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ABSTRACT

Methods to mitigate the risk posed by seismic and blast loads to structures are of high
interest to researchers. Auxetic structures are a new class of metasateaialexhibit
counterintuitive negative Poi s s oncaaenfigurationi o ( NP
Cellular auxetics are lighweight and coseffective materials that have the potential to
demonstrate high strength and resilience under totizés. Existing research on metallic auxetics
is scarce and based mostly on analytical ssidhpparent NPR behavior of auxetics has also been
linked to enhanced energy absorbing potential. A pilot study was undertaken to investigate and
understand auxiet behavior in tubes constructed using ductile metals commonly found in
structural applicatins i.e. steel and aluminum. The main objective was to establish whether
performance enhancements could be obtained through auxetic behavior in ductile methd tubes.
addition, any potential benefits to auxetic performance due to base material plastieistwdied.

These objectives were fulfilled by conducting an experimental and analytical investigation, the

results of which are presented in this thesis.

The eyeiimental program consisted of establishing a design methodology, manufacturing,
and laboratory testing for tubular metallic specimens. A total of eight specimens were designed
and manufactured comprising five steel and three aluminum. For eacimbtadahree different
geometric configurations of cells were designed: one with a rectangular array of circular voids and
two with void geometries based on the collapsed shape of circular cells in a design tube under
uniaxial compressive stress. A paraenecdled the Deformation Ratio (DR) was introduced to
guantify cell geometry. Designed tubes were manufactured viaaxisiXaser cutting process. A
custommade test assembly was constructed and specimens were tested undeicyelierse
uniaxial loadng, with one exception. Digital Image Correlation (DIC) was used to acquire

experimental strain data. The performance of the auxetic andwa@tic tubular structures was



evaluated based on the axial ledeformation characteristics, global deformatioasd tle

specific energy absorption of the test specimens.

The experimental test results confirmed that ductile metal tubes with special collapsed cell
geometries were capable of demonstrating auxetic behavior under the applied elastic and inelastic
uniaxial strains; both tensile and compressive. Base material plasticity was observed to have an
insignificant effect on the auxetic response. Experimental results suggested that the unique
deformation mechanism precipitated by the auxetic cell geometrieseresnlinore stable
deformed shapes. Stability in global deformed shapes was observed to increase with an increase
in DR value. In addition, the unique auxetic mechanism demonstrated an ability to distribute radial
plastic strains uniformly over the heighit the auxetic pattern. As a result, plastic strains were
experienced by a greater fraction of auxetic tubes; this enhanced the-éissigsting properties
of auxetic specimens in comparison to the testedauxetic tubes. Tubes with cell geometries
assaiatedwith higher DR values exhibited greater energy absorption relative to theumetic
specimen. For the same base metal, auxetic specimens exhibited greater axial strength and
effective strain range, when compared to their-aoxetic counterpartd.he ircreased strength
was partially attributed to the increased cell wall thickness of the auxetic specimens. However, the
increased strain range was attributed to the rotation in unit cells induced by the unique auxetic

geometry.

Experimental test datavas ued to validate the finite element (FE) and simplified
macromechanical modeling approaches. These methods were adopted to develop design tools
capable of replicating material performance and behavior as well as accurately predicting failure
loads. Lod-defamat i on response and effective Poissonods
models of abuilt specimens, while simplified macromechanical equations were derived based on
the equilibrium of forces to compute failure loads in tension. Theseieqgsiatlied on pattern
geometry and measured experimental unit cell deformations. It was established that the
manufacturing process had a detrimental effect on the properties of the aluminum specimens.
Accordingly, empirical modifications were applied e taluninum material model to capture this
effect. FE models accurately replicated labdormation behavior for both neauxetic and
auxetic specimens. Hence, the FE modeling approach was shown to be an effective tool for

predicting material properties @énrespn® in ductile metal tubes without the need for



experimental testing. The simplified strength equations also described material failure with
reasonable accuracy, supporting their implementation as effective design tools to gauge tube
strength. It isreconmerded that FE models be refined further through the addition of failure

criteria and damage accumulation in material models.

The result of this study established that auxetic behavior could be induced in ductile metal
tubes through the introductiaf unique cell geometry, thereby making them highly tunable and
capable of exhibiting variable mechanical properties. Owing to their deformation mechanism and
NPR behavior, auxetic tubes demonstrated geometric stability at greater deformations, which
highlighted their potential for use as structural elements in systems designed to deform while
bearing extreme loads e.g. earthquakes and blast events. Additionally, the capability of auxetic
geometries to distribute strains uniformly along their length wakedl b the potential
development of energgissipating structural components. It was suggested that new knowledge
acquired in this study about auxetic behavior in ductile metals could support the development of
new structural systems or methods of straticantrol based on NPR behavior. Finally,
recommendations for future research were presented, based on the expansion of research to study
the effects of multiple loading regimes and parametric changes on auxeticity as well as additional
mechanical char&erisics e.g. shear resistance.



Experimental and Numerical Study of Ductile Metal Auxetic

Tubular Structures
Muhammad Ali

GENERAL AUDIENCE ABSTRACT

Special structures known as Auxetics have been studied that exhibit counterintuitive behavior
based on thegeametric configuration. Thaovelshapes and architecture of these structures allow
them to deform such that they expand laterally in tension and contract laterally in compression; a
property known as negat i rarlydseivesirsnaturalyoccurring i o ( N
materials. Auxetic materials demonstrate mechanical pragertsuch as highresilience
indentation resistangceand energyabsorption. An experimental and analytical study was
undertaken to explore the beneficial properties of @exmehavior along with the effect of
inelastic deformations ductile metalauxetcs. To this end, tubular test specimensade with

steel and aluminumwvere designedndmanufacturedTo achieve auxetic behavioruaique array

of collapsedcells was at out from metal tubes using a laser cutting proc&ssequently,
specimens wertested in the laboratory under cyclic and monotonic loads. Experimental results
indicate that tubes with auxetic geometries exhibK&R behavior and a unique deformation
medianism based on the rotation of the unit cells. Owing to this mechanism, apeastimens
possessed greater geometric stability under applied axial deformations, when compared to the
tested norauxetic specimens. The deformation mechanism was alsons#dp for a uniform
distribution of strains along the length of the auxetic gegnvetiich was linked to relatively better
energy absorbing capacity than the arxetic tubes. Developed finite element (FE) models
captured the response and behavior bfspécimens with good accuracy. Derived simplified
strength equations were also atwecalculate the ultimate tensile failure loads for all specimens
accurately. Both numerical methods demonstrated the potential to be utilized as design and
evaluation tots for predicting material propertieBinally, recommendations to expand research
based on metal auxetic structuregre presented to further our understanding of auxetic behavior

in ductile metals ando exploreits benefits under varying loading regisResults from this
research can be used to support the design of new strugitsahs or methods to control existing

structures by exploitinblPR properties of ductile metal auxetics. Furthermore, endiggipating



properties of metal auxetic matdsianay prove to be beneficial for structural applications under

extreme loading coritibns such as earthquakes and blasts.
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Chapter1. I ntroducti on

1.1. General

Natural and mamade phenomenon such as earthquakes and blasts impart massive
amounts ofunwantedenergy to civil infrastructure. Novel stiucal systems are therefore
designed and implemented in an effortm@intain structural integrity anchinimize damage
caused byhis sudden release of energy large fraction of energgissipation assemblies exploit
the mechanical properties of struclurgetals to resist high loads while demonstrating sufficient
deformdion capacity. Seismic and blast energy is concentrated towardsstm#ecial energy
dissipating elements that are designed to exhibit controlled failure in the form of a ductile

mechaism.

Permanenénergydissipating systems such as ecceattyg(Popov and Engelhardt 1988)
and concentrially (Khatib et al. 1988pracal framesare common in structural applicatioldew
structuralsystems with replaceable elements knowfisagicturd fuse® havealsobeen designed
and employed to dissipate energylenseismic loadin¢Shoeibi et al. 201 7fehranizadeh 2001;
Malakoutian et al. 20)2Systems such as steel plate shear fRerts 1995Ying-shaped shear
walls (Philips and Eatherto 2018)and butterflyshaped hysteretic dampegiSarzampour and
Eatlerton 2019have been shown to demonstrate energy dissipation capacity. All these systems
take advantage ¢figh Yield modulus'Q), Shear modulus@ and ductility () of structural stels
depending on the designed failure motlee maximum attainablénhits for these propertiesre
dependent on molecular structure dwadealmostbeen achievedherefore newvaysto enhance
mechanical behaviare needednhile limiting the weight andize of structures

Mechanical properties of an isotro@iastic solid are controlled by another dimensionless
property known aB8). Define byPtheinegaticerraiics betweaie transve(se
strain (lateral deformation) to the axial strain (longitudinal defdion),the value for typically
lies in the positive domain for molstilk materials. For instancealues liebetweer0.27-0.30 for
stee| 0.1-0.2 for concretewhi | e gases and cor k0. Amathematal P o i

definitonforPoi ssonds ratio is as foll ows,
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b = 1)
where- representsransverse strain and is theaxial strain in the material.

While our intuitive understanding dieformation of a material under an axial stress state

leads us to expect expansionthe directionperpendiculato the principal stress, there exists a

special class of materialahbehaves counterintuitively loprtracting in thetransverselirection
instead(Figurel.1). These materials have a negateknoven val ue
as fAauxet i c.aterialEsuchathese ihAnder the class gimetamaterial, meaning

that they possess propertiest inherently found in theaturally-occurringconstituentmaterial
(Kshetrimayum 2005)in the case of auxeticfiese properties are engineetkobugha precise

geometic arrangment at amallerfinite scalewhi ch resul ts i n an appar.

ratio (NPR) behavior in thglobal structure

Compression  Tension

I R |

[ —

——— Original

| S————— |

|
|
: i —— Deformed
I |
I [
| |

Tt 4 1t 1

(a) Positive ()Negative Po
behavior behavior

Figure 1.1: Deformation mechanisms for positive and negativePoisn 6 s r at i

The existence of auxetic materials does not contradict the classical theory of elasticity,
which predicts pp s i bl e P oasdow asnpasd as lgh asa@® (Fung 1965) Auxetic
behavior has been reported on thelenular level in crystalline solids such as iron pyrite
monocrystalgVoigt 1882)and most cubic elemental metéBaughman et al. 1998%tudies have
alsoshown the presence of auxetic behavior in biomaterials such as cancelloysVilbamms
and Lewis 1982)cat «in (Veronda and Westman 1978)d cow teat ski(Lees et al. 1991)
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However, synthesized auxetics are of greater interesteascounterintuitive behavior
provides a way to achieve enhancements in atfemhanicabropertiesnot found in naturally
occuring materials.The theory of elasticityostulates that mechanicabnstants for arlastic
material are interdependenCorsider theshear modulusO %¢ p O, which is directly
proportional to the ratip¥ p U , meaning thatkeeping the elasticity matus ‘O constanta
material engineered to exhibitta  p could potentiallydemonstrate an infinite resistance to
shear deformationut-of-plane deflectionEvans 1991)fracture toughness and indentation
resistancgFigure 1.2) (Alderson et al. 1994havebeen shown to be proportional tp 0
which impliesthat negative values dfcan lead to enhancements in these properties for isotropic
materials. Lastly, enhanced volumetric strain energy dissipai® dependent onp (U
(Alderson nd)) hence enhancement can be achieved wi
Currently, experimental researam auxetics isprimarily focused onadditively manufactured
elastomeric cellular structuredowever, avery limited body of knowledge in regards to ductile
metal auxeticgorroboratesery beneficial properties such asergy absorption and dissipation
(Lakes and EIm&993 Qi et al 2017 Imbalzancet al 2018).Additionally, despite a reduction in
mechai c a | properties such as strength and Younc
activate auxetic response, metallic auxetic structhes@e been shown to demonstraigher
specific (per weight) strength than their raunxetic counterparts (Yang dt 2012). Moreover,
there also exists analytical evidence that suggests that auxeticity is present and even more
pronounced when a material deforms in the plastic domain (Dirrenberge@12). Therefore,
the use of ductile metals in auxetic strucsigeuld benefit from material nelmearity, enhancing
energy absorption and dissipaticmaracteristicstaking advantage of the enhanced deformation
capacity in metals over higher straitfsproven to be practical and beneficial, auxetic materials

couldpotentiallyreplace conventional materials in structural applications.

However there is effectively noesearchnvestigatingpotential structural applications of
auxetics as load beariray energy absorbing elemenising typical structural materialsarge
scale testingpf metal auxeticgs also limited by the manufacturing processes employed e.g.
Electron Beam Melting (EBM).However, establishedmanufacturing techniquesuch as
subtractive manufacturingffer a solution to the constraintslarge scke productiorandcan pave
the way for the development and testing of auxetic elements.
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Figurel22Enhancement in I ndentati on R&ie((Evarsana
Alderson 2000).

Auxetics also have a huge potential for use other fields. They can offeballistic
protection in military and blastafety applications. They can also be used in the medical industry
as foldable stents and rings. They have tremendous potential for useoimpprstective devices
(Yang et al 2018) owing to their lightweighhature and energgbsorbing capabilities. The
physical and geometric properties of auxetics can be tuned for optimal performance as filters
(Alderson et al2007 Rasburn et al2001).Shoe companies have empdohauxetic patterns in
their designs duw the thirandlight nature of the product which also provides a higher degree
of comfort (Ren et ak018).

The scarcity of auxetics research incorporating ductile metals leaves thedesidfor
further researchinvestigating the mechanical propertigismetallic auxetic geometries could
potentially pave the way for developing structures with superior mechanical prog®rties
incorporating these special geometri@hie optimization of axetic geometries can lead to
enhanced strength and efficient eryedgssipation while maintaining and even reducing structural

weight.

1.2. Research Objectives

The objective of this thesis is to study the performance of auxetic tubular structures
fabricated fom ductile metals to identify what performance enhancemenasixetic behavior
could be obtained the base material is permittedyteld and undergo pstic deformations. The
objective is achieved by studying the behaviosigfel and aluminuntubescontaining auxetic

topologies under uniaxial cyclic load reversals and comparing the results against tubes constructed
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with nonauxetictopologies.The use of steel and aluminum were governed by the fact that these
metals are commonly used in structurgdlagations.The results will be used tpuantify the effect

of auxetic geometries on material performance as well asftbet of basemetal plasticity on
auxeticity. Data will be used tovalidate numerical and analytical models to predict load

deformatian response of auxetic and raoxetic tules.

1.2.1 Experimental Program

The experimental research invabtae design, construction, and testiof a total of eight
steel and aluminum tubes, with and without auxetic topologigsjected to reversed cyclic
uniaxal loading. The tesseriesincludes five steeltubes and three aluminum tubes constructed
usingone norauxetic topology and tweariaions ofauxetic topologies, derived using a cellular
collapsedesignprocedureTwo different base metals V& been utized in the study to study the

dependence of auxetic behavior on base material properties.

1.2.2 Analytical Modeling

The analytical modelinmvolvesfinite element and simplified micromechanical modeling
aimed at predicting the response of the auxetic andaogatic topologies studied during the
experimental phase. This is achieusdgenerating hysteretic loatkformation predictions for
auxetic and norauxetic tubes using finite element analysis and the development of simplified
macro-mechanicamodels to pedictthe ultimate strength of the tubes.

1.3. Thesis Organization
This thesis consists of sptimary chapterssummarized ifrigurel1.3:

1 Chapterl introduces the objective of the research and presents a literature review on

auxetic sructures Some potential applications of metal auxetics are also presented

1 Chapter2 summarizes the details of the experimental program, including design of the
auxetc topologies,specimen fabricatignmaterial properties, instrumentation, and test

procedure;

1 Chapter3 presents the experimental results for the eight ductile metal auxetic and non

auxetic tubes tested in the experimental program;
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1 Chapter 4discusses andvaluates the experimental results to examine the influence of

auxeticityon performane andmaterialnonlinearity on auxetic response;

1 Chapter 5 presents two analytical studies aimed at predicted theldtmdation

response of the tube specimens undeaxial loads.Test results are compared against

predictions generated usiffigite element analyses and simplified analysshniques,

alongside a discussion on variation between the results

1 Chapter6 concludes the thesis with a summary of the reseanchd

well as providing some recommendations for future researebtidins.

Experimental and Numerical Study of Ductile Metal Auxetic

Tubular Structures

Chapterl. Introduction

Chapter 1
Introduction

Chapter 2
Experimental Program

Chapter 3
Results of the Experimental Program

Chapter 4
Discussion of Experimental Results

~

Chapter 5

Analytical Modeling of
Ductile Metal Auxetics

Chapter 6

Summary and Conclusions

Figure 1.3: Thesis outline.
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1.4. Literature Review

A comprehensive review of auxetics is presented below, based on cellular models and
geometries. Naturally occurring auxetics are discussed folldwe@ detailed summary of
literature involving auxetic materials and structures. Metallic auxetic strucineediscussed.
Properties of auxetics are illustrated in detail before shedding light on their potential and current
applications as presented itetature. Lastly, the advantages, disadvantages and challenges
identified are presented to describe theesththe-art in the manufacture and implementation of

ductile metal auxetics.

Materials that behave counterintuitively under applied force haga keown to exist
naturally since 1944 when A. E. H Love described the atypical behavior of naturally egcurri
Iron Pyrites to expand axially under tension and contract in compression (Love 1944). Li reported
that anisotropic single crystal Cadmium diggld this Negative Poisson Ratio (NPR) in some
directions (Li 1976). These naturally occurring materials h&lihnate property owing to their

molecular structure.

Lakes was the first researcher to study the effect of geometry on the Poisson ratio of a
material (Lakes 1987). Lakes described a manufacturing process to creaenteamné foam
structure that exbited negative) values. The procedure involved the use of conventional-open
cell polymer foam cuboids, compressed sequentially in each of the three orthogonal directions
while being heated to maintain a permanent inward protrusieenrant geometry)faell ribs.
Figure1.4 shows an idealized +entrant unit cell produced during the conversion. The resulting
re-entrant foams were more resilient intaree orthogonal directions than the conventional foams.
The stresstrain ehavior was linear up #0% strain without abrupt collapse. Reticulated metal
foams were prepared by inducing permanent plastic deformations in all orthogonal directions also

displayed the rentrant geometry.

In his pioneering work, Lakes also predictéttoretically, that this NIR behavior in re
entrant foams would be scdlependent and would result in a material with high indentation

resistance, high toughness and synclastic curvature (Lakes 1987).
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Figure 1.4: Idealized reentant unit cell for the collapsed open cell foam (Lakes 1987).

The term Oauxeticd materials was first pr c
which a commercially available form of polytetrafluoroethlene (PTFE) with ISR value was
studied (Evan4991). The microstructure of the PTFE consisted of a network of fibrils connected
to nodules. These fibrils would become taught when a tensile force was applied, pushing the
nodules apart and showing auxetic behavior. Thoughlhianisotropic, NPR valuess high as

12 were recorded.

Over the years, auxetic materials have been proposed and created that make use of unique
deformation mechanisms and geometric configurations. These materials can be categorized based
on their georatries, parent constitutivenaterials and dominant deformation mechanisms that

generate the auxetic effect.

1.4.1 Naturally Occurring Auxetics

Auxetic materials have been known to exist naturally since as early as 1882 when iron
pyrite monocrystal was reportédo h av e n e g atioibyMeigt @&82) FhEsdoehaveor r
was reported while conducting experiments on the twisting and bending behavior of mineral rods.

Love(1944)c or roborated Voigtés findings by pdoving

esti mated @avaRwe®afssonds rat.

Baughman et al(1998) presented that NPR behavior is surprisingly common in cubic
metals, with69% of cubic elemental metals exhibiting a NPR when pulled along the direction

shown inFigurel.5 (a).
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Williams and Lewiq1982)investigated the source of anisotropic properties of cancellous
bone in the proximal epiphysis of the human tibkagqgre 1.5 (b) shows tested sample).
Compression testg showed the presence of NPR.

Figurel5:a) Structur al ori gi n o-sphemeebgdgenteredsubid®
solid (Baughman et a1998); b) Transverse surface of samples cut from proximpheggis of
the human tibia (WilliamandLewis 1982)

Veronda and Westma(iL970) carried out the mechanical characterization of cat skin
(shown inFigure 1.6) and found outhat the cat skin was auxetic at limited defations. Cow
teat skin was also shown to exhibit NPRU&es et al(1991)

Figure 1.6: Cat skin sample and cutter (Veroratad Westmari970)
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1.4.2 Mechanical Models for Auxetic Materials

Re-entrant Open-Cell

Almgren initially presented a threlfmensional isotropic structure (shownFigure1.7)
with rigid rods and elastic hinges connected in-arreant fashion (Almgren 1985). Appropriate
changes to the basieRreent r ant geometry were madelandan achi e

infinite shear modulus.

Figure 1.7: 3D auxeticstructure withb p (Almgren 1985).

Masters and Evans analytically modelled the auxstitaviorof a conventional 2D re
entrant honeycomb structure which is an array edntant structures proposed by Gibsoml
Ashby (1999) with deformations resulting from axial dehation, flexure and hinging of the cell
ribs (Masters and Evans 1996). The auxbgbaviorof the honeycomb was dependent on the
angled, where a negati ve val umbwhie anualxéetis homepconsb c onv
possessed a d¢rxanalysiswas codducte® ta stiayrthe effects of taegshin rib
angled, horizontal strut length and vertical strut length as shown ifrigurel1.8 (a). A maximum
theoretical NPR ofl was deemed possible for the highlgisstropic geometry. It is worth

mentioning that Evans et.991) also presented a similar structure.

Choi and Lakessed their proposed urgell geometry (seEigurel.8 (b)) to model auxetic
behavior in foams with rentrantunit cells (Choi and Lakes 1995). Expressions for Poisse r at i o
at small strain (elastic), large strain (post plastic hinging) and during ghessitc deformation
were presented. Experimental results (Choi and Lakes 1992) using copper foam agreed with

analyticalmodelingemploying the proposed urgtll geometry.
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Figure 1.8: a) Cell geometry for rentrant cell (MasterandEvans 1996); b)
Idealized reentrant unit cell (ChaandLakes 1995)

Rotating Polygons

Grima and Evan§2000)provided an early account of auxetic action as a consequence of
the rotation of rigid squares hinged at their verti€égure1.9 (a) shows the geometry employed
to denonstrate the NPR bavior with a constant Poisson ratio valueyof  p for theidealized

structure.

Adding to their earlier contributions, Grima et g007) examined auxetic behavior of
semirigid rotating square An analytical model for stresdrain behavior, elastimoduli and
Poissonbs rati o was pr op orgidchture of the sgeaspsoduces c | u d e
0 p, dependent on the ratio relative stiffness between the units and hinges, ngtal a

between squares and the direction of the appliedrigad

Similarly, another case of auxetic deformation was examined by Grima @08a4),
achieved through rotating rectangles. Equations describing the properties of the system were
derived baed on side lengthsandb as well as the angkbetweerthe rigid units, as shown in
Figure 1.9 (b). It was suggested that a given structure could yield both poaitdanegative)

values and therefore the Poisson ratio was sttependent.
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Figure19:a) Geometry of auxeti c fandBvans 20003
b) System of rotatingectangles with highlighted unit cell (Grima et2004)

Grima et al(2010) presentednother variantKigure1.10) with a combination of squares
and rectangles of different sizewes shown that scaledependent auxeticity can be exhibited in
certain directions of | oading, whi felativeRwogles s on 0

between the constituent polygons.
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Figure 1.10: System of connected differesized rectangles (Grima et aD10).

In addition to squares and rectangles, a research was extendBdigi®parallelograms
and rhombi by Grima et 42008). The geoetries were divided intédistinct categories. Analysis
showed that these geometries could exhibit b c
value dependent upon the shape of the rhomlzlielograms as well as the angles between each
connectectlement. It was predicted that the Poisson ratio value for a rotating parallelogram reach

0 o Tgiven the provided assumptions.
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Rotating Triangles

Grima and Evang2000) initially proposed that structure with a network of hinging
equilateral triangle could exhibit auxetic behavior. The hypothesis was validated via an analytical
study conducted to derive the compliance matrix for this hinging triangle striGrtirea and
Evans 2006)By idealizing the triangles as rigid bodies, the study showedtki®astructure would
exhibit a const am irespectivenfthe side of triarglesi used; deonbnstrating
the scaldndependent nature of the configuration. The authors also expressed that catering for
deformations in the triangles would iotately reduce the auxetic effect and allow shear

deformatons in the system.

r—. S —— o —— oy —— N o Ly —

Figure 1.11: a) Undeformed geometry for rotating triangle model; b) Deforr
geometry for rotating trianglemodel. (GrimaandGatt 2010)

FE simulations of sheets made with rogstalline solids containing triangular and star
shaped perforationg-igure 1.11) were conducted bgrima and Gat{2010) The study showed
that such sheets were capable of auxetic behavior. The trianglegdeaizedas rotaing rigid
bodies. A parametric studywassebguent | y conducted to show that

could be tailored through altering the shape and density of the perforations in the sheets.

Another analytical study was conducted using rotatiggl scalene triangléGrima et al.
2011) APoi s s 0 n 0 sp wasexpressedobly particular configurations. This generic model
(Figure 1.12) also showed a dependency on the shapes and angles of the triangles, thus, was

proposed as a way to describe auxeticity in many classeaterials.
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Figure 1.12: Auxetic generic rotating triangle model. (Grima et28l11).

To model deformations in auxetics foams more accurately, a model withrigami
triangles was proposed IBhetcutiet al.(2014)which allows for the relative rotation tfe joints
(hinges), different amount of material in the joints and deformations in the joints themselves. These
added deformations were shown to reduce the amount of auxeticity, resulting in nereéaiide

predictions for the properties of auxetic foaens g . Poissonds ratio.

Missing Rib models

Smith et al. first proposed a missing rib motiteldetermine elastic properties of elastic foams
(Smith et al2000). It was named thus, as the idealized msitcucture for the model was derived

from a conventional structure with certain ribs removédyre 1.13). While the conventional

shape had anipl ane positive Poi s s configusatiom wdas iaetic.c. t he
Expressions for the elastic moduli were derived for the geometry. Elastic angular deformation
between ribs was the mode of deformatiorhaitt a change in rib length allowed. True stress vs
true strairbehaviorwas predicted and results comparechwveixperimental tests. It was concluded

that the 2D hexagonal model proposed by Masters and Ev886) was invalid for describing

the straindependent behavior of auxetic foams; i.e. the missing rib model was a good

representative of the actual cell gedime
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Figure 1.13: Missing rib model with highlighted unit cell (Smith et 2000).

This work was continued by Gaspar et(2D05) who tested auxetic geometries shown in
Figure1.14. Experi ment al data was acquired and Poi
geometries was plotted. The work confirmed the presence of auxetic behavior in missing rib

structures.
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Figure 1.14: Conventional and missing rib geometries with corresponding unit cells (Gaspar et
al. 2005).

After observing both conventional and auxetic foams under a microscope, Lirf261.8))

concluded that the rentrant structureommonly adopted fomodeling auxetic structures was
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incorrect. From the microscopic image, a new and hightiered model, based on a hexagonal
structure with missing ribs was proposed. The proposed model was designed to conserve isotropic

behavior and m@icate the initialy-observed internal geometry of reticulated foams.

Chiral and anti-chiral lattices:

The chirallattice model represents another example of a geometry that induces auxetic
behaviorin a structureFigure 1.15 showsa chiral unit cell comprises ofa@rcular central rigid
ring to which six tangential ligaments aached in a pattern that maintains rotational symmetry
(Spadoni and Ruzzene 2012). It is evident that gpolane compressive force causes amtk
clockwise rotation of the central ringsausing the entire network to shrink inward; an auxetic

response.

Figure 1.15: Hexagonal chiral lattice geometry with highlighted unit cell (SpadadRuzzene
2012).

Lakes i ntroduced this model as an anisotropi
t hat displays negative Poissonds ratio (Lakes

their central and flexible ligaments.

Prall and Lakes carried out axpeimentaland theoretical investigation of a 2D chiral
honeycomb thathasanml ane Poils s @ (P@lkandLakesil@97). In contrastto other
materials of an auxetic nature, the NPR property could be sustained over a higher range of strain

for chiral structures. An expression for thepnl ane Youngb6s modul us was
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Spadoni and Ruzzené012) used two separate models to establdrstitutive

relationships in chiral models with rigid and deformable nodes. An analytical approach was

b uwak denmedtbysibsoraand Astby s i mi |

adopted for the rigid model while complexity in obtaining analytical expressions necessitated the

use of and FE models to develop a correlation betwseains states and the applied

di spl acements/rotations.

were presented as a result.

Using a similar approach, the auxetic properties of chiral anetlaindl lattices like those
shown inFigure 1.16 were studied (Alderson et.&010). Additionally, investigations for other

Expressions

for

chiral and antchiral models were performed (Grima et2008 Alderson et al201Q Gatt et al

2013).
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Figure 1.16: Rapid prototype honeycomb specimens (Alderson. 0410)
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d) tetrachiral

e) antitetrachiral

An auxetic antitetrachiralmodel was examined both analytically and using fthi¢e
element method by Chen et €2013). Results present that large variations in thg@ane NPR

values can be expected by changing the length of ligaments in the orthogonal directions.
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By using finite element simulation, Pozniak and Wojciechow2RiL4) determined the
P oi s s o nfdalisorderedtamtcbiralstructures assembled on rectangular lattices. A stochastic
distribution of circular node radii was the source of disorder. The studied models were
parameterized by circular radii, rib thicknessid lattice anisotrophy. Three appches were
employed for analysis: one representing the exact behavior of the system using triangular elements
and the other two approximating behavior using Timohshenko beam elements. It was concluded
that the structwes could have NPR values lower than  p with lower values corresponding to
thin-walled elements. Additionally, it was noted that the use of Timoshenko beam elements is only

valid for thinrwalled elements.

Nodule-Fibril Microstructure

Alderson and Evanproposed a noduibril microstructual model, focusing on fibril hinging,

fibril flexure and fibril stretching induced deformations individually (Alderson and Evans 1995).
Referring taFigurel.17, the idealizedhodule was rectangular in shape wehgthad i n t he maj
axis andm liendgtlk i nor axis. The fildrialndganme te
withthexaxi s o60U6. A tensile strgssangksubbtUs$ it husj
auxetic behavior in the structure. Expression

obtained for all three deformation mechargsm
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Figure 1.17: Schematic diagram for the Nodule Fibril model (AlderaadEvans 1995).
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Experiments were carried out on microporous auxetic materials (Caddock and Evans 1988
Alderson and Evans 1998leale ¢ al. 1993) composed of polytetrafluoroethylene (PTFE) and
ultra-high molecular weight polyethylene (UHMWPE). Presented analytical expressions showed
agreement with experimental results. Fibril stretching was found to be the dominant mechanism
as armg lag padaue dleltdvas also found that calculatedva es f or Youngos

and Poissonbdés ratio using fibril flexure and

1.4.3 Auxetic Materials and Properties

Auxetic Foams

Conventionally, foams are known to exhibit positive Poisson ratio unless they are
processed ia particular manner to impart auxetic properties to them. L{@ARST)proposed such
a conversion for convectional foams to auxetic foams via a process of heated triaxial compaction
followed by cooling that resulted in a permanent inwaree(reant) protwsion of the cell ribsAn
optimum compression factor bf4-4 was foundfor polyester foamto obtain an NPR. Reticulated
ductile metal foams were also converted to auxetic foams via a process of plastic deformation in
all three principal directions abom temperature. These auxetic foams were found to be more
resilient than conventional foams. High material fracture toughness, synclastic curvature and
indentation resistance for NPR materials was also predicted. Thersdbgbendence of auxetic

behaviornn foams was also mentioned in this work.

An identical manufacturing process was employed in the work of Friis €12488) to
evaluate the mechanical and structural behavior-ehteant foams composed of polymers and
copper. Low volume fraction of merals was preferred such that bucklinguced deformations
of the ribs may occur to produce the NPR effect. Mechatestihg showed that fentrant foams
had reduced elastic moduli than conventional foams but had a higher resilience. Plastic hinge
formation as well as plastic buckling of ribs in theergtrant copper foams were identified as the
deformation mechanismbigure 1.18 show SEM images of conventional andergrant copper

foam.
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a) Conventional b) Reentrant

Figure 1.18 Scanned electron micrographs of copper foam (Friis é088)

Choi and Lake§1992) determined the ndimear stressstrain relationship for conventional
and reentrant polymeric foams i.&cot and Gray foam. This l&ionship was found to be reliant
on the initial volumetric compression ratio for theargrant foams with aaptimumcompression

ratio betweer8.3-3.7. The variation in Poissonds ratio wi

Results indiated NPR at small strains, high material toughness as well as resilience in the
re-entrant arrangement. Folding and unfolding of-cbé was identified as thdeformation

mechkanism for the auxetic foams.

Choi and Lake$1992)also conducted a similatugly focusing on re&ntrant copper foams
made through a series of uniaxial plastic deformations. Testing showed thelspantdence of
t he Poissonbs ratio for the materi al wgeer e th
than the polymeric foam#\ 0 value as small a€).8 was achieved for a neaero strain value.
Strain hardening behavior was absent in thenteant configuration. Despite the ductile nature of
the constituent metal, a brittle failure was observedoe Teentrant foam showed in@sed
toughness. Higher elastic moduli than conventional foam was recorded with an increase
compressive strength but a reduced tension strength owing to the formation of plastic hinges from

the initial compressive deformatians
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Choi and Lakeg1995) also @nducted an analytical study on the stiffness of eqedh
solids; conventional and +#entrant NPR foams. They idealized the unit cell as a regular
tetrakaidekahedro(iL4-sided polygon) for conventional foams (d&gure 1.8 (b)) where kinks
added inwards in the ribs gave rise to the NPR in temteint model. Analytical predictions were
in agreement with experimental results mentionetheir previous research. Ratrant foams
were predicted to have a linear elast@haviorover a larger range than conventional foams. A
change to a concave geometry from a convex one was credited for the differences in mechanical

behaviorbetween convdional and reentrant foams.

Chan and Evang1998) studied indentation properties of conventl and reentrant
polyurethane foams. Ball and cylinder indentation tests were carried out on 10ppi and 30ppi
polyether urethane foams with both conventional amentrant structure. Results showed an
increase in indentation resistance with the decrieake Poisson ratio value (more negative value)
for re-entrant foams, demonstrating the importance of and NPR value in increasing resilience. A
more extensiveraa of indentation for the 1entrant geometry was observed, implying a lower

value of sheartmin in auxetic foams.

Auxetic Composite Sandwich Panels

Yang et al(2013)studied various sandwich panel structures fabricated in a titanium alloy
through theelectron beam melting (EBM) process. Specimens, show Figare 1.19 were
subjected to bending tests to characterize their mechanical characteristics. Different failure
mechanisms for the sandwich panels were observed. Auxetic sandwich structures displayed a more
uniform distribution of deflections and stresses. Aux@@oels demonstrated higher overall
structural ductility and high resilience to bending. In terms of energy absorption, for a similar peak
response force, the auxetic design absorbed approxima@d9o more energy than its
counterparts. Similarly, for thease energy absorption level, the auxetic structures had a

considerably smaller reaction force than the other designs.
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a) Specimen under bending b) FEA model of specimen

Figure 1.19: Titaniumauxetic coe sandwich panel (Yang et 2D13)

Yang et al(2013)carried out a numerical and experimental study concerning the ballistic
resistance of sandwich panels with aluminum foam and auxetic honeycomb cores. Sandwich
panels with aluminum face stis and cdllar cores of varying thicknesses and densities,
respectively, were modeled using-D¥NA (LSTC 2018)and impacted with a hemispherical
nosed cylindrical projectildzigure1.20 (a) shows an FE model used for simulations. Foared
FE models were validated using results from literature while egtasc testsKigure 1.20 (b))
were conducted to validate the auxetic core panel models. Validated models were tested against
projectile at multiple impact veldes. Auxetic honeycomb cored showed higher energy
absoption. Furthermore, the auxetic configuration did not show any energy enhancement with
increasing projectile velocities, rather energy absorbed decreased as the velocities were increased.
Additionally, the auxetic panels showed a larger effected areaerlaumnel diameters and
substantially lower residual velocities which led to a larger delamination area of the back face.
Higher core densities were shown to have a greater impact on the baitigiscdf the auxetic

panels.

Imblazano et ali2016)presated a numerical study about auxetic composite panels under
blast loading. The performance of sandwich panels with auxetic cellular cores and metal facets
(Figurel.20(a)) was studied numerically under impulsive loading anddefgendent effects were
accounted for. To evaluate the performance of different design, parameters were varied in the FE
models and results compared to an equivalent monolithic panel. Effeetsludige in core
material were also studied. Under blast loading, the auxetic core resulted in enhanced performance
with reduced back facet displacement, velocity and plastic dissipated energy when compared to
the monolithic panels. The change in core maltelid not have any significant effects on the panel

performance against blast loading.
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a) FE model of sandwich panel and projecti b) Quasistatic test

Figure 1.20: Ballistic resistancéesting of auxetittoneycomb core sandwich panels
(Yang et al2013).

Imbalzano et al(2018) compared the performance of honeycomb and auxetic cores in
sandwich panels in another numerical study. The dynamic behaviors of these panels were
investigated and the effectsddp amet ri ¢ changes to effective P
and peakstresses were recorded to quantify performance. Numerical analysis showed that the
auxetic material exhibits a material densification effect under impulse loading; thdaback
reaction forces showed gradual increase with core crushing. For a similtiomefacce, the
auxetic panels developed a lower béake stress due to densification; the larger the value of
effective Poi ss on 0 dacerstaess. The stutivdieated tloatviecreasinghttee b a ¢ k
layers of cells for the auxetic panel dirgcthcreased the overall energy dissipation while

decreasing the badhce stresses.

Qi et al. (2017) studied the shock mitigation properties of auxetic honeyeconéd
sandwich pnels against close and contact detonations. Field blast tests, dreight tests and
numerical FEmodelingwas carried out to quantify the blassistance of the panels compared to
conventional steel protective plates. Tested specimens and assardkd®wn irFigure 1.21.

Drop weight impact tests showed more impact force and higher energy absorption for the auxetic
design. A material concentration effect was observed in both simulations and experiments which
led to a higheload levéand uniform load distribution. Blast tests and simulations using the close

in detonation of a cylindrical charge showed a significantly high energy absorption in the cover
plate and core for the auxetic panel than the reference steel plate resultel in no damage to

the shielded concrete panel. Even though both conventional and auxetic cores enhanced the energy

absorption capabilities of the protective panel, the auxetic design abd®ldi€dmore energy
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than its conventional counterpafithe auxeticconfiguration also showed higher areal specific

energy absorption (ASEA) which was defined as follows:

i gy OO
0 YOod— 2

whered was the areal mass of the protective structuréGadas the blast energy absorption.

) s R 7.67 m/s
a) Geometry and dimensions b) FE model of drop weight impact test

S Falling anvil
Load cell
——————1Impactor

Cover plate
o - P

Sandwich specimen

oncrete slab

c) Field blast test $aip d) Drop weight impact test sap

Figure 1.21: Auxetic core sandwich panel specimens and assemblies (QR6t3).
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Periodic Auxetic Structures

Compliant mechanisms

Compliant mechanisms take adtege of localized elastic deformations to transfer either
loads or deformations from one point in a structure to another. 3D compliant porous structures
were designed arahalyzedanalytically and numerically using finite ebents(Kim and Ju 2015)

Theppposed compliant cellul ar material @oihhowed e

Figure 1.22: 3D auxetic compliant porous structure (KamdJu 2015)

Other studies focused on the design of #iuxeompliant materials via topology
optimization with different approaches. Auxetic compliant mechanisms were designed using
evolutionaryhybrid algorithns (Kaminakis and Stavroulakis 2012hicropolar material models

(Bruggi et al. 2016and polygonal fiite element¢De Lima and Paulino 2019)

Low Porosity periodic structures

Grima and Gat{2010)showed numerically that sheets made with convention#lbigic
rubber materials containing diamond or star shaped perforations (shokiguire 1.23 (a))
di spl ayed negative Poissonds modd wae crdated bhsedt h t e
on rotating rigid units to describe the deformation mechanism. However, the model only holds true

for small strains. The effect was statede scalendependent.

An experimental and numerical analysis of the perforation geasetri2D metal sheets
was conducted byayloretal(2013) A decreasing value for Poi ss
an increase in the aspect ratio of an altémggpattern of perforations (samples showirigure

1.23 (b)). Experiments were carried out using thin aluminum plates. An agreement between
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experimental and numerical results was seen. The authors concluded that the effextsreoPRoi0 s
ratio can be tuned adjusting the aspect ratio of the alternating pattern of elliptical voids.

»

a) b)

Figure 1.23: a) Examples of perforated sheets with NPR behavior (Gaimd&att 2010);
b) Aluminium samples witlarrays of circular and elliptical perforations (Taylor e2éi13)

The effects of an introduction of slit perforations into a sheet material were studied by
Mizzi et al.(2015) Multiple slit geometries were designed amhlyzel using FE models using
an elastomeric material. Results show that all simulated systems exhibited auxetic behavior with

some systems exhibiting large NPR values lower t4an

A similar 2D porous matetiavas proposed b@arta et al(2016)with a hexagoal periodic
distribution of slits as shown ifrigure 1.24. Both experimental and numerical tests were
performed to gantify auxetic performance. Additionally, a parametric study on the effect of
geometrical changes to the perfovas was presented. The structure possessed isotropic auxetic

behavior which was determined to be saaiependent.
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Figure 1.24: Specimens of porous auxetic material (Carta.€Cdl6)

2-D Cellular Sdids

Bertoldi et al (2008) conducted an experimental and numerical investigation regarding the
deformation characteristics and mechanics of periodic 2D elastomeric sheets. Square and diagonal
lattices with circular voids rectangular lattices with ellipsb voids were studied-igure 1.25
shows the initial and final def ormed geometr
observed as the applied compressive strains exceeded elastg flor the material. The
mechanism fothe switch was attributed to local elastic instability which caused a robust and
repeatable deformation. Pgsttern formation deformations a further pronounced with increasing
strain; a constant stress value wdmsarved past the onset of pattern switgh Conducted
eigenvalueanalysis also suggested that alternative transformation patterns can be achieved given
the suppression of initial deformation modes. Although the effect was replicated experimentally
on themillimeter scale, numerical analysis wduwnot inhibit the reproduction of the studied

behavior in the micro or nano scale.
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Figure 1.25: Experimental imagesom in-plane compression tests (Bertolda&t2008)

In continuation of their previous work, Bertoldi et @010)observed an auxetic effect in
an elastomebased, twaldimensional periodic structure. Elastic instability in the structure was
credited br the pattern transformation observed; aonéd during testing owing to the likeness of
the produced deformation pattern with the first eigenmode for the geometry. An initial
imperfection was introduced to achieve the first mode pattern deformatior letito uniaxial
NPR behavior of the mateligm compression. Samples were observed to undergo a slow, uniform
compression until a critical measure of applied strain, beyond which the distinguishable
transformation occurred, causing a progressive deciease t he Poi ssonds rati o.
ratio in the bulk material was investigated; it showed that a void<di84 induced an unwanted
macroscopic instability while values0.34 gave rise to pattern analogous to those observed in

experiments. ANPR valuep @0 11 was predicted for a material with a void ratic0ofQ

Liu et al. (2016) used FE methods to simulateptane dynamic crushing in #entrant
honeycomb structure to test its impact response. Energy absorption eétiiearg and heagonal
hongszcombs was compared usialgminum as the base material. Simulated impact testing (see
Figure 1.26 for models) showed that the-eatrant honeycomb absorbsora energy through
plastic deformation than the hexagonal honeycomb uadeidentical strain range. This was
attributed to the early densification property of theenérant geometry. However, theentrant
configuration led to higher peak stresses toe same amount of energy absorption as the
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hexagonal variety. Moreover ghleentrant honeycomb stopped the impact plate in a smaller strain

and time than the hexagonal honeycomb, for an impact of the same speed.

a) Re-entrant b) Hexagon
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Figure 1.26: FE models for impact response testing (Liu e2@l16).

Zhang and Yand2016) tested the mechanical properties of auxetic cellular material
(Figure1.27) with a reentrant honeycomb structure in a numerical and experimental study. Steel
was used as the base material. A paramgtticu dy was conducted on the
and relatve density on the strength and dynamic performance of the material. Results showed that
given a constant Poissonb6s ratio and relative
material is scaléndependent. As a result of dynamic analysishefduxetic honeycombs, it was
observed that whein p&®, an increase in cell thickness increased the vibration level difference
in the auxetic honeycombs. Conversely for p®, a thinner thickness resulted in better

dynamic performance.
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a) FE malel b) Test specimen

Figure 1.27: Auxetic cellular material (ZhangndYang 2016)

Wang et al.(2017) constructed a FE numerical model foicro-structuredplates with
conventional and rentrant cells to analyze their effective elastic properties undplane
def ormation. The effective Po-LadloResulisshowedi os f

that the reentrant angle must exce2€ to get anegativev value.

Ingrole et al(2017)conducted a comparative study forglane compressive behavior of
various regular and auxetic honeycomb structures (showkigure 1.28). Experiments were
conducted on 3D printed elastomeric speas. The failure modes and deformations for each
sample was observed. The proposed new auggtit structure showed better performance in
uniaxial compression. For instance3@%higher strength than hexagonal honeycomb Gt
greater than conventiahreentrant honeycomb was observed for the auxetic strut model. The new

mo d e | al so showed a | ower value of Poi ssonds r
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Figure 1.28: Cell design structes (Ingrole et aR017):
a) hexagonal honeycomb; b}eatrant auxetic; c) auxet&trut; d) auxetic honeycombl,;
e) auxetic honeycofh

3-D Cellular Solids

Schwerdtfeger eal. (2010)designed and built a 3D auxetic cellular structure using the
Selective Electron Beam Melting (SEBM) procedure out of a Titanium allbgure 1.29 (a)).
Compression testing was conducted to demonstrate the auxetic nature of the material.
Subsequently, another study was conductedartalyze the defomation mechanisms and
characterize the mechanical properties of this unique mafSabiverdtfeger etl. 2011) As a
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result of numerical and experimental anal ysi s
the material was highly dependent oe tlelative density of the structure which suggested that
changing both the internal angles and thatiet density is necessary to tailor material response

e.g. stiffness of the structure.

a) (Schwerdtfeger et.@010) b) (Yang ét al2012).

Figure 1.29: 3D Titanium auxetic cellular solids

A similar auxetic materialHigure 1.29 (b)) was designed and constructed out of Titanium alloy

by Yang et al.(2012)using the electrobbeam melting process. Different design configurations
were manufactured and tested to reveal two failure modes. The failure modes showed a
dependence on the ratio between the vertical arahtrant strut length. Superior mechanical
properties compared teegular foam structures were reported for themtant lattice structure.

Yang et al.(2015) also characterized the mechanical properties for the same structure. An
analytical model was presented and the results were compared todels and experimerita
results which showed that the proposed model was reliable if manufacturing related factors were

incorporated.

Ren et al.(2015) conducted an experimental and parametric investigation on metallic auxetic
metamaterials with variable meanical propertiesA 3D bucklinginduced auxetic material was
designed which was subjected to a buckling analysis to determine deformation modes. After
identifying the desirable buckling mode, the shape ofrdpgesentative volume elements
guantifiedin terms of a PattarScale Factor (PSF). The P®&&sused as a parameter to alter the
initial pre-buckling geometryKigure 1.30 (a)). Inducing an initial imperfectioor altering the

initial geometry according to the desired modade the responsemtinuous under applied axial

deformation The tested models were manufactured with brass as a base material due to its high

Chapterl. Introduction 32



ductility. Samples with PSF values @% and20% ( Figure1.31 (a)) were tested under uniaxial

compressiomno observe the effect of a change in initial geometry

0% 25% 50% 100%

PSF = 20%
Mode 1 Mode 2

c) Bulk material with d) Bulk material with

b) Buckling modes of unit cell:
PSF =0% PSF =20%

Figure 1.30: Desgn of 3Dmetallic bucklinginduced auxetic material (Ren et 2015)

Subsequently, FE modelseve created and validated against experimental results. The
Poissonbds ratio for the ori gi nal-auxeticrbehbvioe r e d
However, inducing 0% PSF caused an immediate NPR effect with a continuous decrease up to
and bewynd a nominal strain d.34 When comparing base materials, for the original buckling
induced material, there was no auxetic behavior in both FE and expelimeslts for brass,
while the elastomer was auxetiEigure 1.31 (b) and €)). This was attributed to the plastic
deformation in brass. Meanwhile, there was an immediate auxetic behavior of equal magnitude
observed in both rubbemnd brass materials with290% PSF value; demonstrating that auxetic
performance was not dependenttbe base material, rather the geometric configuration had a
significant effect. A parametric analysis using validated FE models showed that an incRR&Be i
leads to a higher absolute value for NPR while constricting the effective strain range. Adiglition
a strain hardening ratio beyod2 was shown to have negligible effect on auxetic performance.

The study established an upper limit for the voldraetion 0f34.5% Even though a reduction in
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volume fraction displayed heightened auxdiighavior an established range &5.934.5%

mitigated detrimental effects to strength and stiffrtessto excessive loss of material

wlosiaslasle>
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PSF=0%

e
| ) O

PSF=20% [}

b) Deformed geometry for PSF0% c) Deformed geometry for PSF28%
elastomer and brass elastomer and brass

Figure 1.31: 3D metallic bucklinginduced auxetic material (Ren et 2015)
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Tubular Structures

Scarpa et a[2008)conducted analytical and numerical research on the mechanical
properties of an auxetic tubular structure constructed wibntentcentersymmetric cells.
Expressions for Youngds modul us amt eldmenter i an
models ofthe tubes were also created and parametric analysis was conducted to determine the
effects of cell geometry and number of circumferential cells. Analytical models based on simple
bending stiffness yielded satisfactory results whikeRE analysis showe@pendence on hinging

and axial deformation in cell ribBigure1.32 shows the model for an auxetic tube.

Figure 1.32 Auxetic tube configuration for FE moldgcarpa et a008)

Ren et al(2016)studied the auxetic performance of a tubular auxetic material with elastic
instability inspired by Bertoldi et 212008) andertoldi et al (2010). Adopting a similar procedure
to their previous work (Ren et. &015), a geometry with a void fraction@b69was used and the
first buckling mode Figure 1.33 (c)) was selected for testing because of its regular deformed
geometry. Physical and FE models with PSF valu@8@dénd20% (Figure1.34 (a) and p)) were
tested in uniaxial compression. While the tubular structure with P@% was norauxetic, the
PSF =20% material demonstrated NPR behavior with a consisientri@) over a large strain
range. Research showadeduced effective strain range for an @ase in PSF. Base material had

an effect only for the unaltered tubular geometry, as per validated FE models.
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¢) Buckling mode®f tube structure

% %’
i l

d) Visual representatioaf PSF

PSF

Figure 1.33: Design of 3Dmetallic bucklinginduced auxtc tube (Ren et aR016)
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b) Brass specimen with PSF28% under uniaxial compression

Figure 1.34: Experimental testing of 3netallic bucklinginduced auxetic tulsfRen et al
2016)

The resistance to kinking in auxetic tubes waslied byKarnessis and Burries¢2013.
Collapse of tubes with rentrant geometry of cells was investigated under pure bending to gauge
potentialfor use as angioplasty stents or annuloplasty rings. Numerical and analytical models were
built to determme deformation behavior. Models confirmed that auxetienteant honeycomb

structure demonstrated a better resistance to local instability falnces pure bending. A

numerical model with a typical deformed shape under bending has been pres€igaceih35.
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Figure 1.35: Rippled deformed shape for auxetic tubular structure under pure bendir
(KarnessisandBurriesci, 2013)

In another analytical study conducted®att etal. (2014) The mechanical properties of a tubular

auxetic material were derived based on the rotating rigid square methodology. Expressions
predicting the Poissonbs ratio as well as Your
square model asell as a3D tubular configuration. Comparison of properties with an infinitely
sized system suggested an overprediction of Y
of finite-sized tubular auxetics assophageattents was also proposed. Théular auxéc

analyzed has been presenteéigure1.36

Figure 1.36: Tubular structure constructed with rigid rotating squéGsst et al2014)

Broeren et al(2019)presentd a spatial pseudo rigidody model tanalyzethe behavior
of an elastomeric tubular auxetic structure under axial compression. The model quantified
deformations based on the rotations of rigid squares connected using torsional springs. Two types

of modek were presented and the results computed wemgared to experimental data for
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validation. The models captured the mechanical behavior of the tube and replicated the deformed

shape with a high accuracy as illustrated by the photographigure1.37.

, = 0.000

-0'03 -0'02 ~0!01 0.b0 001 0b2 053 003 002 ~0l01 050 0br 0b2 0.b3 -003 -002 -0'01 0,b0 0b1 0b2 0b3
x [mm] x [mm] x [mm])

Figure 1.37: Comparison of predicted deformations (gre@ngxperimental results tabular
auxetic under axial compression (Broeren e2@19)

The crash worthiness of metaltubular auxetic structures was studied.bg et al(2019)
Metal tubes were designed and manufactured using an additive manufacturing process with
conventional solid geometry as well as a regular anéntent honeycombgeometry.
Experimental crash $&ing and FE analysis was conducted. It was concluded that NPR behavior
influenced the deformation mode of the tubes with a radial densification effect only observed in
the auxetic configuration. Plastic deformations were dgeneous in the auxetic tubesile
buckling was observed in the conventional and regular honeycomb geometries. Densification in
the auxetic units led to a higher specific energy absorption. Under low impact conditions, the
auxetic tubes exhibited highepexific energy absorption commea to conventional solid tubes
despite sustaining lower crash forces. Steady deceleration was observed which led to an
enhancement in damping forces. Auxetics demonstrated better energy absorption and damping
capabilities inlow impact conditions, solidying their potential in crasprotection applications.

A comparison of deformed shapes in FE models have been preselfigarail.38.
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a) Conventional tube b) Auxetic tube c) Honeycomb tube

Figure 1.38 Folding regions in FE models (Lee et2019)

1.5. Conclusions from Literature Review

The following conclusions can be drawn from a review of relevant literature:

1. Auxetics ar e novel Amet amat er i aénbahced rheahtainicdd a v e [
properties compared with conventional materials, owing to their specific geometric
arrangement. As many mechanical properties have been shown to be analytically
proportionaltote P o i s s 0, @& degative &alue is shown to caesdancement in
other mechanical properties such as shear modQiusutof-plane deflection, fracture

toughness, indentation resistance and volumetric strain energy dissipation.

2. Auxetic behavior irelastic materials iscaleindependent as same auxetioiigurations
with different cell size are shown to exhibit identiPab i s s o n Bmveverdehavios
is fully dependent on the geometry of constituent elements e.g. shape, relative size and
oi entation of <cell s wal | stricopfrdneters cafPbe tused o n 6 s
to achieve desired mechanical properties.
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3. Most research in auxetics focuses on@ihted elastomeric components which do not
possess high loaldearing capacitiesuitable for many infrastructure and mechanical

systems applid¢eons There is a limited body oesearch involvingluctile metals

4. Current experimental research based on metallic auxetics revalgesd specimens
manufactured with TitaniumAluminum alloys orBrass; nae of which are structural

metals.

5. Existing studes focughg on metallic auxeticsare limited by thescale of additively
manufactuing techniquesSize ofmanufactured antésted specimer@irrentlysits in the
p TG & p TUdr G range built geometries are tosmall foruse as structural components.
However,research into largecalemanufacturing techniquesan expanapplications of

metalauxetis into thestructuralelementdomain.

6. Ductile metal auxetics havgeen shown to possess enedissipatingpotentialbased on
their novel deformation behaviofhe use of auxetic geometries can potentially lead to
components capable of dissipating and absorlgreater amounts of energy while
weighing less and occupyirige same/olumeof conventonal metal component¥hese
potential applications have not been explored with Jenjted published research
However, research concerning elastic materials is very encouraging with existing

applications in théields of medtine and footwear.

7. The effects of transition from elastic to inelastic behavior in auxetics is relatively
unexplored. Some studidgve suggestd anenhancement ithe auxetic effect due to
inelastic deformatiosmbut no significant experimental researcts lieen conducteto
exploretheon Poi ssondés ratio when a materi al

domain

8. The existing body of knowledge does not survey the potertiattsral loadbearing
applicationsf ductile metal auxetic structures. Wéhexisting resealcconfirms beneficial
mechanical properties of auxetics, potential use as elements of a structural system has not

been explored.
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1.6. Potential Applications for Metal Auxetics

Potential applications of metallic auxetic materiats structual components for load
dissipation under seismic, blast and impact loadiregdiscussed in this chaptdrauxetics are
proven to demonstrate a higiffective strain range and enhanced hgtie performancethese
properties can be leveraged to enhasegesting structural elementwhile auxetic structural
elements can also be developed, which would be capable of dissipating high energyxtecher
imparted loadsAn enhanced energy absangi capabilityis alsoexpected tdead todamping
characteristisin metal auxeticsSubtractive manufactng, if possible, mayead to a significant

weight reductionn structuresvhile maintaining strength

Figurel.39 shows thepotentialuse of a ductile metal auxetube as an outer casing for in
a composite concrete ecwhn. Under axial compression, the inner concrete core would have a
tendency to expand outward due to PPR behavior. However, the outer metal auxetic shell can be
designed to counter the radial expansof the concrete thus, effectively applying external
confinement to the concrete. This confinement may lead to enhanced strength and ductility. The
uniform deformations caused by the NPR behavior of the outer metal tube would also ensure the
concentrimature of a purely axial forces, thereby minimizing se@dér effects and maximizing

Euler buckling loads.
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Figure 1.39: Confined concrete cylinder using metal auxetic jacket

Metal tubes are currentlysed as bracing members in lateral force resisting mechanisms.

A ductile mechanism to dissipate energy using a conventional bracing system formed through the
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plastic deformations produced by buckling in compression and inelastding in tension.
Howe\er, the inelastic deformations in both tension and compression are localized at certain
locations (usually migpan) along the length of the tube instead of being uniformly distributed
along the length. This makes these ductile macsms highly inefficien A lot of material level
ductility is lost in transition to the element level. Deformation modes are also very unstable,
especially in compression, unless external buckling resistance is provided which is extremely
costly. Contraly, using ductile metahuxetic tubes can be an extremely efficient way to dissipate
energy in a lateral force resisting mechanism, as demonstrakégluire 1.40. The geometry of

voids can easily be tuned to achieve symmetri@bien in both compression and tension, while
strength can be maintained by varying material thickness. Due to the stabkerfaildes of these
tubes, plasticity can be distributed along the length of the tube while maintaining concentric axial
forces, wheh would delay secordrder effects and instability failures. Auxetic metal braces have
the potential talemonstrate higenegy dissipation capability while ensuring castectiveness

in the process. Removal of material can also reduce the weightsifubgure.

Anotherpossibleuse of ductile metal auxetics in the form of energy absorbing connections
has been presentediigurel.41. Auxetic metal connections caotentiallybe utilized as energy
absorkers to mitigate the effects of blast loads on structural elements. Coupled with a load
distributing element, specially designed energy absorbing connectors can have high yielding loads
that do not surpass failure loads of tlemmected structural elemerihereby transferring lower
maximum reaction forces to the connected structure. Connection can be designed to have a long,
stretched out yield plateau, that would maximize dissipation of energy before reaching failure
loads. Addtionally, the use of metabims as filler material to increase energy dissipation can be

explored.
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Figure 1.41: Auxetic Energy Absorbing Connectors

Auxetic dampers can also be utilized in automotive bodies to mitigate the effects of

collisions. Crash barriers incorporating auxetic energy absorbers can be designed to withstand high
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impact forces while dissipatinenergy. Both potential applications baween presented kigure
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Figure 1.42: Energy Absorption in Collisions

The radial contraction caused byngoressive force can be to produce frictional damping
forces using a system similar to the cladding connection designéidup017) As shown in
Figure 1.43, a dual cylinder fiation system can be designed and incorporated into the existing
structural system. Frictionalifces are developed by the normal forces applied to the inner cylinder
by the outer cylinder under compression, with their magnitude dependent on the appliedl ext
loads. A load transfer mechanism can be designed, consisting of an externatdidteh
cladding connected to the actual structural system via the frictional dampers as shown. Laterally

acting blast forces are transferred from the external cigdth the outer friction cylinder.
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Auxeticity in the cylinder would cause a radial contracttbereby applying normal forces to the

inner fixed cylinder. This normal force would generate frictional damping forces proportional to
the applied load thus,dacing the effects of blast forces on the structural system.
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Figure 1.43: Integrated Auxetic Frictionddamping System
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Chapter2. Experi ment al Program

2.1. General

This chapter provides an overvieaf the experimendl program developed to studye
performance of ductile metal tubes with auxetipologiescut into the tube wallsThe
experimental program involves the design, construction, and testing of eightcaan@tnon
auxetic tubular specimenBackground inbrmation ondesign of the auxetic topologynaterial

properties, loading protocol, atekt configuration are presentedthiis section

2.2. Auxetic Unit Cell Design

This project begawith the intent tadesign glanarauxetictest specimensing subtractive
manufacturing taeut auxetic geometries plate steel and aluminumaterials Discussions with
locd laser and watejet cuttingservicesndicated that the minimurcell sizethey coutl prepare
was roughly 250 mnt each meaning that a planar specimen waihproximatelyl00 total cells
would be too largdor readily available uniaxial test equipment to accommodatditionally,
while planar coupons are wedlited for tensildoading theyare prone taut-of-planebuckling
in compressiorfTimoshenko and &e 1961)However, f the planar geometryasfoldedinto a
tube structurea similar number of cells could be accommodated sample better suited for
uniaxial testing Furthermore, from a manufacturing perspecti@eaxis tube lasercutting
machines ee better suited to preparirtge small intricateopeningsrequired for thigesearchin
regards to previous reseaydabular auxetic structures have been reported in litezature,
additively manufacturedsing plastiqBroeren et al. 2019ndbrass(Ren et al2016)measuring
roughly 100 mm »0 mmin height and diameteHowever the research described in this thesis
represents a substantial divergefroen existingresearch in thahere is no background on the
performanceof auxetics at large geastric length scales using typical materials encountered in
civil infrastructure and mechanical systeffberefore, it was decided pwoceedwith the design,
manugcture, and testing tdrge scaletubular specimens to study the effect of auxeticity irtituc

metallic structures.
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Theauxeticunit cell designwas based oan initial planamarray of circular voids, similar
to thosestudied byBertoldi et al.(2010) who examinedauxeticity in topologies derived from
elastic bucklingof circular arraysThe nitial planararray; illustrated inFigure2.1 (a), was147
mm long by 98 mmtall with 11.5 mm diameter openingbhaving a porosity69%, selected to
maximize NPR behaviofBertoldi et al 2010) A coordinate transformation waken usedto
convert the reference planar geometry into a circular flibe.resultingtubular configuration
illustrated inFigure 2.1 (b), wasthenscaled upo the (AISC 36-16) standard for a Pipe6STD
circular tube usingvith an ouer diameter’©@ ) of 168.5mmandwall thickness ¢ ) of 7.1 mm.
This specification was chosen such that readily available materials could be used to manufacture

specimens.

« 0 “0 —» §\
R . s = Geometric . {

l b4444| tansformation "g
‘ >4 ' o’

y

Figure 2.1: Geometric transformatiomdm planarto tubular configuration for auxetic unit cell
design.

Ren et al(2016) demonstrated thdte elasticbuckling modeof atubewith aninitially
circular array of voidsvill exhibit auxeticbehavioiif new topologies are created from the budkle
deformed shapewith the degree of auxeticity being controlled by tredative deformed
configuration Using a similar approaclihe auxetic topologieproposedn this researchvere
generated bgubjecing the baselin®ipe6STDXubewith circular voids ¢ progressively increasing
monotonic compregsn using a nonlinear FE modelThe results of theompression loading
simulation were used testablish thedeformed configuration of the cells up the onse of
densification, where complete collapse of vio&s caused theell wallsto touch The degree of

deformation in the cells was quantified usaigeformation RatiqO Y definedby thepercentage

Chapter2. Experimental Program 48



ratio of thechange indiameterof thecircular cellsto the original diameteA OY 0% referred

to the undeformedcircular geometry while ®°Y 100% representecdomplete collapsavith
opposingcell walls touching. It vas predicted that @DR tube with fixed ends would be non
auxetic whileany DR value greater th&would exhibit auxetic behavior due to elastic instability
induced by the shape of the ceeformed shapes have been displayeBigure2.2 with their
respective DR values.

The nonlinear finite element model was created ushell ®lementso representhe
Pipe6STD tube with circular void¥he model was meshesinga spacing of3 mm A scaled
rendering of thénitial circular aray model used for auxetianit celldesign is illustrated ifkigure
2.2 (a). The boundary conditionsf the model used famnit cell designwere selected to allow the
tube tocontract radiallyand shrink longitudinally The nodeson the bottom boundarwere
restrained against verticéd) displacemergandagainstrotations about thkorizontal K and Y)
axes.In addition one node at the ko boundary was restrained against all six degrees of
freedom tgoreventlateraltranslaton. Nodes at the top boundary were restrained agaiteions
about the X and Y axewhile verticalcompressive displacemerabout the Z ais were imposed
for deformationcontrolledloading Thestressstrainmaterial properties of thiebewere assunge
to be elastigerfect plastic with propertiesonsistent withASTM A36 steel (ASTM Int'l 2019
havinga modulus o0 200 GPa ayield strength ofQ 248.2MPaand a Poi ssonoés

0 0.26. The aalysiswasconducted using L®YNA (LSTC 2018)running on the Virginia
TechAdvanced Research Computing (AR@RC n.d.)cluste.

As intended, NPR behavioras observed as the diameter of the mipetracted under
vertical compression. The intersection of the initially circular voids was observed to rotate under
combined flexural and axial loads, which resulted in plastic hinges to form in the cell wadlbyther
causing the unit cell to deform int rotated elliptical pattern. However, the uniform radial
contraction over the entire height of the tubes observed in the simulation was not a realistic
deformation mode that could be practically achieved in aivelgtshort specimen tested in the
laboratory. Therefore, it was necessary to modify the boundary conditions in the simulation to
provide the high degree of radial restraint at the tube ends expected during laboratoryrtesting.
deformed rotated elliptad patterns obtained from the simulatimmmed the basis of the auxetic

unit cells evaluated in this research. The results of the simulation used for auxetic unit cell design
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are shown irFigure2.2 (a) thraugh (d) which illustra the deformed shape of Pipe6STD tube with

circular array as a function @'Y

@0y mnhb (b)OY ¢mb (c)OY 1t mh (dOY oomb
Figure 2.2: Deformed shape of Pipe 6STbe with circular array asfuncton d =|

A tube corresponding t®°Y ¢ 1 Bwas modelednd verticalcompressivaleformation
was simulated numericallp test the effect of topology on thnsversaleformations. The FE
model hadhe samenaterialparameterstubular height, dhameter, and wall thickness theinitial
'O ¥=0%tube.TheO'Y ¢ 1 Hube, howevelhad theop andoottom boundary restrained against
all degrees of freedom while the top boundary was unrestrained against vertical (Z)atieform
only. Figure2.3 shows the deformations observed in@¢& ¢ 1 Bube with realistic boundary
conditions.Under vertical compressive deformations, thlee was observed to contract radially
as well as vertichl, demonstrating NPR behiav. This confirmed the initial hypothesis that
auxeticity could be achievedespite havindixed boundaryconditiors, with auxeticityinduced
solely due to applied topologMowever, the degree of auxeticityasnon-uniform overthe height
of tube withthe midheight layer of cells exhibited the most inward deformation while the layers
near the boundaries deformed the led$ie degree of noeaniformity is related to the fixed

boundary provided at the end of the auxetic pattern.
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a) Original Shape b) Deformed shape

Figure 2.3: Initial 4 P TubeAnalysis

Final test specimens were designedhave cell geometries thatere large enough to
engage local bucklingstability in cell walls. Topologieswith low DR values were favoreit
maximize the effective strain rates high DR shapes can only sustain relatively smalldevfel
deformation untilcontact of the cell walls and material densificattmturred.Thus, pecimers
were designed with cetheanetries corresponding t®Y ¢ 1 kRandt 1 HO ensure auxetic

behavior and a large effective strain range

The dimensions of the deformed sdibm the design tube were scaled ddwrthe ratios
of diameers of final tube and the design tuloeobtain final cell geometrie€hangein the DR
value fordesignedspecimens also caused a change in the pgradiis was causedue tothe
directscaling of the deformed cell geometry by the ratio of the undefdnadii. In the FE models,
the cells contracted along with the tube, maintgrthe porosity. As these deformed cells got
smaller with an increase in DR, the porosity in the final manufactured specimens increased with
DR.

Specimenswith geometries corsponding to DR values d%, 20% and 40% were

designed and testethe establshednaming scheme was establishiegresented ifigure2.4
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20DR-S-1
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Ly Replicate number (no digit if no replicate)
Base metal type (Steel/AAluminum)
Design category based on Deformation Ratio

Figure 2.4: Naming scheme for Test Specimens.

0.180

Void Geometry

* vy

Unit Cell Geometry

@0Y 0% (b)) OY 20% (©)O'Y 40 %
Figure 2.5: Nondimensional €llular configurationof ODR, 20DR andODR unit cells

The ODR tubes were intended to be +aaxetic control specimens whip@sitive DR values were
expected to be auxetic in naturgigure2.5 shows the nondimensional cellular geometry of a cell
corresponding to ODR, 20DR and 40D@Rerms of the initial buckling tubgiameterO of 168.5
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mm Final test specimens had cellularags with9 rows of cells havind 2 cells in each row; a
total of 108cells.

2.3. Description of Tubular Specimens

A total of eight ductile metallictubular specimensere manufacturecandtested Table
2-1 presents the test matrix for the tubular specimEng& specimens wengrepared from EN
10025standard5355JRDIN 2005)grade steel while the remaining three wemepared froniEN
AW-6060grade(DIN 2016) T66 temperauminum. The material specifications follow European
standards as thebes wergrepared by aser Galicia inSpainwith finished sampleshipped to
Blacksburg, VA for testingAluminum and Steel were selectedbase metalas they are typical
structural materialgsedin structures, vehicles and aircrafts. The use of diffdvasé metalalso

benefitted in studyinthe effect of base metal mechanical properties on auxetic behavior.

Theoverallheight of allspecimens('O was457 mmwhile deformations were only ebrved over

a measured gauge heigf® (| of 317.5 mmThe steel tubelsad a wall thicknes® ) of 4.4 mm
thick andan outside diametefQ() of 127 mm while thewall thickness and diameter of the
aluminum tubes werg.2mmand125mm respetively. The geometry of the cellular topoloéyr

each specimen was scaled using the appropriate nondimensional cellular configuration shown in
Figure2.5 and the specified tube diateeO . The effectivecrosssectionalrea of thespecimens

0 ), corresponding to the smallest cregstional areayas measured at tleid-height of each
cellular geometry The geometries of the test spmens for differentvalues of DR and

correspnding porositys are shown irFigure2.6
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Table 2-1: Test Matrix for Metal Tube Specimens

. Deformation  Base Wal Wal Outer et Area,  POrOSIty,
Designation . . Width, Thickness, Diameter, ) .
Ratio (DR)  Material =, (mm?)
oy (mm) <« (mm) . (mm)
ODR-S-1
0,
ODR.S.2 0 2.3 123.3 65%
20DRS1 Steel 4.4 127.0
0,
20DR.S-2 20 4.2 221.6 59%
40DRS 40 4.8 256.8 55%
ODR-A 0 25 152.6 65%
20DR-A 20 Aluminum 4.2 5.2 125.0 259.7 59%
40DR-A 40 4.9 305.8 55%

o¢ 117

o4 @0¢

[ ] 1]

o4 31

o¢ 1]

o @0e

(] 1]l

] ®0¢

[ 1) 1]
* =65% e =59% * =55%
a) ODR b) 20DR c) 40DR

Figure 2.6: Final Specimen Designs.

To facilitate mounting into the test setup, top and bofitates and stiffeners were welded
to each tube specimenBhe topand bottom plates were eat?i7.8 mm x 177. 8 mm12.7mm
thickand composed &STM A36 gradesteel oiEN 6061 gradaluminum,depending on the tube
base metalTheplatssh a d fl43mm boit holeslocated in the cornerd5.4 mmfrom each
edge.The geel stiffeners wer@5.4 mm x 50.8mm made with4.75 mmthick A36 Steel.The
aluminum stiffeners wer25.4mm x 50.8nm made with6.35mmthick 6061 AluminumFigure
2.7 shows photographs of typical steel specimens as received and after welding.
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Figure 2.7: Photographs of a typical tubular specimmen

2.4. Material Properties

The constitutive material propertiasf the steel and aluminutubular specimensvere
determinedising tensile tests performed avuponsextracted from the metal tub&oupons were
preparedas shown irFigure2.8 following Sec 6.2 of ASTM E8/E8Mi 16a(ASTM Int'l 2016)
Threereplicateswere tested for eaclhase metato establishthe tensilestressstrain behavior.
Monotonic testingwas conductedfollowing ASTM E8/E8M T 16a(ASTM Intl 2016) with a
constantcrosshead displacemenit 2 mm/min As the coupongossessed the saroervatureas
thetubesthe ends were flattened avice andsmoothedusing a belt sandéo avoid slippage in
thetest machingrips.Digital image correlation was used to optically measure the axial strain

the gauge regn.
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Figure 2.8: Geometryof tensile testoupondrom large diametetubes(ASTM Int'l 2016)

Figure 2.9 shows themeasurecengineeringstressstrain behavior bthe couponsTable
2-2 andTable2-3 summarize theesultsof the monotonic tensile tests for S355JR steel and-6060
T66 aluminum, respectivelffheyield stresgor steelwas calculatetbased orthe valueof stress

in yield plateaywhile for aluminumthe 0.2%yield offset method was used

700
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T
o
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Engineering Strain, U
Figure 2.9: Engineering StresStrain data for S355JR Steel and 60&®H Aluminum

Table 2-2: Coupon Nominal) test results for S355JR Steel

Coupon Modulus Yield Stress Failure Stress  Final Elongation,
No. (E), GPa (@,), MPa (@,), MPa (), %
1 213.6 4313 5624 174
2 160.0 432.4 5518 18.8
3 232.5 4465 5887 20.0
Average 2021 4368 5676 188
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Table 2-3: Coupon Nominal) test results for 606W66 Aluminum

Coupon Modulus Yield Stress Ultimate Stress  Final Elongation,
No. (E), GPa (@,), MPa (@,), MPa (), %
1 603 197.1 2212 11.0
2 512 1937 2174 10.6
3 55.0 196.6 2209 10.4
Average 555 1955 2198 107

2.5. Test Setup
This sectiondescribesthe specimen preparatioriest assemblyinstrumentation, load

protocol, andest procedure.

2.5.1 Test Assembly

A custommounting assemblyllustrated inFigure2.10, waspreparedo install the tubular
specimensrito thetest machineThemountingassembly consisted @fx 25.4mmthick A36 Steel
plates, each attached to thesb and crosshead of the MTS machine. The mounting plate at the
bottom was welded to ai36-2 threaded rod which screwed into the base oMA& machine.
The top mounting plate was bolted into the crosshead usiMR@2 bolt. Both mounting plates
werel77.8mm x 177.8nmin plan with4 x" 12.7 mmthreaded bolholes25.4 mmfrom each
edge. The test assembly was designed such that each tubular specimen ettalchbd to the
permanently attacheshounting plates using x 12.7mm13 ASTM A307 gradebolts and then

removed after completion of each test.
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Figure 2.10: A typical tubular speimen mounted in the test fixture

2.5.2 Loading Protocol
To characterize their performance for potential applicatiaingwextreme loads, such as

earthquakes and blastapst of theauxetic tubular specimens were subjedtethe FEMA 461
(FEMA 2007)reverseecyclic loadingprotocol. The loading protocolvas definedbased orthe
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expected yield¥ ) and maximumg ) displacementsf the samplesAs per FEMA 4616 cycles
prior to yield corresponding td.25% , 0.5Y , 0.7%Y were included.Two cycles were
recommendedor each applied displacementrementwith a 40% increasebetwesn subsequent

displacementafter .

Values of3» and3 used to generate the loadipgotocolswere estimatedbased on
preliminary FE analysessing elastigperfect plastistressstrain materialpropertiedor steelon
the specified yieldtsength.FE analysis was conducted for the steel geometries onlg anés
selected as the minimum yield displacement observed from allDitgeometriesSimilarly, the
maximum of all three predicted failure displacements was set asNo FE aalysis was
conducted to predict these parameters for alumirlosteadan arbitrary value fa wasselected
while 3= was calculated by reducing the value for steel by the ratio of final elongations of

aluminum and steel coupons.

Y values were 0.3 mm and 0.5 mm for steel and aluminum specimens, respectively
Similarly, maximum displacement¥ were 6.75 mm and 4 mm for steel and aluminum
specimens, respectively. In case specimens did not fail at their maX¥mwailues, displacenme
values were in@ased by a constant valligy every twocycles until failure was achievedio
mimic quasistatic loading conditions, a crosshead displaceme®i3af.2 mm/minwas adopted
for all reversecyclic testsReversecyclic loading protocis for steel(ProtocolS) and aluminum

(Protocol A)specimens have been showrfigure2.11.

It was observeduring testinghat applied displacemerdgfined in the loading protocols
for steeldid nottranslate @ actual specimen displacements due to slack and deformationdstthe
assembly.While specimen displacements in compression V&% of applied compressive
deformations on average, the measured tensile deformations 3&&bteof the crosshead
displacemenvn averagerlhe differences in applied and actual displacementb&saren ifrigure
2.11 for ODR-S-1 and 20DRA and esting details pertaining to the type and speed of tests have
been presented ifable2-4.

A single monotonic compressive test was also conducted to differentiateeinetyclic

behavior using specimen 20B8R2. For that test, a loading rate @B mm/mirwas used. The
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specimen was loaded to either failure or contact betwpposing cell walls, whichever occurred

first.
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Figure 2.11: Reversecyclic loadingprotocok
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Table 2-4: Testing Details for Specimens

Crosshead Speed

Designation Loading Protocol Strain Rate (min) (mm/min)
ODR-S1 0.04 1.20
ODR-S-2 Reverse cyclic:
20DRS1 Protocol S 0.03 0.90
40DR-S

ODR-A Reverse cyclic: 0.02 0.60
20DRA Protocol A

40DR-A 0.03 0.90
20DRS-2 Monotonic Compressive 0.01 0.30

2.5.3 Instrumentation

Reversecyclic testswereconducted using a double column MTS Insightversal Testing
Machine with amaximum tension/compressiotapacity of 33.75 kip (150 kN). The MTS
TestWorks4 softwaré@MTS) wasused tooperate theM TS machine as well as acquiteosshead

displacement and applied load data.

Digital imagecorrelation (DIC)was used to measure the thddmensional displacement
field and straimistributionof the tubular specimenshe ARAMIS Adjustable 12M syste(GOM
n.d.)with two Schneide5 mmcamerasvas used for optical measuremeritke cameras were
mounted onto ai800 adjustable suppogystend. A CP40/MV170calibraton plate was used to
calibrate the equipmenfwo additional DSLR Cameras (Canon EOS Rebel T6) were placed
behind the test assembly to capture any additional deformation hidden from the DIC equipment.
A time-lapsesoftware was used to take incremtad phdos during testingrFigure2.12 (a) shows

the DIC camera arrangement and test setup.

A stochastidblack specklgatternwasspraypainted ontahespecimes prior to testingA
typical specimen with speckle pattesrshown inFigure2.12(b). Special care was taken to ensure
only the outside surface of the tubes was painted. To this apel; was taped to the inside of each
specimerand removed prior to testingjo maximizecontrast, a thin coat of flat protective enamel

white paint wadirst sprayed onto the samplekhe densapeckle patterwas then applied using
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flat protective enamel black paint. A spraying technique was used to minimize droplet size while

maintaining @ttern density, ensuring a finer mesh btai localizeddata.

b) Typical specimen with c) Typical 3D surfacevisible to
stochastic pattern the DIC system

Figure 2.12: Testing Arrangement and 3D surface

The imaging equipment capéad a test volume that w880 mmwide, 280 mmtall and
240 mmdeep. The image acquisition setup was rotated vertically to maximize the portion of the
captured volume containing the test specimen. The cameras were pointed tthveatdst
specimen such thdhe line of sight was normal to the MTS machine. As the specimens were
tubular, only half of the external surface area could be captured. A 3D surface rendering of ODR

S-1 captured by the cameras is presente#igure 2.12 (c). This surface was created for all
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specimens analyzed for axial and radial deformations during the experimentAlKIgIS
Professional019 (ARAMIS 2019)

2.5.4 Procedure

Preparation and testing of all tubular specimens followed a nominally identical procedure.
The edges of all specimens wéirst filed to remove excess material andgsigenerated during
the laser cutter proces&he specimens wetkendegreased with acetone subsequently. Specimens
and their corresponding epthtes were marked and aligned ¥eelding. Endplates and stiffeners
were welded to the specimens using a Meateltl Gas (MIG) welding procesBending was
observed in the mounting plates due to high heat produced by welding. However, the gap produced
by the bent plates was minimized bgttiening the boltduring final assemblySlag produced by
welding was removednd endplates were ground down to ensure a flat suAagieeet of paper
was then attached to the inside of each specimen before applongoats of white paint
Subsequentlya speckle pattern was sprayed onto the area of interest. Details of painting

speckling have been provided in Sect®b.3

Before conducting each test, the calibration of the DIC equipmentpedsrmed and
verified. The calibratedDIC apparatus was placed at the desired distance from the MTS testing
assembly. Each tubular specimen wasally placed on the mounting plates and an image was
taken usindARAMIS Professional 2019 softwate ensure that the DIC equipmentsaaapturing
the desired surface. A3 surface component was prepared using that individual photo to check
pattern quality and intersection deviation between the two camfedaviationtypically lower
than0.03was required to ensure accuracy of tbeddta. Suitable facet size and distance between
facets was selected such that a maximum surface area was capturedantidéning a continuous
surfa@. A typical facet size o012 pixels was targeted with a distanof6-8 pixels. If the speckle
pattern wagound to be unsatisfactory, the surface of the specimassamdblasted and repainted
Once the desired pattern quality and intersection deviation was achievpdp#revas removed

from inside thdinalized specimen

The final specimens wernen bolted onto the custormade test assembly. First, the
bottom specimen plate was aligned and bolted to the bottom mounting plate; bolts were not fully

tightened at this stage to allow for some rotation in the speciNext, the MTS crosshead was
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brought down grdually, and the top plates were bolted together after ensymoger vertical
alignment. All bolts were tightened while manuaigjusing the crossheatb minimize loading

on the specimeBoltsweretightenedsuch that the gap between each mounting alatl specimen
plate was kept to a minimurA.perfect vertical alignment of each specimen was checked to avoid

unwanted rotation, ensuring fully axial loagd.

Thecyclic loading protoca werecoded into TestWorks4 software factuatingthe MTS
crosshed. The loading sequence was divided into 3 to 4 loading phases sinbéCtseftware
was limited to takindpatches ofl000photographst a time The loading was paused at the end of
each phasehen DIC photos were saved, and the loading then resurhedadditional cameras
were programmed such that they took photographs simultaneously with the DIC cameras for a
given recording intervalLoad (in Newtons) and cro$gead displacement (in mm) vesoutput

from the MTS machineto DIC system

The cyclic teds were terminatedvhen either the base tubular material ruptured or if
opposite cell walls contacted each otiy.break detectioroutinewas usedh the MTS softwarge
thus each experiment thao be manuallyerminatedupon meetingeither failure critera. The
experimentatlataobtainedrom the MTS machine, DIC equipment and caménaaweresaved

for postprocessing.

Postprocessing of experimental data was conducted using ARAMIS Professional 2019
software.To reduce processing timgw files contaning all the captured frames from the DIC
apparatus were thinned downch that every5" frame was processe@heseé t hi nnedd f i
were then processed.custom alignment was created to orient the specimen along a global axis.
Deformation data was é¢im extracted from the created surfa&&D surface of the specimen was
first created using a facet size and facet detamhich would maximize surface area as well as a
finer messData was processed in order to extract required deformation data (eeésoriection
1.1). Thereqiireddatawas t hen exported to a 6. csdediredf i | e w
response parametarsing Microsoft ExcelDetails of thedata analysis using the processed Excel

files are presetedin Chapter 3.
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Chapter3. Experi ment al Resul ts

3.1. General

This chaptepresentsand comparetheresults fotheeight auxetic and neauxetic tubular
specimensThe response of the tubes in termdoafdd e f or mat i on, Poi ssonods
shape, energy dissippan, and failure mode is discussed. Sec8dprovides an overall summary
of the results, SectioB.4 provides an overview of the data analysis, and Sec8ch# 3.11

summarize the response of each individual tube.

3.2. Summary of Results

Overall summaries of the test results of the auxetic anéngretic tubes are listed Trable
3-1. Loaddeformation characteristics have been described using maximum load, stresaiand str
for each tested specimen; negative values correspond to compression. Peak stress is defined as the
peak load divided by the effective cresectionakrea 6 ). Maximumaverage verticatrain ¢ ),
measureaver the gauge length of the tubes, are displayed for tension and compression cycles to
demonstrate effective strain range under reverse uniaxial loading. The angular rotation of a unit
cell (— ) about its geometric centroid at peak tensile load extracted during peptocessing.
Failure in the tubes is illustrated via the observed failure mode and the loading cycle in while

failure occurred.

The observedu b e P o Rasos(lo )nbéhswvior, based on the rdigight radial strain
(- ) andaverage verticadtrain ¢ ), specifies whether auxeticity was observed in the specimens
Average values fab calculated before yield and final values at failure aesg@nted. The tubular
Poi ssondés rati o does ofindividual cels,catherlt s a indasure dféhé o r ma
global response of the cellular pattern. Therefore, auxeticity of the tubes is defined by the global
tube deformations rather than olgas in individual cell geometry. Lastly, the energy absorption
of eat specimen, has been computed and normalized in two different ways. The Areal Specific
Energy Absorption (ASEA) is calculated by normalizing total energy absorbed by areal mass,
therebyhighlighting the effects of the topology only. Similarly, Specific EgyeAbsorption (SEA)
is calculated by normalizing total energy by specimen volume to include effect of base metal.
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Table 3-1: Summary of gperimental results obtained from ductile metal auxetic tube tests.

Compression Tension
Tube PoRasos )
. Peqk Peak Pegk Peak Ang.le_ oy SEA ASEA Failure . Loading
Specimen Strain  Load Strain Load P% bro. st (IImm?) (MJ.m?kg) Cycle  Failure Mode Protocol
£ (%) (kN) £ (%) (kN) (deg) . . #
yield yield
ODR-S-1 -0.36 -70.2 0.71 756 0 0.25 0.66 374 2.13 23 Tensile Rupture  Reverse cyclic
ODR-S-2 -0.71 -68.2 045 75.2 0 -1.00 1.36 386 2.19 23 Tensile Rupture  Reverse cyclic
20DRS1 -151 -76.1 0.90 100.2 2.49 0.00 -1.42 957 6.38 27 Tensile Rupture  Reverse cyclic
40DR-S -1.54 -66.6 182 78.0 3.57 -2.00 -2.00 1129 8.25 28 Tensile Rupture  Reverse cyclic
ODR-A -0.21 -196 049 21.2 0 -0.56 1.72 136 2.19 18 Tensile Rupture  Reversecyclic
20DRA 0.15 -26.1 1.27 320 0.97 -1.48 -1.87 416 7.88 26 Tensile Rupture  Reverse cyclic
40DRA 056 -26.0 174 322 289 -2.22 -2.76 393 8.17 28 Tensile Rupture  Reverse cyclic
20DRS2 -154 -72.6 - - - -2.62 -1.77 - - - Cell Wall Contact Monotonic Comp.
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3.3. Data Analysis

The raw dataobtained from the experiments consistedappliedload andthe three
dimensionaimeasurementsf specimen deformationssing digital image correlatiodhis data
was processed to extraegrtical and radial strains, various definitonsBfo i s sonw@,s r at i

specificenergyabsorption and loaddeformation response for all experiments conducted

The termi Poi ssoowmds hBRat been used iglobal stlugtusal t he s i
deformationf the tubular specimen$Vhile this use of the term deviatiesm the materialevel
definition of Poi ssonds Rati o, the seminal
terminology to describe structural level deformations as well. Influential wiréikes 1987;

Evans 1991, AldersoandEvans 1991j)efer to thedeformation response of Auxetic structures as
APoi ssonb6s ratioodo. Addit i omenletay2016yemmoyed he udy i n

term APoissonds ratioo to quantify the obseryv

A threedimensional cartean coordinate system apked to facilitate data analysiEhe
XZ axes definea plane transectinthe tube crossectionand the Y axisvasoriented along the
length of the specimehe region of interest for data analysigas theportion of the auxetic

topology visible to theDIC systemover a vertical gauge lengtfQ() of 317.5mmAll tubular

specimens were divided infi® integrations slice (® 8 @ ) across whichdeformation data was
collected Specimens were also divided in® vertical layers(0 8 0 ), with each layer
corresponding with the ceattine of a row of cellsFigure3.1 (a) shows thecartesian coordinate
systen anddiscretization of the tub@to horizontal layersand integration slicefor a typical
specimen. Thélack dots represesd points at which deformationswere obtained from DIC

measurement®r data analysis

For a material subjected to an axial stress below its proportional limit, ASTM-E132
(ASTM Int'120197d ef i nes P ou)s sthemdhativeofahte ratio of(transverse strain to
the corresponding axi al straino. However, f o
proportional i mi t, t he <cal cul atielde bizarre fand Po i s s
inconsigent results, as shown Berry et al(2005) This inconsistencyic al cul at ed Poi
ratio wagesolvedoy Chakrabarty2012 who proposed newincrementahpproachwhere change

in radial and axial strains were used to chleut e P o i s s ltsusing this reew approachr e s u
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demonstrated a consi st eTobbtamassenilaccgnsisteRoy in eRUlBBN 6 S |
this incremental approach is alsmployed in this studyP? o i s s 0 n dcalculatedusing i s
deformdions measureaver strainincremens, measured betweepoints of peaktensile and

compressive strain in a given cycle

Yl
L, Y,
Y, aR R
o L, :
el :
g L, :
o} : =
o L, : g
2 g b )
o - P
g’ L = Z
© 6 )
°© P8
© H
° & : T—>X
v L : — — — - Deformed shape
L,,- '
X Y19
a) Elevation view b) Plan view

Figure 3.1: Coordinate system and discretization for tubsfacimens

Effect i ve P owasdefmedésshenegativa ratio between radial straarsl axial
strainsinthetubeSwo ef fecti ve Poi sson 68 )andnidheightlayeer e c a
(U ).Tube Poi s 90 wdas sratiRef thé axial fleformatioto theradial deformation
observed in the entire tubBhe deformationsf individual cells were not accounted for, instéad
was used to gaugéd holistic mode of deformatiofor a given specimenMid-height layer
Poisso® s R t)iwas thé ratio ofixial and radial deformation encountered in just the- mid
height layerd 8It accounted for cell deformations in a given layeas usedo quantify local
response oh representative cell layer in a specimen. Whileinterl at ed, t he Poi sso

different values for each specimen.
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Mid-h ei ght | ayer 0 Ppwas loutateédsfor a strain iacreinent using the

following equation,

Y- YY YY TY 2
y- ya  vya 1 (8)

whereY- and¥- represenmid-heightradial andlayer vertical strains Meanwhile,"Qand"Q

representhe final and initial values in a strain increment.

Similarly, Tu b e P o Rasios(lo nvias calculated usingdial strain { ) andaverage

verticalstrain ¢ ) at each strain increment. The following equation was used,

Y- YY YY TY : .
v Yo YO 70 )

where"Qand Qepresent the final and initial points in a strain increment.

Radial strain { ) was defined as thetal change in radius\{Y) of the tube amid-height
layer0 (Figure3.1 (a)) at any time with respect to the original outer radi{}9. The specified
layer was chosen as it had minimum boundary effé&gadial deformation data could not be
diredly recorded l the DIC apparatus, the radial components were calculated using a simple
function in ARAMIS Professional which calculated radial displacements using the following

equation,

YY Y& Y& (%)

WhereY'Y wasthe change in radius of the tube at each point Wiend Y werethe

two orthogonal horizontal componentsdefformation as shown ifrigure3.1 (b).

Two variatiors of vertical strainswere computed average(- ) andlayer ¢ ). Average
vertical strain ¢ ) wasdefined as the ratio dhe change in gauge heigfif'O ), to the original
gauge heigh¢O ). Layerverticalstrain ¢ ) was definedas thechange in heighty’'Q) between
slices® and®, divided by the origindhyer height Q). The heightQ is labelled orFigure3.1

@).
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Net effective crossectional are ) was used to calculate axial stress for the specimens;
measured athe vertical height where least material was present. For calculating strain rate for
loading, a gauge length 80 mmwas selected, which correspondagdproximatelyto thevertical

heightof each cell layer

Axial load versusiverage verticastran curveswere plottedfor each testPoints on the
curves corresponding to yielding t@nsion and compressioverevisually identifiedat the first
instancewhere the slope of the curves became-imogar. These points corresp@utio thefirst
instarce of local yielding in individual cell walls rather than thpparent globayielding of the

tubes.
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3.4. Specimen ODR-S-1

SpecimenODR-S-1 wasthe steel control specimecontaining an array of circular voids
designed t o exhi bibehaipraPhatograpiisedDR-8-1 befere dudng, amda t i o
after testingareshownin Figure3.2.
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c) Tensile fracture of the cell walls in Layer L9

Figure 3.2: Photographs dépecimen DR-S-1.

Specimer0ODR-S-1 failedin the tension leg of th23™ cycle at a loadof 75.6 kN and an

axial deformation of.24mm Valuefor strain- at peakiensionwas0.71%.To verify how the
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axial strengttof the tubecompared to the coupon tests, the peak load was divided by the effective
crosssectional area. fpeaktensilestressvalue 0f613 MPawas obtained which wasithin 8%

of the ultimate coupon strength.

The specimen dispfae d c | ear posi ti v evisiBoto thesnakedee r at i ¢

with radial expansion of thaibe under compressive loadings shown inFigure 3.2 (b). NPR

behavior in tension (radial expansion) was obvious but was present and confirmadter

examining theprocesed deformation datalensile rupture of the cell wal(§igure 3.2 (c)) was

observedin layer 0 which propagated through five cell walls before loading was dhalte
Significant rotation of the &= plate wa®bserved afailure due tothe eccentricnature of the
loadingcaused byasymmetriqupture of cell wallsThe failed sample wasloadedand a residual
crossheadleformation o2.53mmwas recorded. Howevgihe residual displacement field tiie

unloaded specimenas notcaptured by the DIC apparatus

Figure 3.3 (a) shows the hysteretioadstrain responsef the tube under cyclic loading.
The elastic slopes for tensiand compressioare similat with tension yielding occurring &5.7
kN comparedto a compressionyielding load of-48.9 kN Significant strain hardeningvas
observed in tension defined by the positive slope of the diagramontrast, nonoteworthy
hardeningis presentn compression loading due to the -aiitplane deformations of cell walls.
The unloading slopes of the diagraane consistent.The specimen experienced greater
compression deformations than tensile deformations for the same crosshé&smkatiept due to

slack in the test assembly.

Figure3.3 (b) shows the variation in radial strain J with average verticadtrain ¢ ) for
mid-height layerd . The slope of the curves remains flat before yieldirige ®nset of yielding
leadsto an increase in slope before reaching a constant value. In a given loading cycle, the slope
of the diagram is consistent for tension and compression, indicating the consistency in the
deformation mechanisni.he figure shows #it a permanent radial expsion of the tube takes
place as the final radial strain has a positive value. The negative slope of the graph is representative
of theTu b e P o Rafios(o )nvéhieh remains positive for each loading cycle, irrespective of
the residual radial deforrhai o n . It can be concluded that a
exhibited.
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Figure 3.3: SpecimerODR-S-1 deformation data

(a) Load vsaverage verticatrain ¢ )

Poi s s on® andu ,ptesemtesl irigure3.4 for layer0 confirmed tle norauxetic
nature of ODRS-1. Excluding the initial three cycles the measured response of OISR
demonstrategositive B i s s 0 nb&rsavior Hotwvever, clear positive values are observed after
yielding occurredn the 14" loading cycle Before yielding,d wasconstant at a value 6f2and
asignificart risewas observedfter yielding to a value 00.75 Thisdrastic shifimay beattributed

to formation of plastic hinges in the cell walls

Chapter3. Experimental Results 73



15
8§ Label Description: '
8T <+—T- Tension / G Compression 1 200~
E 1014 Cycle# '
]
2 ° :
‘© |
[e]
T \ n : : a Y
) Vv \ C
@ 8C |
S 54 | 16C
z 1
S <+ Preyield! Postyield —» 'g
2 ! ODR-S1
< . 4
5 10 \ Porosity= 69.5% 14
s ! Area = 123.4mrh {3
-15
0 5 10 15 20 25

Cycle Number
a)Mid-heightLayer® i ssonbs ratio

2 T
|
]
157 <«— Preyield | Postyield —»
c 11 :
[s2] [}
o] 20C
‘g 05+ 8T | 16T o
. /1 ‘ eVl
%)
g 0 T \\ T : T | T
2 v 8C ' 20T
‘5 "0.5 1 ! 16C
o
g 11 |
> 1 ODR-S-1
Flast ! Porosity= 69.5%
1 Area = 123.4mrh
1

0 5 10 15 20 25
Cycle Number

b)Tube PoRato®on b s

Figure 3.4: oy o andoy for specimerODR-S-1.

Figure 3.5 shows the radial deformations in BES-1 during tension and compression
loading measured at th& 816", 20", and final cycle beforéailure. It was observed that radial
deformations were greater in compression than in tension. In tension, deformations were more
uniform along the heightf the tube. Deformations under compression were concentrated in the
cell walls, which shoviocalinstability in cell layerswith a sinusoidal deformed shapkthe tube

Radial deformations were highest in laygérsand0 in the compressive cycle prior to failure.
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3.5. Specimen ODR-S-2

Specimen ODFS-2 was thesecondsteel control specimen designed to exhibit positive
Poi sson6s r.rigureB.®showethespecimen before and after testing

a) Prepared specimen b) Tensile failure in cell walh
Layer0

Figure 3.6: Photographs of Specimen OESR2.

Specimen 0DRS-2 failed in the tension leg of t1#8" cycle at a load 087 kN and an axial
deformation 0f0.90 mm Average verticabtrain- at pe& tension vas0.45%. Calculated axial
stress apeak tension wa610 MPa similar to the ultimate stress measured in the coupon tests.
While radialexpansiorcould not be seen during the experiment, qpostessinglata confirmed
thatradial contractioroccurred inlayer 0 8Tensile rupture of the cell wall§igure3.6 (b)) was
observed ifayerd which propagated througdtvo cell walls before loading was halted. Theddil

sample was unloaded and a residual crossheadwion ofl.78 mmwas recorded.

Figure 3.7 (a) shows the hysteretic loaltrain response of the tube under cyclic loading.
The elastic slope for tension was steeper than compression. Tension yieldirgab8tur kN
compared ta compression yielding load e42.5kN. Strain hardening is observed iansion

depicted by theositive slope of the diagrantowever, in compression, no significant strain
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hardening i®bservedue to the oubf-plane deformations of cell walls. Theloading slopes of

the diagranremainconsistenuntil the final loadingcycle where damage accumulation is likely

to have caused softenin@he specimen experienced greater compression deformations than
tensile deformations for the same crosshead displatedue to slack in the test assembly.

100 2
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Area = 123.4mfh e e
-80 1 Axial compression +—T— Axial elongation
15 -0.75 0.75 15 05 1

Average Vertical Strain U (%) Average Vertical Strain G (%)

(b) Radial strain ) vs.average verticadtrain

)
Figure 3.7: Specimen ODR5-2 deformation data

(a) Load vsaverage verticatrain ¢ )

Figure3.7 (b) shows the variation in radial strain § with average verticadtrain ¢ ) for
mid-height layerd . The slope of the curves is positive before yielding gradually shifts to a
consistent negative valadter yielding In a given loading cycle, the slope of the diagrasmslar
for tension and compressi@mowing that the deformation mechanism weadependent of the
nature of loadingThe figurealsoshows that a permanent radial expansion of the tube takes place
as the final radial strain has a positive valtleere appeared twe aradial contraction at mid height
during the earlier cycleshich was possibly caused by an initralard wavelike defamed shape
However, final cycles shifted towardspermanentadial expansioayer0 , likely due to a shift
tube

of the incremental linewhich represents theoH s s 0 n Wwas obseaved t@ bgositivein the

in deformed shape T h e demonstrated pomsegativeslape Poi s s

final cycles

Poi ssono andb aareipresented iRigure3.8. Yielding was detected in thedl

loading cycle Both instances sheedthat values fob and0 took constant valuesf -2.5 and-
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1, respectivelyup to yieldingafter which a drastic riswas seen t@ and1.5, respectivelyPlastic

deformation was the probable cause of this change in behavior
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Figure 3.8: oy andoy in Spe&imen0DR-S-2.

A visual comparison betweeadial deformationmeasurediuring the experimer{Figure
3.9) shows thatdeformations were greateluring compressie loadingthan tende loading
Deformations were distributed uniformly along the height of the tube in tension, while
concentration ircell walls was seen in compressive loading cycles, especiallyymid. Radial
deformationsverehighest inlayersd andd prior to failureand the tube displayed an instability
with a sinusoidaldeformedshape similar to specimen OD®-1. Ultimately, tensile rupture

occurredn layer0 g
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