are likely to be
advantageousin structural engineering applications, where strengthis
important.

o A sensitivity analysis of hollow spheres foams showed the potential of computer
simulations to determinethe manufacturing parameters necessary to produce a
steel foam of arbitrary desired mechanical properties.

Overall Conclusions

Through this experimental and computational research, guided by the requirements of
potential future structural applications, agreater understanding of the mechanical properties of
steel foam has beenreached and a new tool has been placed into the hands of researchers and
manufacturers alike inthe form of a simulator for random microstructures. Research must
continue upon steel foams, and some suggestions have been provided to this end, but this
research has broughtthe steel industry one step closerto beingable to add a potentially

valuable new structural material toits arsenal.
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APPENDIX
METAL FOAMS SIMULATOR USER GUIDE

A.1 Launching the Program

The Metal Foams Simulatorisa MatLab program consisting of one . m file which has
several dozenfunctions performingthe various tasks of the program. However, it also depends
upon extensive use of several external programs, including the ADINA FEA system and various
UNIX programs. There are two methods by which the Metal Foams Simulator may be executed:
eitherasa standalone program, or by passingits mainfunction a series of parameters. The
program is optionally capable of utilizing remotesolvers, such as a supercomputerjob queue.

The details of launching the Metal Foams Simulator are described in full below.

A.1.1 System Requirements

The Metal Foams Simulatorwas originally designed and tested upon three modern Linux
machines. Based uponthis original design, thereare three sets of system requirements with
which the program is knownto function properly, listed in Table 37. However, the Simulator
should alsorun adequately on many other machines, so also listed in Table 37 are the systems
upon which the programmer believes the Simulatorshould work, but makes no guaranteesto

that effect.
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Table 37: System requirements for the Metal Foams Simulator.

Requirement Known To Work On Believed to Work On

CentOS 5.7

LinuxOperatingSystem Red HatEnterprise Linux 5.3
DebianSid 2010-2012
v7.11.0 (R2010b)

Anysane operating systemon whichall
of the below programs canrun

MatlLab v7.10.0 (R2010a) v7.0+
v7.8.0 (R2009a)
v8.5.x
ADINA FEA v8.5.4 v8.5+ with minor code debugging for
changesin the ADINA s cripting language
Sane SHshell bashv3.2.250rv4.2.20 SH, BaSH, or CSH (anyversions)
GNUsed v4.1.5 orv4.2.1 Anyversion
GNU grep v2.5.1 orv2.10 Anyversion
GNU coreutils v5.97 or v8.13 Anyversion (‘rm’and ‘cat’ are required)
Forremote solvers: OpenSSHv4.3p2 withOpenSSLv0.9.8e,or  Anysane SSHsystemhavingboth ‘ssh’
SSH (Secure SHell) OpenSSHV5.9p1 with OpenSSLv1.0.0e and ‘scp’ executables

In additiontothe above stated requirements, itisrecommended thatthe computer
used have maximal RAM, CPU speed, and hard disk space consistent with intense engineering
applications. The betterthe system, the fasterthe simulations willrun, and the larger the
simulations (more elements)that will be possible to run. However, please refer to MatLab and

ADINA manuals forminimum and suggested system requirements.

A.1.2 Definition of Input Variables

Up to 38 inputvariablesare required to run the Simulator, defining all aspects of the
simulation, with aminimum of 4 input variables required for program execution. If pre-
processingistobe performed, then anadditional 31 variables are required for general closed-
cell simulations, oran additional 34 variables are required for hollow spheres simulations. Table
38 lists all variables, explanations of what they do, the possible values they may take on, and
whentheyarerequired. See section A.1.4Parametric Execution forthe meaning of the “Param.
#” column. The basicgeometricparameters are illustrated visually in Figure 70and Figure 71 for
hollow spheresand general closed-cell geometries, respectively. An exampleset of parameters

for a hollow spheres simulation and forageneral closed-cell simulation are included in Table 39.
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Table 38: Input variables for the Metal Foam Simulator, including possible values and an explanation of their meaning.

Input Variable Param. # Possible Values Explanation of Variable’s Meaning
The following input variables are required ALWAYS
Specifies which parts of the simulation should be run. ‘all’ = pre processing, solving, and
[P DS W post.p rocessujg; pre’= p,re procgssmg only; pre+so|ye = preProceISS|ng and soIvn:1gonIy; solve’ =
. . A solving only; ‘solve+post’ = solvingand postprocessingonly; ‘post’ = postprocessing only;
run_part 1 solve+post’, ‘post’, . , “ ” . . ,
. , post_graphs’ = (re)generate the results graphs fromthe “.mat” results file. Note that ‘post_graphs
post_graphs . . - . . .
is run as partof any postprocessing, butis provided as a separate option shoulda useronlywish to
perform that part of the processing.
run_location 2 r:]c;c:hlih[;ameofremote The locationwhere the solvershouldbe run, orwhere the results data should be retrieved from.
(unit: seconds) The amount of time external programs willbe given to either write something to
timeout 3 Non-zero positive integer theirlog file orexit. Afterthisidle time, the external program will b e automatically killed with a ‘kill -
9’ command, and the Simulator run will end with an error code.
The type of geometry which thissimulation corresponds to. Note that there are actuallyonlytwo
name 4 Anyvalidstring options here; ‘HS” and ‘CompHS-low’ are internallyidentically, as are ‘Lotus’, ‘PM’,and ‘CompHS-
high’. The additional valuesare provided onlyforthe user’s reference.
The following input variables are required only if run_part="pre’, run_part="pre+solve’, or run_part="all’

‘HS’, ‘CompHS-low’ The type of geometry which thissimulation corresponds to. Note that there a re actuallyonly two
geom_type 5 W ’ ., options here; ‘HS” and ‘CompHS-low’ are internallyidentically, as are ‘Lotus’, ‘PM’, and ‘CompHS-
Lotus’, ‘PM’, ‘CompHS-high ., L ) B

high’. The additional valuesare provided only forthe user’s reference.
domain 6 3x2 matrixof real numbers The extreme coordinatesof the rectangular prism domain to be simulated, giveninthe form of X,
Xmax; Ymin Ymax; Zmin Zmax]-
nsteps_elastic 7 Non-negative integer Minimum number of time steps to perform inthe range 0f0.0-0.01 strain magnitude.
nsteps_plastic 8 Non-negative integer Minimum number of time steps to perform inthe range 0of0.01-applied_strain strain magnitude.
The time stepping algorithm to use. ‘ATS” and ‘TLA-S’ are both automatic methods in which ADINA
timestepping 9 ‘ATS’, ‘TLA-S’, ‘Manual’ willautomatically trya smaller timestepifthe current timestep failsto converge. In ‘Manual’, only
exactlythe number of timesteps specifiedin nsteps_elasticand nsteps_plastic will be run.
mesh_element_size 10 Non-negative realnumber The length of the body geometry mesh elements to apply. Asmaller number means a finer mesh.
. . The uniaxialstrainto apply. Negative means compression, positive means tension. In ADINA, this is
applied_strain 11 Real number . . .
appliedas a displacement onthe top face of the specimen.
rand_seed 12 Non-negative integer Th|s issimplyara ndom sged.pass.ed to Matlab. All other parameters beingequal, two simulations
with the same seed will give i dentical results.
. i i i - ing. D -
Sl cep 13 e, e Whethe.rto displayvarious plots of the geometry during pre-processing. Does not affect post
processing.
base_emodulus 14 Non-negative realnumber The elastic modulus to use for the base metal in the simulation.
base_ystress 15 Non-negative realnumber The yieldstress to use forthe base metal in the simulation.
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Input Variable

Param. # Possible Values Explanation of Variable’s Meaning

base_poisson
base_pmodulus

base_kanvinde_alpha

16 Real numberbetween-0.5& 0.5 Poisson’s ratio to use forthe base metal inthe simulation.
17 Real number The plastic (hardening) modulus to use forthe base metal in the simulation.
The value of the Kanvinde and Deierlein alpha parameter for use in element deletion during tension

18 Non-negative realnumber . .
simulations.

The following input variables are required only if preprocessing AND geom_type=’"Lotus’, geom_type="PM’, or geom_type="CompHS-high’

n_voids
ab

C
abstddev
cstddev

theta

phi
thetastddev
phistddev

minimum_dist

19 Non-negative integer Numberof voids to place inthe geometry.

20 Non-negative realnumber Average axis length ofthe prolate or oblate ellipsoid alongthe circular dimension (i.e. the diameter)

21 Non-negative realnumber Average axis length ofthe prolate or oblate ellipsoid alongthe longdimension (i.e. the height)

22 Non-negative realnumber Standard deviation of ‘ab’, as defined above. A normal distributiontruncatedatQis assumed.

23 Non-negative realnumber Standard deviation of ‘c’, as defined above. A normal distribution truncatedat0is assumed.

24 Realnumber between 0and it Ave.ra ge orientation of the ‘c’ axis in spherical coordinates (z elevation) (0 = vertical, /2 =
horizontal).

25 Real number between 0and 2 AvTarage orien'Fatic.)n of the ‘c’ axisin sphericalcoordinates (x-yaxis) (0 = projection parallel to the +x
axis, /2 =projection parallel to the +yaxis).

26 Non-negative realnumber Standard deviation of ‘theta’, as defined above. A beta distribution with a range of ris assumed.

27 Non-negative realnumber Standard deviation of ‘phi’, as defined above. A beta distribution with a range of mis assumed.
The minimum distance (thickness of solid material) to enforce between voids. Avalue of -1 means

28 -1, real number

to notenforce any minimum (allowvoids to completely overlap).

The following input variables are required only if preprocessing AND geom_type="HS’ or geom_type="CompHS-low’

radius
radiusstddev
thickness
thicknessstddev

weld_type

weld_overlap

weld_max_length

weld_radius

19 Non-negative realnumber Average outerradius of spheres.

20 Non-negative realnumber Standard deviation of ‘radius’, as defined above. A normal distribution truncatedatOis assumed.
21 Non-negative realnumber Average thickness of sphere walls.

22 Non-negative realnumber Standard deviation of ‘thickness’, as defined above. A normal distribution truncatedat 0 is assumed.
The type of weld to apply between spheres. ‘overlap’ means to overlap the walls of the spheres by
‘weld_overlap’. ‘cylinder’ means to generate a cylinder of average radius ‘weld_radius’ between
spheres thatare lessthan ‘weld_max_length’ apart from each other. ‘matrix’ means to fill the entire
space between spheres with solid material.

(Onlyrelevantif‘weld_type’ = ‘overlap’) The maximumamount by which to overlap spheres. An
overlap of ‘thickness’/2 implies that s phere walls willbe at most coinddent between neighboring
spheres. Note that due to a restriction inthe algorithmused, the value given hereis the target
value, andis the maximum that willbe possible, but the fullvalue given maynotbe achievedinall
connections (particularly for smaller domains).

(Onlyrelevantif‘weld_type’ = ‘cylinder’) Maximumdistance between sphere outer walls within
which to create a connecting cylinder (i.e. assume that spheres farther apart than this are not
connected).

If ‘weld_type’ =‘cylinder’: Average radius of connecting cylinders to generate between s pheres.

If ‘weld_type’ =‘overlap’: The percentage of the radius over which two s pheres are in contact within
which a cylinder will be generated.

23 ‘overlap’, ‘cylinder’, ‘matrix’

24 Non-negative realnumber

25 Non-negative realnumber

26 Non-negative realnumber
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Input Variable Param. # Possible Values Explanation of Variable’s Meaning
weld radiusstddev 27 e e (OnIyreIgva_nt|f‘weld_type = cyllinder ) Standard deviation of ‘weld_radius’, as defined above. A
- normal distributiontruncatedatQis assumed.
Amountbywhich to truncate the domain onall sidesafter having generated the full geometry. This
. is important to ensure that boundary conditions, loads, and results calculations include an adequate
wall_truncate 28 Non-negative realnumber . . . . L . .
number of points. Without truncating, these would end up onlyincluding single points at the tips of
the spheres.
. . . Number of iterations to performin the Modified Mechanical Contraction Method (MMCM)
mcm_iterations 29 Positiveinteger . ) . .
calculations for setting up the random geometry. More iterations are more accurate, but slower.
mem threshold 30 Real number between0and 1 Percentof spheres V.VhICh are allowedto be overlapping before |n?re men_tlng to the.next iteration. A
- smaller percentage is more accurate, but slower and occasionallyimpossible to achieve.
If ‘mem_init_lattice’ = “fcc’: the spacing between the centers of neighborings pheres (= ‘radius’*2 for
. tightl ked
L Non-negative realnumber (see |g’ ypz.zlc.e ) . , . .
mcm_init_placement 31 . If ‘mem_init_lattice’ = ‘urandom’: number of s pheres to place as an absolute number (if positive
explanation) . . . . .
integer) oras a percentage of the number of s pheres which would be ina simple cubic arrangement
(if non-integer positive real number)
Initialarrangementin which to place the sphere centers before beginning the MMCM iterations.
mcm_init_lattice 32 ‘urandom’, "fcc’ ‘urandom’ means uniform random placement across the domain (Poisson point field). ‘fcc’ means
face-centered cubic.
. . nlyrelevantif‘mcm_init_lattice’ = “fcc’) The maximum magnit which to randoml rturl
mcm_init_perturb_rad 33 Non-negative realnumber (arlfymel e cm_init_lattice GE ) Wi W2 Erlione e 2 1) 72 e 1 2D

the sphere centers afterinitial placement and before MMCM iterations begin.
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Note that forall variables except ‘timeout’, the program does not care or even ask what
units are used, butthe unit system mustbe consistent. Acommon consistent systemis

millimeters, megapascals, Newtons, and seconds.

thickness
weld_overlap

radius

(I) weld_radius

weld_radius

Figure 70: Simplified diagrams demonstrating the geometric meaning behind hollow spheres
input parameters. Left: with ‘weld_type’ = ‘cylinder’. Right: with ‘weld_type’ = ‘overlap’.

Figure 71: Simplified diagram of the geometric meaning behind general closed-cell input
parameters. Note that ‘phi’ would be the rotation into the plane on the above diagram.

Table 39: Example of working input parameter sets for a general closed-cell and a hollow
spheres simulation.

Input Parameter General Closed-Cell Geometry Hollow Spheres Geometry
run_part ‘all’ ‘pre+solve’
run_location ‘local’ ‘local’
timeout 4800 9600
name ‘Gasar-example’ ‘HS-example’
geom_type PV’ ‘HS’
domain [02;02;02] [06.25; 06.25; 0 6.25]
nsteps_elastic 20 20
nsteps_plastic 10 20
timestepping ‘ATS’ ‘ATS’
mesh_element_size 0.04 0.06
applied_strain -0.1 0.1
rand_seed 140 121
plot_disp false False
base_emodulus 160000 160000
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Input Parameter General Closed-Cell Geometry Hollow Spheres Geometry

base_ystress 827 172
base_poisson 0.3 0.3
base_pmodulus 500 500
base_kanvinde_alpha 2.6 2.6
n_voids 13 -

ab 0.35 -

c 10 -
abstddev 0.1 -
cstddev 5 -
theta 1.571 -

phi 0 -
thetastddev 0 -
phistddev 0 -
minimum_dist 0 -
radius - 0.9315
radiusstddev - 0.0475
thickness - 0.0832
thicknessstddev - 0.0125
weld_type - ‘overlap’
weld_overlap - 0.04
weld_max_length - -1
weld_radius - 0.85
weld_radiusstddev - -1
wall_truncate - 0.9315
mcm_iterations - 30
mcm_threshold - 0.01
mcm_init_placement - 23
mcm_init_lattice - ‘urandom’
mcm_init_perturb_rad - -1

A.1.3 Standalone Execution

The first of the methods forexecuting the Metal Foams Simulatoristorunitas a
standalone .mfile.OpenuptheMetal Foams Simulator.mfileinaneditor,andscrollto
the sectionlabeled USER EDITABLE, beginningatline 30. Aftera couple of commented
notes, a series of variablesis presented. These variables are all of the input parameters as
described above. Comments are located to the right of each parameterrepeating a basic
description of each. Editthe values assigned to each of these variables and run the program by
callingthe functionMetal Foams Simulator withoutcommand lineparametersfromthe
MatLab command window. Note that before reading the inputvariables, the program clearsthe

MatLab memory, so while inputvariables may be set equal to any valid MatLab formulae, they
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may notreferto anythingin memory. Do not edit anything below the input variables within the

file, as noted by the commented warning messages.

A.1.4 Parametric Execution

The Metal Foams Simulator may also be executed by means of passingcommand line
parameters. The “Param.#” columnin Table 38 referstothe orderin which parameters must be
passed to the Simulator program, and this same orderis also reflected and noted in the input
variableslistwithintheMetal Foams Simulator.mfile.The numberof parametersthat
needto be passedvaries depending upon whether preprocessinginputs are required, and if so,
whetherthe simulationisforan ‘HS’ / ‘CompHS-low’ ora ‘Lotus’/’PM’/’CompHS-high’ type of
metal foam. The number of parametersis checked upon launch, and an error code will be
returnedif the numberisincorrect. If any parameters are passed tothe Simulator, thenitwill
ignore anyinputvariableswithinthe Metal Foams Simulator.mfileandusethe
parameters passedtoitinstead.

This parametriclaunch method allows a user to execute the Simulator using awrapper
script. Following the UNIX convention, the Simulatorreturns asingle integer parameteras an
exitcode, equal to 0 if the Simulator completed successfully, and equal to a non-zero positive
integerif some erroror problem prevented the program from completing. Therefore, awrapper
script may execute the Metal Foams Simulator through acommand such as the following:

while Metal Foams Simulator (paraml, param2, ..)

[do action for when errors occur, such as repeating
with a smaller mesh element size value]

end
This parametricmethodis the recommended method of launching the Metal Foams

Simulator, particularly if more than one simulation will be desired. Various unpredictable
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problems may occur during execution of agiven simulation run, particularly involving being

unable to mesh the geometry, which may occur frequently.

A.1.5 Using a Remote Solver

To use a remote solver, it mustfirst be added. Due to the complexity and variabilityin
how different remote solver systems work, this must be added to the code manually; see
section A.5.3 Addinga Remote Solver for details on how to do this.

Once a remote solverisadded, aslightly different procedure will be required to runthe
program. The Simulator has no means of monitoringthe solving process forits progress and
completion, sothe program must be run in two separate parts. First, it must be run with
‘run_part’ = ‘pre+solve’, which will preprocess on the local machine, and then upload the sol ver
inputfile (the . dat file) tothe remote machine and add it to the run queue there. Then, when
the solutionis complete, runthe Simulator with ‘run_part’ =‘post’ to download the solution
(the . porfiles) fromthe remote solverand postprocess onthe local machine. Note that the

[name] internal.mat filegenerated during preprocessing will be necessaryinorderto
postprocessthe solutionfile, soitcan not be deleted. Seesection A.2.2Interruptingand

Continuing Execution, for more details on requisite intermediary files.

A.2 UserInterface

Once the Metal Foams Simulator starts, there is nothing thatthe user can do otherthan
cancel a run. However, asignificant amount of status information is constantly dumped to the
screeninthe form of both textand status barsin orderto informthe useraboutthe program’s
progress towards completion. Should the user cancel, orelectively only run part of the program,

then there are certain requirements for successfully continuing the execution.
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A.2.1 Status Information

During execution, statusinformationis displayed bothinthe form of text scrolling
through the command window, as well as one ortwo status bars on screen, asshownin Figure
72. All textthatis outputto the logfile of any external program, such as any time ADINAisrun,
is copied to the command window. This gives the most detailed information about what ADINA
iscurrently doing. Further, during the “Solving” phase of the run, thisisthe only source for
statusinformation as ADINAis the only active program at that time. MatLab monitors this
outputto ensure thatit doesnotremainidle formore thanthe time specifiedinthe ‘timeout’
input parameter. If an erroroccurs, the Metal Foams Simulatorwill pick outany error message
fromthe logfile,and display bothitand a brief English explanation of the error before exiting.

Duringall phases of execution, atleast one status baris displayed on screen, showing
general information about the progress of the program through preprocessing, solving, or
postprocessing. The status baritselfis only an estimate, but textis also displayed abovethe
status bar showingthe currenttask being performed, such as “Applying loads and boundary
conditions,” or “Extracting nodal response datafromresultsfile (timestep #3).” The title bar of
the status window shows which phase of execution the programisinand which the status bar
represents. Duringthe preprocessing phase with ‘geom_type’ =‘HS’ or ‘geom_type’ =‘CompHS-
low’, the program will display a second status bar, showing the current status of the Modified

Mechanical Contraction Method iterations.
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Figure 72: Screenshot of the Metal Foams Simulator during execution, showing all status
information.

A.2.2 Interrupting and Continuing Execution

The user can interrupt the Metal Foams Simulator atany time by clickingonthe
“Cancel” button displayedinthe status barwindow. DONOT interrupt the program by using the
“Ctrl+C” key combinationin MatLab; doing so will leave garbage in memory, will leave the status
bar as an orphaned window, and will not quit ADINA or any other external programs. The
“Cancel” button will do all of these. It will firstexecute ki1l -9 commandsfor all active
external programs, then properly close and clearaway the status bar(s), and finally run several
clear commandsto remove variables and function handles from memory before quitting the

I"

Metal Foams Simulator with exit code “1000”. Note that, while the “Cancel” button will always
respond quickly, there are afew portions of execution during which it may take up to 10
seconds to complete. The “Cancel” button was designed to provide areliable means of quickly

killingany run, and should workin all instances with the only exception beingif MatLab itself has

frozen.
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Each phase of execution—preprocessing, solving, and postprocessing—is treated as a
separate process within the Metal Foams Simulator. Should a simulation run be interrupted
eitherby the useror by some othererror duringany one of these phases, that phase will be left
ina corrupted state and cannot be resumed. However, any completed phases are saved, and a
partially complete run may be resumed by restarting at the corrupted phase. The essentialfiles

needed forresumingeach phase are listed in Table 40.

Table 40: Files required for resumption of Simulator runs.

Phase to be Resumed Files Needed For Resumption What the Files Are
Preprocessing(‘pre’) n/a n/a
Solving (‘solve’) [name]_internal.mat InternalSimulator database
[name].dat ADINAsolverinputfile
Postprocessing (‘post’) [name]_internal.mat InternalSimulator database
[name]*.por ADINA results file(s)
Postprocessing graphs (‘post_graphs’) [name]_results.mat Simulator results database

A.3 Interpreting the Results

The Metal Foams Simulatordumps very large amounts of results dataupon completion
of arun,includingdatainthree different forms: a MatLab database, several graphs, and ADINA
resultsfiles. Each contains differentinformation, processed to different extents. The below

sectionsdescribe eachresultsfileand how tointerpretit.

A.3.1 MATLAB ResultsFile

The most central portrayal of the resultsis within the MatLab resultsfile,
[name] results.mat.Withinthisfile are about35variablesrepresentingthe stress, strain,
Poisson’sratio, and othervalues at each time step of the simulation, as well as several scalar
values as available such asyield stress and elasticmodulus. Table 41 lists all of the variables

presentinthisfile, their meanings, and the basictheory of how they’re calculated.
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Table 41: Table of variables presentin the Simulator’s [name] results.mat file.

Variable Name

Description

Theory of Calculation

Name
no_cylinders

no_spheres

no_voids

no_timesteps
relative_density
s_bilinear_elastic_modulus

s_bilinear_hardening_modulus

s_bilinear_yield_strain
s_bilinear_yield_stress
s_elastic_modulus_eng
s_elastic_modulus_true
s_elastic_poisson_eng
s_elastic_poisson_true

s_hardening_modulus_eng

s_hardening_modulus_true

s_plastic_poisson_eng

s_plastic_poisson_true

s_yield_strain_eng
s_yield_strain_true
s_yield_stress_eng
s_yield_stress_true
v_force
v_percent_yielded
V_poissons_ratio_eng
V_poissons_ration_true
v_xstrain_eng

v_xstrain_true
v_ystrain_eng

Name of therun

Numberof cylinders createdin hollow
spheres geometry (between spheres)
Numberof hollow spherescreatedin
hollow spheres geometry

Number of voids createdinthe general
closed-cellgeometry
Number of timesteps run

Relative density of the material

Scalar: elastic modulus in the bilinear
approximation (engineering)

Scalar: hardening modulus inthe

bilinear approximation (engineering)

Scalar:strain attheyield point
(engineering)
Scalar:stressattheyield point
(engineering)

Scalar: elastic modulus (engineering)

Scalar: elastic modulus (true)

Scalar: Poisson’s ratio in the elastic
range (engineering)

Scalar: Poisson’s ratio in the elastic
range (true)

Scalar: hardening modulus
(engineering)

Scalar: hardening modulus (true)

Scalar: Poisson’s ratio in the post-
elasticrange (engineering)

Scalar: Poisson’s ratio in the post-
elasticrange (true)

Scalar: strain atyield point
(engineering)

Scalar:strain atyield point (true)
Scalar:stressatyield point

Vector: force inz-direction

Vector: Percent of materialwhich has
yielded

Vector: Poisson’s ratio between
timesteps (engineering)

Vector: Poisson’s ratio between
timesteps (true)

Vector: engineeringstrain inxdirection
Vector: true straininxdirection
Vector: engineeringstrain inydirection
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Same as theinput parameter
Simple count during geometry
generation

Simple count during geometry
generation

Simple count during geometry
generation

Number of timesteps extracted from
the .porfiles

Total volume of allmesh elements
divided bydomainvolume
Secantslope betweenthe originand
the yield point

Secantslope betweentheyield point
and the pointwhere the slope
increasesabove thatattheyield point
Equalto s_yield_strain_eng

Equaltos_yield_stress

Maximumv_zstressstrain_modulus
_eng between originand yield point
Maximums v_zstressstrain_modulus
_true betweenoriginandyield
Average v_poissons_ratio_engin
elasticrange

Average v_poissons_ratio_truein
elasticrange

Minimum v_zstressstrain_modulus
_engbetween theyield pointandthe
densification point

Minimum v_zstressstrain_modulus
_true betweentheyield pointand the
densification point

Average v_poissons_ratio_eng
betweenyield point and densification
point

Average v_poissons_ratio_true
betweenyield pointand densification
point

0.1% offset of elastic modulus

0.1% offset of elastic modulus
0.1% offset of elastic modulus

Sum of reactions alongtop of
geometry

Percent of elements which have
plasticstrain >0

Average transverse strain divided by
z-strain between timesteps
Average transverse straindivided by
z-strain between timesteps
Engineering strainat eachtimestep
True strain at each timestep
Engineering strainat each timestep



Variable Name Description Theory of Calculation

v_ystrain_true Vector: true straininydirection True strain at each timestep

v_zstrain_diff_eng Vector: differentialbetween strain Differential of v_zstrain_eng
valuesin z direction (engineering)

v_zstrain_diff_true Vector: differential between strain Differential of v_zstrain_true
valuesin z direction (true)

v_zstrain_eng Vector:engineeringstraininzdirection Engineering strainat each timestep

v_zstrain_true Vector:true straininz direction True strain at each timestep

v_zstress_eng Vector:engineeringstressinzdirecion Engineering strainateachtimestep

v_zstress_homogenized Vector:

v_zstress_true Vector:true stressin z direction True strain at each timestep

v_zstressstrain_modulus_eng  Vector: stress-strain modulus between Differential of v_zstress_eng divided
timesteps (engineering) byv_zstrain_diff_eng

v_zstressstrain_modulus_true  Vector:stress-strainmodulus between  Differential of v_zstress_true divided
timesteps (true) byv_zstrain_diff_true

A.3.2 Generated Graphs

Based uponthe datasavedinthe [name] results.mat file several graphsare
generated upon completion of aSimulation run. Just as the Simulatoritself doesn’t care what
unitsare usedinthe input parameters, sotooare no unitslisted onthe graphs. Each graph is
automatically scaled and savedin colorinthree file formats: . £ig(MatLab editable graph),
.eps (Encapsulated PostScript), and . tif (Uncompressed Tagged Image File Format). Table 42

contains a description of the content of each of the graphs.

Table 42: Table of results graphs generated by the Simulator.

Graph File Name Description

[name]_BilinearAndStress_vs_Strain_eng.[ext] Bilinear approximation z-stress and actual z-stress plotted
against z-strain (engineering)

[name]_PercentYielded_vs_Strain_eng.[ext] Percent of material yielded plotted against z-strain
(engineering)

[name]_PoissonsRatio_vs_Strain_eng.[ext] Poisson’s ratio plotted against z-strain (engineering)

[name]_PoissonsRatio_vs_Strain_true.[ext] Poisson’s ratio plotted against z-strain (true)

[name]_Stress_vs_Strain_eng.[ext] Z-stress plotted against z-strain (e ngineering)

[name]_Stress_vs_Strain_true.[ext] Z-stress plotted against z-strain (true)

[name]_StressStrainModulus_vs_Strain_eng.[ext] Z-stress-strain modulus plotted against z-strain (engineering)
[name]_StressStrainModulus_vs_Strain_true.[ext] Z-stress-strain modulus plotted against z-strain (true)

A.3.3 ADINA Results Files
The most raw form of the resultsis contained inthe ADINA results files. These are all the

filesnamed [name] #.por,whereeach.porfile contains 20timesteps worth of data,
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restricted to thisnumberin orderto ensure that the system upon which the simulation was run
will have enough memory available to open each results file. During postprocessing, the
Simulatoropens each of these filesin non-graphics mode and exports raw nodal and elemental
data into a text format, which MatLab can then process further. However, the files can also be
openedin ADINA’s graphical mode by auserin order to explore the results further. Forexample,
afteropeningthefile, the usercould generate contour plots of strain, orview stress paths by
means of a vector plot. See the ADINA user manual for further details of what may be done with

.por files.

A.4 Troubleshooting
There are many things which can go wrong duringa run. This section describes common

problems and possibleresolutions foreach.

A.4.1 Index of Exit Codes

The Metal Foams Simulator will issue any of several exit codes, depending upon the
success of the run, which program failed, and what exactly the erroris. The Simulator does
significanterrortrappinginanattemptto preventthe program from ever crashing without
cleaningupand returningan exitcode. See Table 43 fora listing of all possible exit codes and
theirmeaning. Forall exit codes, a brief description of the meaning of the code will also be

printed to the MatLab command line and savedinthe file ERROR. logintherundirectory.
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Table 43: Table of exit codesissued by the Metal Foams Simulator, including their meanings and

troubleshooting references.

Exit Code

Meaning of Exit Code

For Troubleshooting, See:

0

1-999

1000

1001

1002

1003

1004

1005

1006

1007

1008

1009

1010

1011

1012

1013

Successful run; no errors were encountered and the program
completed all segments requested.

Errorin an external program, suchas ADINA, sed, etc. Error codes in

this range are returned unedited fromthose issued bythe external

program, so please see the manualforthe given external program
as to the meaning of the error code.

User-initiated interrupt (i.e. the “Cancel” button was pressed).

An attemptwasmadeto runthe Simulator with parameters, but

the wrong number of parameters were passed for the given

settings.
An input file which was re quired to runan external program did not
exist.

An external program encountered an error during execution.

An external program seems to have frozen during execution; either

itfailed to createits log file, orthe log file wasn’t written to for at

leastthe number of seconds setin the ‘timeout’ input parameter.

During preprocessing, ADINA failedto generate the NASTRAN file

required bythe Simulatorinorderto parse nodal IDs for load and
boundary condition application.

During postprocessing, ADINA failed to generate the .txt data
outputfiles required by the Simulatorin order to import anyresults
data.

Aninvalid ‘run_location’ input parameter was passed; either during
solving or post-processing, the Simulator couldn’t figure out how to
posta job orretrieve results.

Arequired database file (either [name]_internal.mat or
[name]_results.mat) could not be found during either solving or
postprocessing.

During preprocessing ofthe hollows pheres geometry, the Modified
Mechanical Contraction Method was unable to generate a valid
geometry (it reached a maximum number of iterations, based upon
the ‘timeout’ input variable, while trying to eliminate contacts
between spheres).

The directoryassociated with the ‘name’ input parameter does not
exist,and the userdid not request preprocessingto be performed.
During preprocessing, ADINA must not have meshed the full body,
as there areno nodes present on atleast one entire face of the
geometry.

Forthe preprocessingof hollow spheres foams, an invalid initial
lattice was passed in the ‘mcm_init_lattice’ input parameter.
An external program looks like it completed successfully (it printed a
definedexit trigger to its log file), butitdidn’t exit and ‘kill -9’
commands failed to kill it.

n/a

The manual pages for the
external program.
n/a
Sections A.1.4 and A.1.2 of this
user guide.
Section A.2.2 of this user guide

Common problems A.4.2.1
through A.4.2.4,andthe manual
for the external program.
Common problems A.4.2.5
through A.4.2.7,andthe manual
for the external program

ADINAlogsfordetails of cause,
and ADINA manual for fixes.

Common problems A.4.2.8.

Sections A.1.5 and A.5.2 of this
user guide.

SectionA.2.2 of this user guide.

Common problems A.4.2.9.

SectionA.2.2 of this user guide.

Common problems A.4.2.10.

SectionA.1.2 of this user guide.

Manual forthe external program.

A.4.2 Common Problems

encountered but has been unable to correctin the program’s code.

Below are frequent problems which the author of the Metal Foams Simulator has
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A.4.2.1 Exit code 1003: Error during execution of external program scp.

This program isonlyrun if a remote solverisselected. Check the logsforthe scp
program (see the 1ogs subdirectory), butit probably means that eitherthe internet connection
isdown or the automaticlogin details have changed. Check the internet connection for the local
machine as well as for the remote machine beingrun upon.

If a loginerroroccurred, it islikely that eitherthe local private key has been changed or
the publickey onthe remote machine hasbeen deleted (such asif the remote home directory
was wiped). Seesection A.5.3Adding a Remote Solver for details on how to use the ssh-

keygenand ssh-copy-idcommandsto reestablish automaticlogin.

A.4.2.2 Exit code 1003: “UVAL” error during execution of ADINA.

This error occurs about halfway through a meshing process and seemsto have
somethingtodo withthe geometry generated and the Delauney meshing algorithm that the
Metal Foams Simulator uses. The author has been unable to pin down the cause of the problem,
but it only seemsto occur on very complicated geometries. It doesn’t seemto be aninherent

problem with any particular settings, so just pick a differentrandom seed and try again.

A.4.2.3 Exit code 1003: “Overdistorted elements” error during execution of ADINA.

This errorisfrequently seen for hollow spheres geometries using ‘weld_type’ =
‘overlap’. Itseemsto have to do with particularly slender elements which get createdin the
region between where spheres just begin to overlap and where the cylinder geometry is
created. Experiment with the weld radius valueto try and correct this. Values between 0.75 and
0.85 seemto work best. If this error still continues, change the weld_type to the “cylinder’

algorithm, which, while less physically accurate, meshes much more easily.
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A.4.2.4 Exit code 1003: “Unable to mesh” error during execution of ADINA.

Thisis by far the most common error observed during Simulator runs. It means thatthe
meshistoo coarse and ADINA’s mesheralgorithm was not able to automatically refine problem
areas enough to create any mesh. The mesh_element_size input parameter probably needs to
be reduced. A good rule of thumb seems to be that elements must be at most 70% of the shell
thicknessinahollow spheres geometry, or half the diameter of a voidin a general closed -cell
geometry. If the mesh_element_sizeis very close toits maximum, thenit may alsowork to

simply try again with a differentrandom seed.

A.4.2.5 Exit code 1004: Timeoutduring ADINA solving.

Duringsolving, there are three possibilities: (1) the ‘timeout’ istoo short torun a normal
single iteration, (2) one particulariteration took an unusually longtime, or(3) ADINA actually
froze.Inthe author’s experience, (3) is extremely rare. Experience suggests that setting the
‘timeout’ to be roughly 50% largerthan the time it takes to run a single normal iteration works
well and capturesany unusually longiterations (thisis wall clock time,so what that time is
dependsonthe numberof elements and the particular machine being run upon). Rerun the

‘solve’ segmentwith alonger ‘timeout’.

A.4.2.6 Exit code 1004: Timeout during ADINA postprocessing.
Eitherthe ‘timeout’ istooshortfor ADINAtoload a single .porfile andthen exportits
raw data, or ADINA actually froze. In the author’s experience, the formeris far more common.

Fortunately, whenthis erroroccurs, it’sinthe very beginning of a postprocessing process, so

justrerunthe ‘post’ segmentof the runwith a longer ‘timeout’.
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A.4.2.7 Exit code 1004: Timeoutduring execution of external program “scp’.

This program isonly run if a remote solverisselected. Check the logs forthe scp

program (see the ‘logs’ subdirectory), butthere are two possible reasons for this:

1) SSH could not automatically login, and appeared to “freeze” since it was
expectingthe usertotype a password. In order for the Simulator’sremote
solver option towork, it must be able tologin automatically via SSH, and scp
issimply a program that copies a file overan SSH connection. See section
A.5.3 Addinga Remote Solver for details of how touse the ssh-keygen
and ssh-copy-idprogramstoenable automaticlogin.

2) Yourinternet connection wastoo slow totransfera file beforethe ‘timeout’
was reached. Eitherfind afasterinternet connection, orincrease the

‘timeout’ input parameter.

A.4.2.8 Exit code 1006: ADINA fails to generate .txt postprocessingfiles.
This probably meansthatthe hard driveis full. ADINA 8.5 oddly does notthrow an error
if the hard drive of the machine it’s beingrun uponfillsup duringasolverrun, nordoesit throw

an error whenopeninganincomplete . por filefor postprocessing. However, the nextfiles to
be created by the Metal Foams Simulatorare these postprocessing .txtfiles, which will not be

successfully created if the hard drive is full. There shouldn’t be any otherreason forthis e rror.

A.4.2.9 Exit code 1009: Hollow spheres geometry generation timeout.
If there are too many spherestofitintothe domain given, this errorwill be thrown.

Reduce the ‘mcm_init_placement’ value and try again.
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A.4.2.10 Exit code 1011: The Simulator believes that ADINA did not mesh a full body.

The Simulatordid not find any nodes on at least one of the six sides of the domain,
probably meaningthat ADINA did not mesh the full body. Ina hollow spheres geometry, this can
happenifthere are eithertoofew spheres, which then leaves atleast one lone sphere
unconnected with the rest of the geometry, orif one sphere, usuallylocated inacorner, ends up
unconnectedtothe rest of the body. Increase the ‘mcm_init_placement’ valueand try again.

In a general closed-cellmodel, particularly with no ‘minimum_dist’set, this can mean
that a couple of voids have completely cut off a corner of the geometry from the rest of the
specimen. Try again with a differentrandom seed, or possibly with fewer ‘no_voids’ or anon-

zero ‘minimum_dist’.

A.5 Editing the Code

The code forthe Metal Foams Simulatoris extensively commented. However, the
overall coding philosophyis harderto glean from simply reading comments. This section
attempts to convey those overarching conventions, as well as to address a few specificdetails
which may require more explanation thanis presentinthe comments. The latterincludes
detailsaboutadding anew remote solver, how the status tracking system (status bars, etc.)

works, and how the interface between MatLab and ADINA works.

A.5.1 Coding Conventions
Comments:
- Longcomments: Immediatelyabove every function declaration is located aone or
two sentence description of what that function doesand how it goes about doingit.
Similarshortdescriptions are also located immediately above major or particularly

complex loops or conditional statements.
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- Shortcomments: If a particularline is unusually complicated or seemsit would
difficulttofollow, then atthe end of that line, acommentisadded with a phrase or
sentence explainingwhatthe line does.

Variable names:

Allvariables are entirely lower-case.

- Majorvariables: Major variables, such asinput parameters and those passed
between functions are given descriptive names, entirely lower case, with individual
words separated by underscores.

- Countingvariables: Variables that serve no purpose otherthan counting, particularly
those usedinaloop, are givensingleletternamessuchas ‘i', ‘j’, ‘k’.

- Temporary variables: Othertemporary variables are given a prefix of ‘temp_’. No
temporary variables are ever passed to otherfunctions.

- Results variables: In orderto keepthe [name] results.mat databaseas
human-readableas possible, variables expressing simulation results follow the same

7

conventions as majorvariables, butalsoadd a prefix of ‘s_’ forscalar valuesand ‘v_
for vectors.

Function names: (see also section A.5.2 Code Structure)

All function names have a capitalized first letter (at least).

- Mainfunction: The mainfunctionisnamedMetal Foams Simulator,the
same as the file name as per MatlLab’s conventions.

- Segment master functions: These are given the full names of the segment, such as

Preprocess part*(),Solve (),and Postprocess ().
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- Segmentsubfunctions: To keep these organized, an abbreviated name of the
segmentis prefixed tothese functionnames: Pre * (),Sol *(),and
Post * ().

- Helper functions: These are prefixedas Help * ().

A.5.2 Code Structure

The general philosophy here isto have no one function be longerthan about 150 lines,
and to have a tiered structure. Higher tiers mostly manage data and call subfunctions; they do
very little processingthemselves. Except forafew helperfunctionsincommonto all segments,
functions are keptisolated to pertainingto only one of the three code segments (preprocessing,
solving, postprocessing). Below is a more detailed description:

- Mainfunction (Metal Foams Simulator ()):The mainfunctionisnamed the
same as the file name, as per MatLab conventions. This function does no data
processingatall. It only stores the input parameters to appropriate variable names
and then calls the appropriate segment masterfunctions.

- Segmentmaster functions (Preprocess_part* (),Solve (),

Postprocess (),Postprocess graphs () ): Theseare the functions thatrun
a particularsegment of the code from beginningto end. They do some data
processing, but mostly call subfunctions. Note that preprocessing actually has three
masterfunctions, of which only two are called. First, either
Preprocess_partl HS() orPreprocess partl CC() iscalled,
dependingupon whetherthe hollow spheres geometry or general closed -cell

geometry wasselected. Then, Preprocess part2 () iscalled.
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- Segmentsubfunctions (Pre * (),Sol *(),Post * () ):Performingthe actual
data processing work, these various functions are the meat of the program.

- Helper functions (Help * ()):These functions may be called by any functioninany
segment, and perform various helpertasks, such as cleanup tasks upon an exit or

error, or providingaframework for running external programs.

A.5.3 Adding a Remote Solver

Remote machines all work differently, particularly ifithas a job queue, soitis far more
practical to require the userto write asimple block of code specificto the remote machine that
he or she wishestouse. Further, automaticlogin will need to be set up for the remote machine,
as thereis no practical way to forward an interactive password prompt from an external
program through MatLab.

Two functions willneed to be written: one which copiesinput data to the remote
machine and runs the solveron that machine, and the other which copies output
(postprocessing) datafrom the remote machine upon completion of arun. Both of these
functions are located atthe end of the Metal Foams Simulator code, and are named
Sol remote# () andPost remote# (), respectively, where the ‘# should be replaced
with the numerical label of the remote machine. One example(Sol remotel () /

Post remotel ())isprovided, and templates for four furtherremote machines are already

createdinthe file aslabels 2, 3, 4, and 5. One label will be used for each remote machine.

A.5.3.1 Sol_remote# ()
exitcode = Sol remote# (name)
Takingthe run name as its only argument, and expected toreturn an “exitcode” value,

thisisthe function that copiesall necessary datatothe remote machine and theninitiates the
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solve operation. Atthe veryleast, it must copy the [name] . dat file,andthen somehow run
the ADINA solver executable. Depending upon the specific nature of the remote system, further
files may be necessaryin ordertoadd the solve operationtoa job queue, forexample.

The author recommendsthat scp -vand ssh -v programsbe usedifat all possible,
as they are the most secure and stable methods available for copying files and running
commands. Note that the —v switch tells the programto run inverbose mode, outputting all
data aboutwhat it’sdoingto the screen (or, more preferably, toalogfile if the programis run
pipedtoafile).Screenoutput may be pipedtoafilebyadding> [filename] .logtothe
end of a command. Please see the manuals forthose two programs, orany other program
deemed more appropriate, for specificinstructions on how theircommands should be run.

External programs can be run in either of two ways: directly using MatLab’s unix ()
function, orwiththeaidof the Help run external program() functioninthe Metal
Foams Simulator. The latter provides aframework which first checks forthe existence of a
requiredinputfileand then executes the external command. As the command runs, it monitors
the progress of that external command by watchinga logfile, exiting upon a successful
completion, orthrowingan errorif eitherthe program times out or displays aline that begins
with the text ‘Error’ or ‘Alert’. This helperfunction therefore takes care of tracking exit codes
and looking forany errors that may occur, allowing for more effective automation of the
Simulator. MatLab’s unix () function would execute the same command, but without any of
the above added benefits.

At the end of the function,an exitcode = 0; lineshould be present, which returns

the code sayingthatthis function has completed successfully.
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A.5.3.2 Post_remote# ()

exitcode = Post remote#(name)

Like Sol remote# (),thisfunctiontakesonlytherunname, andisexpectedtoretum
an exitcode. The function should not do anything otherthan copy the results data back, and
possibly do any cleanup which the remote solver machine requires. Itis also recommended that
the function copy back any logfiles to help with any necessary debugging. As for
Sol remote# (),theuseofthescp -vandssh -vexternal programsissuggested.

At the end of the function,anexitcode = 0; lineshould be present, which returns

the code signaling that this function has completed successfully.

A.5.3.3 Automatic Login

As Matlab is not capable of interfacing with aninteractive program, login to the remote
machine must somehow be automatic. One method of doing thisistoinclude the passwordin
plaintext within the command. However, the suggested method is by using a publickey/ private
key login. If usingthe sshand scp programs, thisisaccomplished by the user manually running
the following commands within theiruseraccount once (do notinclude them in the Simulator
code):

ssh-keygen -A

ssh-copy-id [remote username]@[address of remote machine]

The first command will generatea public-private key pair, and the second will copyitto
the account on the remote machine which the Simulator should automatically loginto. Thisisa
completely secure method. Please see the manuals for each of those programs for further

details on advanced options.
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A.5.4 Status Tracking System

The status tracking system, consisting primarily of the various status bars displayed
throughout execution, is highly integrated within the code for the Metal Foams Simulatorand
therefore worth aspecial mention. These status bars are based upon MatlLab’s waitbar ()
function. Inorderto track theirhandles, some limited datais stored in global variables, or
‘application data’.

At the beginning of each segment masterfunction, for preprocessing, solving, and
postprocessing, status bars are created usinga waitbar () command. The handle to that
waitbaris then stored as application data using the function
setappdata (0, "wbar’, [handle]),sothatit can be accessed and updated by other
functions. Further, a ‘Cancel’ buttonisadded, whichis setto run the command
setappdata (0, "exitcode’ ,1000) uponbeingpressed. Thatis, it setsa global ‘exitcode’
variable to the user-initiated abort code.

There are then several spots within various subfunctions orloops which update the text
and completion progress for that status bar by usingthe handle listed inthe global variable.
When any update occurs, the code also checks that global ‘exitcode’ variable, and initiates clean
abort procedures by runningthe Help abort () functionifitfindthatvariable settoavalue
of 1000'.

Upon the completion of segment masterfunctions, the active status bars are deleted
and theirhandles cleared from global variables. Note that because the waitbars have ‘Cancel’
buttons, they must be deleted and cannot simply be closed, orthey will be amemory leak until
MatLab isrestarted. The Help abort () functionclearseveryglobal variable and runsan

additional delete () functiontoensure thatall waitbars are removed.
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A.5.5 ADINA Interface

The interface between MatLab and ADINA operates based upon writing scriptfiles using
MatLab andthen runningthemas the inputto the ADINA external program. Datais retrieved by
making ADINA export tab-delimited raw results data as a file, and thenimporting that results file
into MatLab. When ADINAisrun,the Help run external program() functionisused,
which always sets ADINA to output all of its command line outputto a log file. It also monitors
that logfile, displaying all text to the screen and monitoringitforerrors or successful
completions.

Most operations performedininputfiles, such as creating spheres, Boolean geometry
operations, meshing, and outputting tab-delimited results data, should be availablein any finite
elementanalysis program. However, aspecial workaround was necessary forthe retrieval of
relative density data. Forthisonly,the Help run external program () functionisnot
used, and ADINAisrun directly, withits output piped tothe sed external program. The input
file tells ADINAto calculate the total volume of all meshed elementsin the geometry, and sed
searchesforthe resultanttextin the output, reporting that numberdirectly back to the

Simulator.
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