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Abstract

This thesis investigates the mechanical behavia péw type of formable all-metal
bi-directionally corrugated sandwich sheet matetiallike conventional flat sandwich panel
materials, this type of sandwich sheet material lmariormed into three-dimensional shapes
using traditional sheet metal forming techniquesa first step, the core structure geometry is
optimized such as to offer the highest shear s#$rto-weight ratio. The post yielding
behavior of the “optimal” sandwich structure is éstigated using finite elements simulations
of multi-axial experiments. A phenomenological dinsve model is proposed using an
associative flow rule and distortional hardening. iAverse procedure is outlined to describe
the sandwich material model parameter identificebased on uniaxial tension and four-point
bending experiments. In addition, simulations afraw bending experiment are performed
using a detailed finite element model as a wek a@mputationally-efficient composite shell
element model. Good agreement of both simulatisnsbserved for different forming tool

geometries which is seen as a partial validatioth@fproposed constitutive model.
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Introduction

There is a constant pressure on the automotivesindto come up with lightweight
structural solutions to improve vehicle fuel effiocy without sacrificing structural
performance. In addition, the design choices aifgest to stringent cost constraints as
innovations in automotive engineering are seldomrcassful unless both performance and
cost advantages prevail. Fiber-reinforced composiggerials provide excellent weight-
specific stiffness and strength properties, buirthiee is mostly limited to low volume
production because of high production costs. Adegdnkigh strength steels appear to be
today’s material of choice in automotive enginegras these feature a higher strength-to-
weight ratio as conventional steels at a ratheresbgrice premium. However, the stiffness
of advanced high strength steels is the same asotheonventional steels. Thus, these
materials do not provide a lightweight solution whihe structural design is driven by
stiffness requirements.

Sandwich structures are known for their exceptigaaibh bending stiffness-to-
weight ratio. The underlying design concept is sleparation of two flat sheets by a much

thicker core layer of low density (Fig. 1).

Face sheet

Lightweight
core material e
Sandwich structure

Face sheet

Fig. 1 : Sandwich structures.

Sheet metal and fiber reinforced plastics arecglpi chosen as face sheet materials,
while the choice of the low density core layer mates far more complex. In addition to

basic elastic and weight properties of the corerdayulti-functionality (e.g. thermal, acoustic



and energy absorption properties) as well as matwfag considerations come into play
(Evans et al., 1998).

Existing core structures

To satisfy the requirement of low density (as coragato the face sheet material)
lightweight bulk materials such as balsa wood (@efitand Daview, 1996, Vural and
Ravichandran, 2003) or polymers may be used dyr@ctombination with steel or aluminum
skins (Palkowski and Lange, 2007). As an altereat low density bulk materials, man-
made porous materials find wide spread use.

Hexagonal honeycombs (fig. 2a) are still the moskely used constructed sandwich
core material. The elastic structure-property reteships for honeycombs are known for
several decades (Kelsey et al.,, 1960; Gibson anthyAs1988) and most research on
honeycombs focused on understanding and modelieg thArge deformation behavior
(McFarland, 1960, Wierzbicki, 1983, Papka and Kkidas, 1994, Mohr and Doyoyo, 2004).
Kevlar reinforced paper honeycombs are widely usedaerospace and aeronautical
engineering with aluminum or composite face sh@d&hinfalah et al. 2007). All-aluminum
honeycomb panels are employed in architecturaliegdmns. The manufacturing of metallic
honeycomb structures involves several semi-martapsgBitzer, 1997, Wadley et al., 2003)
and is hence not suitable for economic mass pramuct

Extensive research has been performed during ttetywa decades on the mechanical
behavior of polymeric and metallic foams (fig. 2d their use in sandwich structures
(Gibson and Ashby, 1988, Baumeister et al, 1997i-8mith et al. 1998, 2001, Ashby et al.,
2000, Bastawros et al., 2000, Dillard et al., 2088ng et al., 2005, Tan et al., 2005, Demiray,
2007, Ridhar and Shim, 2008, Luxner et al. 2009weler, their use in automotive
applications is still inhibited by cost barriers a®ll as limited structural performance
advantages.

More recent developments are concerned with trass sandwich materials (fig. 2c)
(Deshpande et al., 2001, Evans et al., 2001, Chkirat 2002, Liu and Lu, 2004, Queheillalt
an Wadley, 2005, Mohr, 2005, Hutchinson and FI&3Q6, Liu et al., 2006). Wicks and
Hutchinson (2001) have shown that an optimized ggpnof truss core will offer a sandwich

structure comparable to honeycombs in terms ofrstwed bending strength-to-weight ratio
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and comparable to hat-stiffened plate in term ompession strength-to-weight ratio.
However, the performance advantages of truss douetgres are mostly limited to small
deformations. Under large deformations, the indigidtruss members lose their axial load

carry capacity due to buckling (Gibson et al., 1997

Egg-box structures (fig. 2d) present another typarchitecture that can be used as core
later for sandwich materials (Hale, 1960). Zupanakt2003) investigated the through-
thickness compression response of egg-box strigtdoeusing on the collapse of the
structure by bending of the side walls. A comparisath metal foams revealed that egg-box
panels present the best energy absorption propertkura and Hagiwara (2010) investigated
the stiffness and strength of a two-layer panelenmt They made use of a multi-stage stamping
technique to introduce a periodic array of domegpyimidal shape and triangular base into
initially flat sheets. After stamping, the layeree ahen joined together at the apexes of the
pyramids through spot-welding. Tokura and Hagiw@@L0) found that it is critically important
to account for local thickness changes and workldrang during stamping when estimating the

bending strength of the two layer panel material.

Fig. 2 : Photographs of (a) aluminum honeycombcstine, (b) aluminum foam (Baumeister
et al, 1997), (c) sandwich structure with aluminaltoy truss core (Deshpande et al,2001),
(d) aluminum eggbox structure (Zupan et al, 2003)
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Finally, folded cores are promising structures aw mproduction means emerge. In
particular, the chevron folded core has receivadrast for its impact energy absorption
properties (Basily and Elsayed, 2004) or its trens® shear and compression behavior
(Heimbs et al., 2006, Kintscher et al., 2007, Leseal, 2010).

Forming of sandwich panels

Sandwich structures with curved mid-planes araatilif to make. As a result, sandwich
constructions are mostly limited to flat panel-type structures reducing their scope of
applications. In the automotive industry for inst@ancomplex three-dimensional shapes are
manufactured by converting flat blanks via varishget metal forming operations. Thus, the
development of a new formable sandwich sheet nahtdrat could be used with traditional

sheet metal forming technology is of great interest

There are two main approaches for forming sandwtchctures into three-dimensional
shapes: building the different component parts theorequired shape and assemble them to
create the sandwich (Blitzer, 2000), or forming sla@dwich structure directly. Jackson et al.
(2008), explored the applicability of incrementhest forming to different type of sandwich
panels with metal faces. Only the panels with atibBuand incompressible core, polymer
cores, could survive the deformation introducedhsylocal indentations during the process.
Numerous investigations were made on the formingaofdwich panels composed of metallic
face sheets with a polymer core (Miller 1981, Ped®91, Kim et al. 2003, Carrado et al.
2006, Parsa et al. 2010). However, sandwich sheitispolymer cores cannot be welded,
limiting their potential use in the automotive irstiy. Most research on the large deformation
behavior of metallic sandwich plates focus on thgponse to three-point bending loadings
(Bart-Smith 2001,Desphande et al. 2001, Rathbur 2B@ibino et al. 2010, Valdevit et al.
2006). The main failure modes that are observellidiecface buckling, face thinning, core

struts buckling, core shear failure and delamimatio

Mohr and Straza (2005) showed that unlike conveatiflat sandwich panels, sandwich
sheets, with a thickness of about 2mm, can be form® three-dimensional shapes using
traditional sheet metal forming techniques suclstasping or draw bending. Mohr (2005)

studied the formability of two different sandwickages with stainless steel face sheets, with
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stainless steel fibers and steel perforated cddegp drawing experiments and a detailed
numerical and theoretical analysis of the bendindg anbending behavior of the sandwich
sheet revealed that cellular core structures ol medative density (>20%) are required to

withstand the high shear loads during forming.

With these results in mind, Seong et al. (2010p@iated a design map to create a
bendable all-metal sandwich structure with a shedimple core. They show that the core
shear strength is increased as the gap betweennigopaints between the core and the face
sheet decreases. An analytic investigation wapagd on the suitable experimental set-up
and geometric conditions for avoiding delaminatiaiture during U-bending experiments on
a welded sandwich plate (Seong et al. 2010). Sebaf (2010) also investigated the bending
response of sandwich sheets with adhesively bobdddectionally corrugated core layers.
Considerations on the core geometry to avoid faeetsbuckling were thought of to design

an optimal sandwich sheet and carry on bendingrerpat.

The formability of two types of sandwich sheetshatetal faces and stainless steel fiber
cores have been established. Gustafsson (20009s®dhe Hybrid Stainless Steel Assembly
(HSSA) where the core fibre are oriented perpendido the face sheets and are bonded by
epoxy resin or rubber. Markaki and Clyne (2003)spreed the Cambridge Bonded Steel
Sheets (CAMBOSS) and the Cambridge Brazed SteebtSHEAMBASS) where the
stainless steel fibers are arranged in a netwotk 8olid joints between contacting fibers in

order to increase the shear stiffness and strefdtie core material.

Modeling the behavior of cellular solids

Engineering design requires a good understandinipefmaterial behavior in order to
perform numerical simulations. When sandwich strreg are involvedhe numerical analysis
is preferably performed, for numerical efficienayterms of effective properties rather than using
a detailed model of the given microstructuie.other words, phenomenological macroscopic
constitutive models are needed to describe theteféebehavior of cellular materials with a

complex microstructure.

Deshpande and Fleck (2000) developed an isotrapld yunction for foams where the
square of the mean stress is added to the squ#re wbn Mises equivalent stress. They made

use of an associated flow rule along with a stetate dependant isotropic hardening law.
5



Xue and Hutchinson (2004) proposed an anisotramistitutive model for metallic sandwich
cores by adding three square normal stress terrttsetdlill’'48 equivalent stress definition.
Note that similar to the physics-based Gurson (L9#%bdel for porous metals, the
phenomenological Deshpande-Fleck and Xue-Hutchinsahels incorporate the effect of the

mean stress on yield through even terms.

Based on the assumption that the effect of in-piresses may be neglected in sandwich
structures, Mohr and Doyoyo (2004) proposed a rsso@ated plasticity model to describe
the large deformation response of low density hoamps. A generalized anisotropic
plasticity model for sandwich plate cores has bpmsented by Xue et al. (2005). They
normalized all stress tensor components to defmelbptical yield function (which is an
even function of the stress tensor). Due to themadization, it is easy to introduce vyield
surface shape changes (distortional hardeningylditian to isotropic hardening. Xue et al.
(2005) also show extensive results from unit ceflusations which support the introduction
of distortional hardening. Micromechanical moddi¢ross-lattice materials (Mohr, 2005) and
hexagonal honeycombs (Mohr, 2005b) explain disingi hardening at the macroscopic level
through the evolution of the unit cell geometrytlas material is subjected to finite strains. In
sheet metal plasticity, changing Lankford coefiitge which are an indicator for texture
changes (e.g. Savoie, 1995) can be related tortistal hardening. A general kinematic-
distortional hardening modeling framework can benfd in Ortiz and Popov (1983). Aretz
(2008) proposed a simple isotropic-distortionaldeaing model, where the shape coefficients
of a non-quadratic plane stress yield surface @2804) are expressed as a function of the
equivalent plastic strain. To account for the dimt dependent strain hardening with
constant r-values, Stoughton and Yoon (2009) ma#eaf a non-associated flow rule and
integrated four stress-strain functions to contf@ evolution of the shape and size of a

Hilll48 yield criterion.

Overview of the thesis

The thesis investigates the mechanical behavianddll-metal formable sandwich sheet
material with a core structure composed of two ikeationally corrugated steel layerBhe
core layers are composed of a periodic array ofedowhich are introduced into an initially flat

sheet through stampirand brazed together to form a core structlihe core structure is thus

6



conceptually similar @ that investigated by Tokura and Hagiwara (201in contrast to
conventional egdpox structures, the contact areas between the stueture and th
sandwich face sheets are ring shaped which redilgesisk of face sheet wrinkling
dimpling when thesandwich material is subject to bend Figure 3shows an illustration ¢
the successful draw bending of a prototype madwa ttos material

Fig. 3 : Experiment of bairectional draw bendir of a sandwich prototyp

The thesis maig focuses o:

- Presentation of this new sandwich sheet materahgalwitl simulations of the
manufacturing of the ca structure;

- Determination of the core structure geometry ofigrihe highest shear stiffn-to-

weight ratio;

- Understanding of the mu-axial loadirg response and developr of a macroscopic
phenomenological constitutive model of the sandwsichcturs;

- Identification of the material moc parametes and structural validation for dre
bending.






Chapter | : Description and Model of the Bi-directionally Corrugated
Sandwich Structure

The great motivation of this thesis is the undeditag of the behavior of a new type of
formable all-metal sandwich sheet: the bi-direaibn corrugated sandwich structure.
However, it was not possible to carry on all theygatal experiments required to have an
overview of the sandwich behavior. Analytical asaly are also restricted by the complex
shape of the core structure. As an alternative tlaaks to the periodic and symmetric nature
of the core geometry, numerical simulations of presentative unit cell of the sandwich
material are performed to investigate the effectredavior of the material under different

loading conditions. These simulations are refeagtvirtual” experiments.

Predicting the effective behavior of cellular makr based on FE analysis of the
underlying unit cell (for periodic media) has besmccessfully used by several research
groups. For example, Mohr and Doyoyo (2004) inged¢&d the crushing response of
aluminum honeycomb using a detailed shell elemesdahof the hexagonal cell structure;
Youseff et al. (2005) built a finite element modéla PU foam based on X-ray tomography
images; while Caty et al. (2008) developed a micustural FE model of a sintered stainless
steel sphere assembly (similar to closed-cell forased on X-ray tomography images. It is
worth mentioning that the unit cell computationg anly representative for the material
behavior of the microstructures remain mechanicstbyple. In the case of instabilities (which
are frequent in cellular materials of low relatigensity), a careful analysis of the type of
instabilities is needed to check the validity ofe tthomogenized material description
(Triantafyllidis and Schraad, 1998).

This chapter starts by a detailed description ef piysical core structure. Then, the
finite-element model of a unit cell is presenteithc8 the exact geometry of the dimples of the
bi-directionally corrugated core layers dependshanstrain distribution after stamping, we

perform numerical simulations of the all manufaictgmprocess.



1.1. The bi-directionally corrugated core structure

1.1.1 Core architecture and stamping tool

The core architecture is made of two bi-directibnabrrugated layers brazed together.

Each layer is composed of a periodic array of do(Ré&s 1.1) which are introduced into an

initially flat sheet through stamping.

L - face sheet
B | bi-layer
core
structure

(b)

Fig. 1.1: (a) Side view of the four layer sandwsthucture, (b) top view of a single core

layer.

The material coordinate systewy (ey,, er) as shown in Fig. 1.1 is introduced to describe

the microstructure. The coordinate agjsis aligned with the thickness direction of the

sandwich sheet material (out-of-plane directionemase,, ande; denote the so-called in-

plane directions. The L-direction is parallel t@ ttonnecting line of two neighboring domes

while the W-direction is defined ag,, = e; X e, . The core structure features seven
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symmetry planes; the bi-layer assembly is symmeitiils respect to the central (W,L)— plane

(Fig. 1.1). Furthermore, each layer is symmetrithwespect to the (W,T)— and (L,T)— planes.

In the manufacturing process, we can control trargery of the stamping tools, while
the final geometry of a core layer after stampiegeahds also on the plastic properties of the
basis sheet material. The stamping tool consists ofale and a female die. The male die
comprises a periodic array of pins that are pas#iibon a triangular pattern at a spacing D
(Fig. 1.3). All pins have the same diametgr and feature a corner radiug, (Fig. 1.3). The

receiving female die features the correspondinggderarray of holes of a diametet; along

with a corner radiusy (Fig.1.3).

The relative density* of the core structure describes the ratio of trerall mass density
of the core structure to the density of the bakees material. In the case of incompressible
sheet materials, the relative density is given by

pr == (1.1)

wheret denotes the initial sheet thickness a@ht® is the effective height of a single core

layer after stamping.

1.1.2 Basis material

The bi-layer core structure can be made of anytsmegerial that provides sufficient
formability. Here, we focus on dimpled layers tha¢ made from a tin mill product of the
type “black plate” which is a light gage low-carhaold-reduced steel. According to ASTM
A623-05, it features a maximum carbon and mangarmesgent of 0.13% and 0.6%

respectively. The material has been supplied belartittal in the T4 temper.

Uniaxial tensile tests are performed under statading conditions to characterize the
anisotropic plastic properties of this sheet matebogbone shaped ASTM-E8 specimens are
extracted from the sheets along the rolling dimettithe cross-rolling direction and the 45°
direction. We make use of a universal testing nreclfMTS Model 318.10) with a 100kN
load cell. The specimens are loaded at a constass-tiead velocity of 2mm/min. A random
speckle pattern is applied to the specimen surdacemonitored throughout testing using a
digital camera (Allied Vision, PIKE) with 10mm NikoNikkor lenses. The axial and width

11



strains are determined based on a series of 5004ii@€res using digital image correlation;

the virtual extensometer lengths are 15mm and 9mmthfe axial and width directions,
respectively.

400

— 300 —
=
3 200F -
én-
100 - — des |
— 45deg
— 90deg
0 I I
0 0.1 0.2 0.3

Eng. strain [-]

Fig. 1.2 : Engineering stress-strain curves forQt&nm thick low carbon steel sheet for
loading along different in-plane directions.

The measured engineering stress-strain curves rasermged in Fig. 1.2. Assuming a
Young’s modulus of 210GPa and an elastic Poissmtis of 0.3, we determined a yield
stress of about 310MPa at 0.2% plastic strain fidloading directions. The Lankford ratios
are determined from the average slope of a plohe@fogarithmic plastic width strain versus
logarithmic plastic thickness strain (assuming fatascompressibility). Upon evaluation, we
find r, = 0.69, r,s = 1.15 andry, = 0.76. In our simulations, we make use of the Hill (1948)
yield function along with an associated flow ruledasotropic hardening to model the sheet
material behavior. The corresponding yield strati®s are given in Table 1.1.

All specimens fractured at an engineering straialmut 0.25. Here, we extrapolate the

measured true stress versus logarithmic plasansturve using the modified Swift law
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o =K(g + &))" (1.2)

with the parameterk = 570 MPa, ¢, = 0.01 andn = 0.13.

Rio Rww Rrr Ruw Rir Rwr

1.00 1.03 0.94 0.90 1.00 1.00

Table 1.1 : Yield stress ratios.

1.2. Stamping experiments

1.2.1 Experimental set-up

A stamping experiment is performed to provide apegxnental basis for the validation
of the computational model that is used for the ssgbent parametric study. We
manufactured a set of dies wilh = 2.2mm. The male tool had the dimensiods, =
1.2mm and r,, = 0.2mm, while df = 1.8mm and r; = 0.2mm have been used for the
female die. The stamping tool features a matris @ pins and dies over an area ofx2%6

mm. A four-column low friction guidance system gasteed the alignment of the die and

punch matrices throughout stamping.

The tool is set up at the center of a universdirigsnachine. The force is applied via a
cylinder on the upper clamping block (part #3 irg.FiL.3). The oil lubricated sheet is
positioned between the upper and lower clampinghkblof the tool (part #1 and #2).
Throughout stamping, a 250kN load cell measuregdta¢ stamping force, while an LVDT
inside the vertical actuator recorded the applisgpldcement. Each stamping experiment is

performed under displacement control at an actuegiocity of 0.33mm/min.

13



I'm L/

flat

1 [« @ @

(@) (b)

Fig. 1.3 : (a) Photograph of the stamping tool cosnpg a male die (part 1) and a
female die (part 2); (b) side view of before stamgpi

1.2.2 Experimental results

The measured force-displacement curves throughaotpsng are shown in Fig. 1.4. The

superposition of the results from two experimengsl @nd black curves) demonstrates good

repeatability.

After an initial linear response, the slope of thece-displacement curve decreases at a
measured displacement of about 0.2mm. The stanfphmog continues to increase up to a
displacement of about 1mm until the sheet fractufbe second experiment is stopped prior
to fracture at a displacement of about 0.75mm. slbpe of the corresponding loading branch
of the force-displacement curve at the beginningth&f experiments is smaller than for
unloading. This is explained by the evolution cf 8pecimen geometry throughout stamping.
At the beginning of the experiment, the sheet nmgtes predominantly subjected to bending,
while the state of loading is more membrane-domeithabnce the sheet has formed its

characteristic dimple shape.
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Fig. 1.4 : Stamping pressure versus displacement.
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Fig. 1.5 : Side view of a single corrugated layemparison of the computed geometry
(top) with a scanning electron micrograph of a ptyyte (bottom).
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A SEM picture of a dimpled layer after stampingl®wn in Fig. 1.5. The corresponding
cross-sectional cut through a single dimple elueslgpronounced necking in a region where
the sheet material leaves the punch radius (nems<gection label 2 in Fig. 1.5). Optical
thickness measurements indicate that the shedéinttss is reduced to 0.16mm right below
the punch while its thickness remains more or lesshanged near the die contact areas.
Within the neck region, we observe thicknessesoasds 0.11mm which corresponds to a
thickness reduction of 45%.

1.3. Computational models for “virtual experiments”

A finite element model is built to simulate the nmakof a core layer using Abaqus 6.8.3.
The unit cell model of the material microstructusesubsequently used for all the virtual
experiments on the bi-layer core structure. Thhs, dize of the periodic unit cell and the
boundary conditions are chosen according to thevstny of the experimental set-up. Note
that the detailed modeling approach is only feasibith reasonable computational effort at
the unit cell level, whereas a macroscopic modetdgired for the design of structures made

from sandwich materials.

1.3.1 Important modeling assumptions

The mechanical behavior of sheet materials in fogréand crash simulations can be
predicted with remarkably high accuracy using stditthe-art computational models. Since
the proposed sandwich material corresponds to et shetal assembly, it is expected that the
virtual experiments will provide representativeiresttes of its effective behavior. The key

simplifications with respect to representing thal sandwich structure are:

(1) Assumption of perfect alignment of the two coreelay when manufacturing the
sandwich material, it is very difficult to guaraatéhe perfect alignment of the core
layers. It can be seen from the micrograph showign 1.1 that small misalignment
errors are present in the real material, while grélignment will be assumed in the

virtual experiments;
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(2) Negligence of property changes due to brazinggalitly, the four constituent layers
of the sandwich material are brazed together; #&meperature history throughout

brazing may change the steel properties (prelingimaperiments have shown this);
this effect will be neglected in the present study;

(3) Assumption of rigid braze joints; it is assumedt ttie braze joints are very thin and

strong, such that the deformation in these joimtsegligibly small with respect to the
deformation of the core layers.

An attempt was made to confront the results frontual experiments with experiments on

real prototypes. It was found that point #2 presentirst order effect which makes it almost
impossible to achieve good agreement.

Step 1 : stamping

Step 2 : flattening

i/ D 1// % dm J@
. M L I'm J ( top ﬂansning plate l, corrugated

hi%k_é) m w 04 sheet

sheet
T j r?.f D ~
L dt . bottom flattening plate T

Step 3 : bonding and springback

. bonding of
two layers

Fig. 1.6 : The manufacturing steps.
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1.3.2 Manufacturing simulations

A finite element model of a unit cell of the corgusture is obtained after simulating

three manufacturing steps:

(1) the stamping of flat sheets to create the dimphegbed layers,

(2) the forming of flat bonding lands on each layed an

(3) elastic springback.

The residual plastic strain fields are importechfrone step to the next one. Once the core

structure is created, flat face sheets are addfmriothe sandwich structure.

1.1.1.1. Stamping

The dashed rectangles in Fig. 1.6 indicate theafizke unit cell models which are used
to perform the virtual experiments. The green lidesine the smallest model; the model
defined by the red rectangle is twice as long agytleen model, while the blue model is twice
as wide. The different dimensions are needed tlitéde the definition of periodic boundary
conditions (which depend on the specific loadingecto be studied). In the case of the small
green model, two punches (male die) along withr ttegieiving female dies are needed for the
stamping of this unit cell. All forming tools areodfeled as analytical rigid surfaces. A mesh
with five first-order solid elements (type C3D8Porin the Abaqus element library) in the
thickness direction is chosen to account for higlough—-thickness stresses as well as
through-thickness necking. The receiving dies atedfin space while the punches move
along the T—direction (Fig. 1.7). To guarantee ggtic conditions throughout the stamping
simulations, the punch velocity increases linefdyn 0 to 1m/s over a time interval of 48.
Subsequently, it is kept constant until the maximatamping depth is reached. A kinematic
contact formulation with a friction coefficient @.1 is employed to model the contact
between the tools and the sheet surfaces. Througitamping, the in-plane displacement
componenty, is set to zero for all nodes on the boundary serédmormale;, whileu,, = 0

on all boundaries of normal vectey; .
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Fig. 1.7 : Sequence of computed geometries dunegtamping of a unit cell of a single
core layer.

The results from the stamping experiments are coedpaith the numerical predictions
to validate the model assumptions. We define thenging pressure as the total stamping
force per unit area of the stamped sheet. Thalrstope of the simulation curvé&,,,, =
2363MPa/mm) is much higher than that of the experimekit,f, = 65MPa/mm). This is
attributed to the finite stiffness &f,,, of the universal testing machine and the formoua).t
Considering the forming tool as a spring in semnah the work piece, we find a machine
stiffness ofK,,, = 67MPa/mm. Figure 1.4 shows the comparison of the simulatind the
experimentally-measured stamping pressure verssggladement curves.Note that both
curves are initially identical since we added thsplhcement associated with finite machine
stiffness Au = P/K,,, to the simulation result (stiffness correctioffie agreement between the
two responses is remarkably good. Note that theulations are performed without any
fracture criterion. Consequently, the maximum léadhe simulation is determined by the
post-necking behavior of the simulation model, velasr the fracture initiates at an earlier

point in the experiment.

1.1.1.2. Forming of the bonding land, springback and joinofghe core layers
and face sheets

The four-layer sandwich material needs to be vilgyained together in order to estimate
the effective shear properties. A tie contact mgéddaqus, 2008) is used to join the core

layers to each other as well as to the respeatipeanhd bottom face sheets. After completing
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the previous stamping simulations (step #1, explicie integration), an additional forming
step is introduced (step #2, explicit time inteignat where flat rigid plates are used to flatten
the bonding lands (Fig. 1.6). A first rigid platepdies a pressure to the bottom surface of the
corrugated sheet until the resulting material theds below the centers of the punches equals
about 80% of the initial sheet thickness. Similadysecond rigid plate is used to apply a
pressure to the top surface of the corrugated shiee, the simulation is stopped as the
initial sheet thickness above the dies equals abb&b of the initial sheet thickness. The
flatness of the bonding lands (contact areas) pomant to avoid an artificial mesh distortion
when using the tie contact model. In reality, tlanless of the bonding lands is also important
as it enhances braze joint strength. The flattéowaling lands of two opposing core layers
are bonded to each other using the tie option avplesition tolerance of 0.001mm.

After joining all layers together with the tie cant, a spring back analysis is performed
(step #3). Since springback analyses are simptyc famulations without external loading,
Abaqus/Standard is preferred for that step wheedhshe others were performed using
Abaqus/Explicit. The final shape and dimensiorfedriges associated with spring back are
negligibly small for the present design, but isidl important to compute a macroscopically
stress-free configuration before starting any warexperiments on this unit cell model. Note
that this last step is omitted for virtual experiiteein the elastic range of the material as
residual strains do not influence the elastic bejrav

Two 0.2mm thick face sheets are created and boodaxlthe core layers to form the
sandwich structure. A tie contact with a positiotetance of 0.002mm is used to create the

virtual bond between the face sheets and the taretsre.
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Chapter Il : Optimization of the Effective Shear Properties of the Bi-
directionally Corrugated Sandwich Core Structure

Mohr (2005) investigated the forming by draw begdof sandwich sheets. The results
revealed that the core shear failure is the donifaalure mechanism and that high relative
density (>20%) core structures are required to stéthd the high shear loads throughout
forming. Hence, for our material to be formablejsitnecessary that it offers great shear
strength. Based on the working assumption thatwg@hdcore structures of high transverse
shear stiffness will also feature high transvetssas strength, the transverse shear stiffness of
the newly-developed all-metal sandwich core stmgcts investigated numerically using the
unit cell model defined in chapter I. Four-poinndeng experiments are used to validate the
finite element model. A parametric study is perfedhto identify the material architectures
that provide the highest shear stiffness-to-weigtio for relative core densities ranging from
0.2t0 0.35.

The main results of the chapter have been sumnaanz¢he form of a journal paper
under the title “Optimization of the Effective She®roperties of a Bi-directionally

Corrugated Sandwich Core Structure”, Journal oflppMechanicsif press.
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2.1. Estimation of the effective shear stiffness

The computational model, corresponding to the pthre in Fig 1.6, comprised of two
core layers and two face sheets is used for estightite shear stiffness of the core structure.
While an explicit time integration scheme is usemt &ll forming simulations, shear
experiments are performed using implicit time inégn. The load is applied to the structure
via the face sheets (Fig. 2.1).
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Fig. 2.1 : Unit cell model of the sandwich struetuior estimating the transverse shear
stiffness.

The boundary conditions estimating the shear st#rare:

- Periodicity of the structure along the L-directidhe displacements of a node on a

first (W, T)-boundary plane are identical to theptieements of the corresponding

node with the same&,, and X; coordinate on the second (W, T)-boundary plane.

- Symmetry of the mechanical problem along the Wadliom: the in-plane

displacement,, of all nodes on the (L,T)-boundary planes is setero.

- Simple shear loading: A uniform displacementalong the L-direction is applied to

all nodes on the top (W,L)-boundary plane, whilasitset to zero for the bottom
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boundary plane. The displacement along the T-deds set to zero for both the top

and bottom (W,L)-boundary planes.

The shear modulug;; is determined from the slope of the computed linedationship

between the shear forég and the applied shear displacengnt

2.2. Parametric study of the effective shear stiffess

2.2.1 Input parameters

The computational model is used to perform a pananstudy on the shear stiffness of
the proposed sandwich material. In particular, veeiaterested in finding the “optimal” core
geometries that provide the highest out-of-planeaststiffness for a given relative density.
Throughout our simulations, the initial sheet timieks is fixed tot = 02mm which
corresponds to the lowest gage for low carbon shnedérial that is available for large coill

widths. The following geometric parameters areedri

Stamping depth parametey, = t/(t + h). As illustrated in Fig. 1.6, h denotes the

punch displacement.

- Dimple geometry parametet, = D/h. This parameter describes the dimple width to

height ratio.

- Bonding land parametett; = d/D. The diametera; determines the size of the

dimple’s top, i.e. it is closely linked to the bangl land on top of each dimple.
- The corner radii for the punches and dies are awayta = d /4.

The range of parameters is shown in Tab. 2.1.
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Geometric parameters

Oh 0.20 0.22 0.24 0.26 0.28 0.30
ap 4 5 6 7
O 0.3 0.4 0.5 0.6

Table 2.1 : Geometric parameters values.

The parameter;, is varied from 0.2 to 0.3 which corresponds to lineer range of
relative densities for which optimal cellular cateuctures are expected to provide sufficient
shear strength for sandwich sheet forming appbaati(e.g. Mohr and Straza, 2005). Since
the initial sheet thicknegsis kept constant, the variations af, translate also into a variation
of the overall thickness of the core structure fralpout 1.3mm (foe;, = 0.3) to 2.0mm (for
ap = 0.2). ap is varied from 4 to 7. A large, describes rather shallow cells, while the
lowest value is chosen with forming limits in miriche forming limits of the low carbon steel
are not known (as it is not only subject to platress, but also substantial through-thickness
stresses). However, some preliminary experimentakwad shown that the forming of cell
geometries witha, < 4 will probably be impossible to achieve in realibecause of
premature material fracture during stamping. Thediay land parameter,; is varied from
0.3 to 0.6 which corresponds to a variation ofibading land area fraction from 8% to 33%.
The full permutation of all parameter combinatidiag, ap, ;) resulted in6x4x4 =96

simulation runs.

2.2.2 Results

A summary of all simulation results is shown in.R2Q2. It depicts the shear modulus as a
function of the parameter;,,. The results reveal that for a givep (i.e. the same stamping
depth), the shear modulus of the “optifi@onfiguration can be up to three times highentha
that of the worst configuration. Figure 2.3 shoWws foptimal” configurations for the six;,

that are considered in this study. It is intergstio observe that these feature the same

! Here, the adjective “optimal” is used to make refiee to the configuration that provides the higkbear
modulus among all or a sub-group of configuratiomssidered in this study.
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geometric parameters, = 4 (smallest width to height ratio) arg; = 0.6 (largest bonding

land area fraction). Recall that the initial shdetkness is the same for all configurations.
However, the average thickness after stamping deeseasy, decreases. It may be expected

that this decrease in average thickness will atgoerase the likelihood of fracture during

stamping. Note that the through-thickness neclsngare pronounced for small valuesxgf

In Fig. 2.4, we show selected results of this patamstudy to elucidate the influence
of ap. Observe that the shear modulus is a decreasimptormic function of the width to
height ratier,. Truncated cones can be used to represent theledimop the structure as a
simple think model. For constan}, anda,, decreasinge, implies a steeper cell wall angle

which makes each “cone” of the core structure $¢iéisunder shear loading.

Moreover, the average wall thickness of the coresahses aa;, decreases, which
would also decrease the cones shear stiffness. ¥oywerhen calculating the macroscopic
shear stresses, the stiffness of each cone is tipethdy the representative arealdD?.
The effect of increasing representative area pee @ppears to be dominant which explains
that the effective shear stiffness decreases asvititd to height ratiox, increases. This
model is also validated by a previous numericatlptof the effective shear behavior of an
idealized core structure with uniform wall thickedhat is made from truncated cones. Using
the same definitions for the geometry parameteffsrathe dimpled layers, we find the same

result as far as the effect @f, is concerned.

Akisanya and Fleck (2006) considered that thin-edhfrusta may be considered as the basic
mechanical element of egg-box structures. Theyyaadl their response to shear and normal
loading both experimentally and numerically. Thresults reveal that the effective shear modulus
of structures composed of frustra is nearly indepanof the cell wall angle (for the same relative

density).

The effect ofa, is highlighted in Fig. 2.4. Changing; from 0.3 to 0.6 (without changing
the height or width of the sandwich core structuné cell) can increase the effective shear
stiffness by more than 100%. The average cell wadlkness decreases and the cell wall
inclination angle increases as; increases. Both effects suggest that the effeciivear
stiffness should decrease@gincreases, which is in contradiction with the diation result.

It is speculated that the low stiffness for smallues ofe, is due to the combination of local
indentation and necking of the sheet material whging punches of small diameter. The

imprint of the punch is clearly visible for all digurations, but the local thickness reduction
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Fig. 2.2 : (a) Macroscopic shear modulus as a fonaif the height-to-thickness ratig,; the
black crosses represents the simulation resultdifterent stamping tool geometries; (b)
cross-sectional views of four selected geometriese numbered labels indicate the
corresponding data points in (a).
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is most pronounced in the case of the smallestip(ne = 0.3, image (2) in Fig. 2.4b). The

conical shape of the core structures causes as stmgentration towards the top of each
dimple (i.e. the center of the symmetric core stre). This stress concentration is amplified
further through the local indentation of the shegiterial. Thus, the overall deformation of
the core structure under macroscopic shear loadingot only due to the membrane
deformation of the cone walls, but also due toltwal shear deformation of the zones of
stress concentration. A more uniform accumulatibrsleear deformation can be found for

large values of,.

Given the observed monotonic relationships betwbenelastic shear stiffness and the
respective geometric parameters, it may be condlutat the tools for forming a single
corrugated layer should feature:

= asmall dimple width to dimple height ratig,
» alarge bonding land diameter to width ratjp

The final choice of the parametarg anda, is determined by the formability of the sheet
material. It is interesting to note that the “opiinconfiguration for shear stiffness appears to

converge towards a geometry with vertical cell eathich is similar to that of a honeycomb.

2.2.1 Comparison with hexagonal honeycomb

Metallic honeycombs are known to provide excellshear stiffness when used in
sandwich construction. Here, we compare the shigress of the proposed dimpled bi-layer
sandwich core structure with that of hexagonal joombs. Metallic honeycombs usually
feature both single and double-thickness walls Wwh& due to the manufacturing process.
Thus, the shear modulus is a function of the lagdimection. For shear loading in the T-W-

plane, the exact analytical solution for the sheadulus reads

3(p
§<—) ~ 0.375p" 2.2)

Ps

Grw _
Gs
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with G; denoting the shear modulus of the cell wall basaéterial. The relative density is
defined by the ratio of the effective honeycomb silgnp to the basis material density
which corresponds to the relative densityfor the dimpled core material. The theoretical

bounds for the shear modulus of a honeycomb i.theplane (Kelsey et al., 1958) are

| v

(ﬁ) (2.3)

9 G
i (ﬁ) < 2T
GS Ps

16 \ps

As shown by Grediac (1993), the shear modudys is closer to its upper bound 6f =
0.625p/psGs when used in sandwich structures where the homelyazell size is similar to

the core height.

The dashed lines in Fig. 2.5 show the theoretisaimates of the shear moddl},, and
Gr, (upper bound). The comparison with the computali@stimates of the shear modulus
for the dimpled material reveals that the weigleacsiic stiffness of honeycomb in the T-W
plan, is slightly higher than that of the “optimadtructure. For a relative density of about
0.35, the shear modulus of the dimpled materidloi®GPa while the one for honeycomb is
10.3GPa. It has to be enlightened that the samar shedulus is found for all in plane-

direction of the corrugated core structure (Fi§) 2.
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Fig. 2.4 : Influence of the parametefs anda, on the elastic shear modulus.
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Fig. 2.5 : Elastic shear modulus as a functionhef rtelative density for the proposed core
structure (solid lines) and hexagonal honeycomkHed lines). Note that the shear modulus
of the proposed material is the same for both @am@l directions, while the honeycomb
stiffness is direction dependent.

2.2.2 Comment on the optimal design of formable sandsheets

The present work focuses on the optimization ofghear stiffness only. As indicated
earlier, it is expected that the optimal design $bear stiffness will also be close to the
optimal design for shear strength. In practicepyatire failure of the bonding between the
two core layers as well as of the bonding betwden dore structure and the face sheets
(delamination) might become critical. An ideal sardh material is designed such that all
possible failure modes occur simultaneously. Tlaelee is referred to the textbooks of Allen
(1969), Zenkert (1995) or Ashby et al. (2000) fooren details on the design of sandwich
structures. With regards to the present work, Wwasth noting that preliminary draw bending
experiments on prototypes demonstrated that the stiucture deforms plastically before

braze joint failure initiates.
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2.3. Experimental validation

A brazed prototype made from low carbon steel wite corresponding optimal

microstructure has been provided to us by CellTdehals (San Diego, CA). The average
core relative density of the samplepis= 029. It is extremely difficult to measure the shear

modulus of sandwich core structures in this demnsibge. Most experimental techniques have
been designed for core structures that are botlersahd thicker than the present material.
Because of its high shear stiffness and small ti@sk, the overall shear displacement (i.e. the
relative displacement between the top and bottara &hneets) prior to failure is very small.
An attempt was made to measure this relative disphe@nt through digital image correlation
in a shear lap experiment (see ASTM C273) using $aadwich prototypes glued to each
other with inner and outer cuts (Fig. 2.6), butoimclusive results were obtained because of
the lack in displacement measurement accuracy.dbiitian to the shear lap test, we
performed eigenfrequency measurements and usedehgfication method of Rebillat and
Boutillon (2010) to determine the shear modulusweler, as for the shear lap test, no
satisfactory results could be obtained since theastdeformation of the core structure
contributed only little to the overall deflectiof the vibrating sandwich plate (which was the

goal of the optimization).

Fig. 2.6 : Shear-lap test experiment specimen.

As an alternative to the above two testing techesguve make use of a bending
experiment with high shear loads (i.e. a narrowpsuppoint spacing). In this experiment, the
shear modulus determination can be affected byated indentation of the face sheets, the
underlying sandwich theory and the effect of theefsheet stiffness on the effective core
shear stiffness (e.g. Lebee and Sab, 2010). Inrdod@mit any simplifying assumptions
throughout the experimental analysis, we perfortarge scale finite element analysis of the
entire sandwich structures which is subject to bendnd compare the computed load-

deflection curve with the experimental result.
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2.3.1 Four-point bending experiment

Four-point bending experiments are performed 2&mmm wide and 120mm long
sandwich beam specimens. All specimens are extrdicien CellTech sandwich sheets. The
thickness varies not only from specimen to speciifse® Table 2.2), but also within each
specimen. The thickness measurements at threeethitflocations along the beam axis reveal
thickness variations of up to 0.12mm within the cspen; the average thickness of the

specimen i{C + 2t;) = 1.72mm.

Figure 2.7 shows a photograph along with a techiawing of the four-point bending
experiment. The specimen is supported though tWwodrjcal rollers. Two rollers of the same
diameter {5.8mm) are used to apply the loading. The distance ef upper rollers is
a=25mm in all experiments, while the two different lowsupport point distances are
considered (B=88.7mm and $73.7mm) to vary the ratio of the shear force ardding
moment in the four-point bending experiment. Theplliicement loading is applied through a
ball seed using a hydraulic universal testing maeliModel 318.10,MTS). The vertical force
is measured using a 2kN load cell, while the positiVDT of the vertical actuator is used to
record the applied displacemeftere is no need for a machine stiffness correctione the
effective specimen stiffness is much smaller than dtiffness of the experimental set-Uhe
experiments are performed under displacement dorato an actuator velocity of
0.125mm/min.

All bending experiments are performed in the etastinge. Thus, the experimental
results are characterized by the measured slopleeoforce-displacement curvels,= dF/
du. The stiffness K is determined from the linearerpblation of the measured force-
displacement curve for a displacement intervalbmfudAu = 0.5mm. Table 2.2 summarizes

the experimental results for four different speaisand the two support point distances.

The measured stiffness values vary Wy%/+24% and—11%/+17% around the
average for the small and large support point sgaciThese variations are primarily
attributed to variations in sample thickness asl weglthe thickness variations within each
specimen. However, there are many other sourcesxpérimental uncertainty which are
worth mentioning. For example, the specimen is pesfectly flat and the axes of all four
roller axes are not perfectly parallel; as a resh# specimen is loaded in an uneven manner
which would reduce its apparent stiffness. Everuginolarge diameter rollers have been
chosen, the local indentation of the sandwich be@ay contribute to an experimental error.
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Note that the indentation stiffness of the sandvaplcimen depends also on the location of
the support point with respect to the contact gobetween the face sheet and the dimpled
core structure. Variations in the shear stiffnesy mlso be due to defects in the braze joints

as well as poor alignment of the core layers wapect to each other

Sample Crnoy Ki Ka
mm N.mm? N.mm?
1 1.38 5.36 9.90
2 1.40 5.50 9.12
3 1.25 4.67 8.69
4 1.49 6.96 11.50
Average 1.38 5.62 9.80

Table 2.2 : Four point bending experiment residisand K respectively the stiffness per
unit width for the cylinders spacing bnd b.

2.3.2 Model for the bending of the sandwich structure

Using the same procedure as for the above unitcoatiputations (stamping, flattening,
joining), we built a computational model of the fgqaoint bending material. Due to the
symmetry of the experimental set-up, only one bhthe specimen is modeled. The boundary
conditionu; = 0 is applied to all nodes located on the W-T-symgnplane. Furthermore, we
assume a wide beam (plane strain conditions albagW-direction) and make use of the
periodicity of the core structure to reduce our patational model to 4.91mm wide beam
with periodic boundary conditions along the W-diree (v, =0 on all L-T-boundary
planes). 44 punches and dies are required for td@psng process. The modeled core
structure has a height 6f= 1.31mm, which corresponds to a relative densitypdf= 0.31.
The support and loading rollers are modeled asyaacall rigid surfaces. All degrees of
freedom of the rollers are fixed except for theticat motion of the upper loading roller.
Explicit time integration is used because of thee 2f the computational model (>100,000
elements) and the modeling of contact. To guarasesi-static loading conditions, the upper

cylinder velocity is increased linearly from O Sanm/s over a time period o100us and
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from 5 to 100mm/s over another period of00us, before keeping the loading velocity
constant. The contact between the tool and thewsahdsurfaces is modeled using a

kinematic contact model with a friction coefficiesftO.1.

After completing the finite element analysis foswpport point spacing @f, = 88.7mm
and b, = 73.7mm, the specimen stiffnessé§ = 5.5N/mm? and K, = 10.5N/mm? are
obtained from the linear load-deflection curvese Hlumerical results are remarkably close to
the average stiffnesses measured experimentélys underestimated by 3%, whilg, is
overestimated by’%. Recall that the experimental results feature iBggmt scatter (as
explained above) and that the thickness of the migsaiemodel is slightly smaller than the

average for all samples.

(@)

F/2ly lF/Z

a

Fig. 2.7 : Four-point bending of wide sandwich beaif@) photograph of the experimental
set-up, (b) schematic of the finite element moddle detail depicts a small portion of the
deformed finite element mesh.
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Despite the known experimental and computationaktainty, the good agreement of
the simulations and the experimental results isnsee a partial validation of the
computational model. The mesh used in the bendinglations (three solid elements through
the sheet thickness) is coarser than that usethéounit cell analysis (five elements through
the thickness). However, the simulation of a ueit ander shear loading revealed that the

differences in the shear modulus estimates ardhass1%.

2.4. Conclusions

The transverse shear stiffness of the bi-directipmarrugated core structure is analyzed
both experimentally and numerically using a dethifmmite element model. A parametric
study is performed to choose the stamping tool gggnsuch that the resulting core structure
provides maximum shear stiffness for a given redatiensity. It is found that the optimal
geometries for relative densities ranging from @2).35 all feature the same dome shape
with the same height-to-width ratio, i.e. a smah width to dome height ratio and a large
bonding land diameter to dome width ratio. The danon results also show that the
estimated transverse shear strength of the proposed structure is the same as that of
hexagonal honeycombs of the same weight for higtive densities (greater than 0.35), but
up to 30% smaller for low relative densities (lowlean 0.2). However, unlike for hexagonal

honeycombs, the shear stiffness is approximateyséme for both in-plane directions.
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Chapter Il : Plasticity of Formable All-metal Sandwich Sheets: Virtual
Experiments and Constitutive Modeling

Performing numerical simulations using a detaileatiet of the core unit cell as defined
in the previous chapters is reasonable as it featabout 105 000 elements. However,
numerical difficulties would be found for more colep experiments on wider surfaces.
Hence, for numerical efficiency, the analysis oflutar structures with numerical tools is
preferably performed in terms of effective propestrather than using a detailed model of the
given microstructure. The goal of the present araps to define a macroscopic
phenomenological constitutive model of the sandwsithcture in the perspective of modeling
forming and draw bending experiments on wide sedad-irst, the behavior of the bi-
directionally corrugated sandwich structure undéeent uniaxial loadings is investigated.
Finite element experiments are carried out usiegditailed unit cell model of the “optimal”
core geometry, as defined in chapter Il, for atredadensity ofp* = 0.31. Then, based on
biaxial tensile experiment simulations and a ptastdrk yield criterion, a constitutive model
using distortional hardening is proposed and isduseconjunction with a layered shell

element formulation to represent the sandwich &irec

The main results of this chapter have been sumethiiz the form of a journal paper
under the title “Plasticity of Formable All-metab&dwich Sheets: Virtual Experiments and
Constitutive Modeling”, International Journal oflislcand Structuresupder revisioi

39



3.1. Models for virtual experiments

The virtually manufactured unit cell model of thiedirectionally corrugated sandwich
sheet, as described in chapter I, is used for theal experiments. We use the geometry

presenting the highest shear stiffness-to-weidia,ras defined in chapter 11, with

D =2.06mm,d,, = 1.23mm,n,, = 1y = 0.31mm and dy = 1.44mm.

Here we have the initial face sheet 0.2mm and the core thicknegs= 1.31mm, hence,

the sandwich structure heightds= 1.71mm and the relative densigy’ = 0.31.

The model includes the residual stress and plastain fields due to manufacturing.
Here, we briefly describe the boundary conditiond autput variables that have been used to
characterize the effective mechanical behaviohef¢gandwich material. In fig 3.1, we recall
the colored dashed lines marking the boundary efuthit cell used for the different virtual
experiments. All simulations results are preseméesection 3.2.

Fig. 3.1 : The colored dashed lines mark the boryndfthe unit cell used for selected virtual
experiments.

3.1.1 Out-of-plane compression

The red unit cell model is positioned between tled figid plates (of normaé;). The

upper plate moves along the T-axis, while the loplate is fixed in space. To guarantee

40



guasi-static conditions throughout the simulatiofiti{ explicit time integration), the loading
velocity increases linearly from 0 to 0.003m/s maxm over a time interval of 5ms and is
kept constant until the end of the virtual expenmé\ kinematic contact formulation with a
friction coefficient of 0.1 is employed to modekticontact between the tools and the sheet
surfaces. Periodic boundary conditions are defifiedall nodes positioned on the lateral

boundaries (of normag,, and e;).

The effective engineering out-of-plane normal stiedefined as

56 =-"L (3.1)

with the initial cross-sectional arédg = \/Z—EDZ.

The corresponding out-of-plane engineering normralrsis defined as

Ep =— (3.2)

whereur andF; define the displacement and force applied by tbeing upper plane.

3.1.2 Out-of-plane shear

The red unit cell model is used for shear in thd (iplane, while the blue unit cell model
is used for shear in the (W-T)-plane. The boundanyditions for shear loading in the (L,T)-
plane are:

- Periodicity of the structure along the L-directidghe displacements of a node on a
first (W, T)-boundary plane are identical to theptieements of the corresponding

node with the same,, andx; coordinate on the second (W, T)-boundary plane.

- Symmetry of the mechanical problem along the Wadliom: the in-plane

displacement:,, of all nodes on the (L,T)-boundary planes is seteim.
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Analogously, for virtual shear testing in the (Walane, the boundary conditions are:

- Periodicity of the structure along the W-directidhe displacements of a node on a
first (L, T)-boundary plane are identical to the pliswements of the corresponding

node with the same, andx; coordinate on the second (L, T)-boundary plane.

- Symmetry of the mechanical problem along the Laliom: the in-plane displacement

u, of all nodes on the (W,T)-boundary planes is seeto.

The shear load is introduced by a displacemgralong the L-direction applied to all nodes
on the (W,T)-boundary planes of the top face odlsplacement, along the W-direction

applied to all nodes on the (L,T)-boundary plantshe top face for shearing on the other
direction. To guarantee quasi-static conditionsodghout the shearing simulations, the
loading velocity increases linearly from 0 to 0.608 maximum over a time interval of 5ms
and is kept constant until the end of the step.dileg the corresponding reaction forces as

Ff andFy;,, we define the out-of-plane engineering sheassé® and strains as

F Fy
TL(,:T = E and TVCVT = E (33)
and
u u
L= ?L and [yp = TW . (3.4)

3.1.3 Uniaxial in-plane loading

The green model is used for in-plane loading. Duéhe symmetry of the mechanical
problem with respect to the L-W-plane, a green rhadgld one core layer and one face sheet

is used for in-plane simulations. The specific baany conditions are:

- The in-plane displacement along the L-directionadif nodes on the first (W,T)-

boundary plane is set to zero. A kinematic constriagi imposed on all nodes on the
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second (W,T)-boundary plane to guarantee that tteep remains flat. The

displacement of these nodes is denoted, as

- Analogously, the in-plane displacement along thelivéetion of all nodes on the first
(L,T)-boundary plane is set to zero. A kinematiostoaint is imposed on all nodes on
the second (L,T)-boundary plane to guarantee that glane remains flat. The

displacement of these nodes is denoted,as

- The out-of-plane displacement of a set of nodes located on top of the core dimple

(i.e. the center of the sandwich core) is set to.ze

For uniaxial tension and compression along therkdtiion, we prescribe; while uy, is free

(Fig. 3.2a). Conversely, we prescribg and leavey,; free for uniaxial loading along the W-
direction (Fig. 3.2Db).

In the case of in-plane loading, the engineeringsses for the face sheets, core layer and
the entire sandwich material are

c f c,pf
sf=" yf =L gng ys =1L .
L=ag %L = and 2 AS+af (35)
c f C.,f
c B yf _ Fy s Fyy +Fy,
Xy = yre e il and Xy, i eal, (3.6)
with the initial cross-sectional areaﬂ{ = ﬁDt, A} = EDC, A{;, =2t and4g, =%,
2 4 2 4
The corresponding macroscopic engineering straiag
u u
z (%)
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3.1.4 Combined in-plane loading

The same unit cell and boundary conditions as fogxial in-plane loading are used to
perform virtual experiments for combined in-plapnading. We introduce the biaxial loading
angle to describe the ratio of in-plane strains,

dEy  duy,
dEL '\/§duL

tanf = (3.8)

The virtual experiments are then carried out faliakloading (i.e. monotonic loading with
constanis).

Fig. 3.2 : lllustration of the displacement boundaonditions for uniaxial tension (a) in the
L-direction and (b) in the W-direction.
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3.2.Results from virtual experiments

The program of virtual experiments includes bothatplane and in-plane loading. The
emphasis of the present work is on in-plane load8®jected results for out-of-plane loading

are included to shed some light on the overall raeial behavior of this new material.

3.2.1 Uniaxial out-of plane compression

The macroscopic response for out-of-plane loadsnghown in Fig. 3.3. The curve starts
with a linear elastic regime followed by a monotatly hardening plastic response as the
stress exceeds 30MPa. Observe from the deformatiapshots taken throughout different
stages of loading that the dome height is progregsreduced during loading. This induces a
state of compression in the flat bonding land anethe center of the core structure where
regions of very high plastic strains develop. ltingoortant to note that the out-of-plane
compressive response of the present material ysdifferent from that of traditional cellular
materials. We observe

- no peak stress (which indicates the absence oftiplasllapse of the cellular

microstructure);

- no plateau regime (which indicates the absenceagrpssive folding of the cellular

microstructure).

However, as for traditional cellular materials, sifination is expected to occur for the
present material. The simulations were stoppecetoty to see the effect of densification on
the stress-strain curve. The careful comparisosnapshots #2 and #3 reveals that a contact
zone develops between the upper and lower domeshvadoirresponds to an increase of the

apparent size of the bonding lands.

3.2.2 Out-of-plane shear

Virtual experiments for out-of-plane shear loadarg performed in the L-T- and W-T-
planes. The corresponding engineering shear sttems- curves (Fig. 3.4) are almost the
same (stress level is about 3% higher for L-dieqti We observe an initial yield point at
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around 15MPa. Thereafter, the stress continuesctease monotonically. Careful inspection

of the deformed shapes shows a distortion on theedsiructure due to out-of-plane shear.

Eng. normal strain [-]

-03 -025 -02 -0.15 -01 -005 O
T T T

T T T
TV R0 EO R0V 0RO TR )

Eng. normal stress [MPa]

[ AT
- TNy [J{ AT TR

PEECHEN TTTT T MM

0.00 0.50 1.00
(b)

Fig. 3.3 : Out-of-plane compression: (a) macroscaggineering stress-strain curve; (b)
deformed configurations corresponding to the pdadigled in the stress-strain curve.

Observe the apparent jump in the displacement fielat the center of the vertical unit cell
boundaries. This is a three-dimensional effect. &s@mple, for shear along the W-direction,
the uy,-displacement field is continuous and satisfied pleeiodicity conditions along the

boundaries, but it varies along the L-direction ethgives the impression of a jump when
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looking at the projection on the W-T-plane. Thehaigt strains are observed near the braze

joints which is expected as the net cross-sectidha smallest in that area.
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Eng. shear stress [MPa]
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L
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Fig. 3.4 : Out-of-plane shear: (a) macroscopic megiing shear stress-strain curves; (b) side
views of deformed configurations corresponding he points labeled in the stress-strain
curves.
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3.2.3 Uniaxial in-plane tension

Figure 3.5 shows the engineering stress-strainesufor uniaxial in-plane tension. The
red curves show the results for tension along ta&éction, while the blue curves correspond
to tension along the W-direction. The effectiveess-strain curves are monotonically
increasing and their shapes resemble that of aermional metal. For tension in the L-
direction, the initial yield stress is about 130MBathe entire sandwich material and reaches

a value of about 160MPa at an engineering strah X8.

100

= = 80 =
s g S 3
2 g 9 25(
8 g &2
= 740 1 2
b 60f — W-direction| 20 — W-direction | 20 150 — W-direction 1
=40} — L-direction 1 = 20} — L-direction | = 100} — L-direction A

20¢ | Sandwich structure | l Core structure | 50f I Face sheet |‘

0 ' - 0 - - 0 - -
0 0.05 0.1 0.15 0 0.05 0.1 0.15 0 0.05 0.1 0.15
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Fig. 3.5 : Uniaxial in-plane tension: engineeririgess-strain curves for (a) entire sandwich
cross-section, (b) the core structure, and (c)félce sheets; (d) 3D views of the deformed
configurations corresponding to the points labatetthe stress-strain curves.
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Figure 3.6a) elucidates the contribution of theefabheets and the core layers to the
overall axial force of the sandwich material. Femdion along the L-direction, the face sheets
contribute about 57% to the overall force level,iletthe core layers contribute the other
43%. This strong contribution of the core layetthe in-plane deformation resistance of the
sandwich material is a very special feature oflihdirectionally corrugated core structure.
Note that for most traditional sandwich materiabiassumed that the contribution of the core
layer to the in-plane stiffness and strength idigdade.

150 T T 0 T T
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E 001k L-direction
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E sk 1 £
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= -0.03F .
3 sof 1
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25k — Face y -0.04F q
— Core
0 ' ' -0.05 L '
0 0.05 0.1 0.15 0 0.05 0.1 0.15
e [-] )
L Eaxia.l[]
(a) (b)

Fig. 3.6 : (a) Decomposition of the section forper(unit width) for uniaxial tension along the
L-direction into the contributions of the core sture (black) and the face sheets (red); (b)
Engineering strain along the width direction asiaction of the axial engineering strain for
uniaxial tension along the L- and W-directions.

It is worth noting that the same basis materidbfahnd thickness) is used for the face
sheets and the core structure. This also implias tie overall weight of the sandwich
material is equally split between the face sheetsthe core structure. Therefore, the weight-
specific response of the face sheets is more eféethan that of the core structure (for
uniaxial tension), but nonetheless the latter m@y e seen as very high for a cellular
material. In Fig. 3.5¢c, we also plotted the str&isain response of the basis material for
reference (dashed lines). The comparison of theethand solid curves reveals that a higher
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effort is needed to deform the face sheets in #relwich material as compared to testing
these independently from the core structure. Theplaty with the core structure results in
non-uniform deformation fields (see contour platsFig. 3.5d) which increases the plastic

work required for axial straining of the face slseet

The small differences between the two curves shamvrFig. 3.5a indicate some
anisotropy in the sandwich material response. Trieakalown into the contributions of the
faces and core layers (Figs. 3.5b and 3.5c) dematastthat this anisotropy may be attributed
to the face sheet response. However, as showrelgatthed lines in Fig. 3.5¢, this anisotropy
is not only due to the original (texture relatedjsatropy in the basis material. It is also due to

the interaction with the core structure.

The core structure is compressible (from a macmscpoint of view) and hence the
definition of an r-value is not very meaningful teescribe the anisotropy. Instead, we
determine an apparent plastic Poisson’s ratio fagoiot of the width versus axial strain (Fig.
3.6b). For the present material, we obtaffy, = —0.33 and v}, = —0.28 for uniaxial

tension along the L- and W-directions, respectively

3.2.4 Uniaxial in-plane compression

The effective engineering stress-strain curvesufoaxial compression are shown in Fig.
3.7a. They both exhibit a maximum in stress folldvisy a slightly decreasing stress level.
The initial small strain response is very similaithat for uniaxial tension and we observe an
initial yield stress of about 130MPa. The shallosal in stress is associated with the out-of-
plane deformation of the face and core sheets wimai be considered as a local collapse
mode of the sandwich microstructure. This deforaratinode is local in the sense that the
sandwich mid-plane remains flat (as imposed bysgmemetry conditions). The local bending
stiffness of the core sheet is determined by tmepté pattern. In the case of compressive
loading along the W-direction, less effort (as canegl to the L-direction) is required to
initiate an out-of-plane deformation mode as atmldsinge can easily form perpendicularly
to the loading direction (which corresponds to &xpected orientation of a plastic hinge).
This is due to the fact that the domes are pogtiasuch that this hinge line can form between
the domes i.e. in the area where the corrugatedtslexhibit the lowest plastic bending
resistance. In the case of compression along theelction, the dome positioning prohibits
the formation of a hinge line perpendicularly te tbading direction. This explains as to why

the unit cell is more distorted for compressionngldéhe L-direction as compared to the W-
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direction. Figure 3.7 indicates that the decreasstriess level is mostly due to the folding of
the core structure for W-compression. In the cabke.-compression, the macroscopic
deformation resistance of the core structure resnaiare or less constant which is consistent

with the described plastic hinge mechanism.
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Eng. strain [-]

Eng. strain [-]
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Fig. 3.7 : Uniaxial in-plane compression: enginegristress-strain curves for (a) entire
sandwich cross-section, (b) the core structure, (Bhdhe face sheets; (d) 3D views of the
deformed configurations corresponding to the pdadigeled in the stress-strain curves.

3.2.5 Biaxial in-plane behavior

We limit our attention to states of loading tha¢ af interest to sheet metal forming.

Moreover, we assume that the effect of in-planesaropy on the mechanical properties is
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small and focus on bi-axial in-plane loadings os§ipige strain along the W-directio®q <

B < 180°). In particular, we consider

e B = 0° (transverse plane strain tension along L-diregtion
* [ = 180° (transverse plane strain compression along L-timec
* [ = 45° (equi-biaxial stretching)

e B =135° (in-plane shear, i.e. equal L-compression and itedting)

In addition, in view of constructing an isotropi@anoscopic yield surface, three intermediate

loading angles are considered:

. B=113°

* [ =1013°i.e. LT : = —0.2 which is close to uniaxial tension along
dEy tan(101.3)

the W-direction

. B =168.7° ‘jfTVLV =02
Figure 3.8a summarizes all measured engineeriagsststrain curves for the different loading
cases of the biaxial experiments for the sandwiolctire, the core structure and the face
sheet. The red dotted lines recall the resultsifdaxial tension. All curves for the L-direction
are in hierarchical order with respectft@s expected for a conventional engineering méteria
The stress level for transverse plane strain tan@o= 0°) is the highest which is a common
feature of materials with a convex yield surfacel am associated flow rule. Similarly, the
stress level for transverse plane strain compreggie= 180°) is the lowest. The stress along
the L-direction is almost zero f@ = 101.3° which is consistent with the observation that the

corresponding stress-strain curve for the W-diogctoincides with that for uniaxial tension
(Fig. 3.8a).

The contributions of the core structure and faeesko the overall material response are
also shown in Fig. 3.6a. A hierarchical order of #tress-strain curves for the L-direction is
observed at this level. However, we note that theti/ss-strain curves f@r = 45° (tension-
tension) angs = 135° (compression-tension) do intersect when consigehe core structure

52



only. The snapshots of various stages of loadindg-im3.8 b reveal that the sandwich
structure is distorted fgf = 135° which might explain the lower apparent strain leairdg of

the core layer as compared ffo= 45° where the core layer appears to be stretched (and
flattened) in a more uniform manner. It is worthting that the face sheets remain
approximately flat (i.e. the waviness is smallearththe face sheet thickness) when both in-
plane normal stresses are positive. As the secoimdigeal stress becomes negative (i.e.
compression along the L-direction), we observe llata-of-plane deformation modes (see

deformed configurations fg@ > 101.3°) .

3.2.6 Volume change of core structure

The volume change is determined from the displacémgalong the T-direction of the
nodes located on the inner surface of the facetshata given time step, the average surface
displacementur is determined and used to compute the engineéhicgness strain. The

corresponding plastic volume change is expressedgh the volumetric strain

E)=(+E’)(1+EL)(+ER) -1 (3.9)

Figure 3.9 shows a plot of the plastic volumettraia as a function of the plastic work for all
virtual in-plane experiments performed. Excepttfog initial phase of uniaxial compression
and = 180° , we observe a volume reduction (compaction). Tihiexpected for tensile
loading conditions, but negative volumetric straisw® also observed for compression-
dominated loading such ag = 135° and f = 168.7°. It is tentatively explained by the
distortion of the compressed face sheet which camramodate a local increase in core

thickness, while the increase of the average dockress is much smaller.
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Fig. 3.8 : Biaxial in-plane loading: (a) Enginegrinormal stress-strain curves for the L-
direction (left column) and W-direction (right cohm) for the full sandwich cross-section
(first row), the core structure (second row), ahd face sheets (third row); the lakgl
indicates the bi-axial loading angle; (b) 3D viewd the deformed configurations
corresponding to the points labeled in the stréssnascurves.
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3.3.Phenomenological macroscopic constitutive model

3.3.1 Modeling approach

The goal is to describe the macroscopic behavigh®fsandwich sheet material using a
composite shell model. A composite shell model mesuthat the effect of the out-of-plane
normal stress is negligible which is a strong ypidal assumption made in the context of
thin-walled structures. Different constitutive méglare assigned to the thickness integration
points of the composite shell element. We therefaed to provide constitutive models that
describe the effective behavior of the face sheat the core structure when built into a
sandwich structure. As an alternative, one couldsicter the entire sandwich sheet as a
homogeneous medium and develop a single consatuthodel only. However, such a
description would be suitable for membrane loadimly whereas it is expected to break
down in the case of bending loading. The constiéuthodel for the face sheet basis material
is known, but it provides only a poor approximatiohthe effective behavior of the face

sheets when these are integrated into a sandwisttste.

3.3.2 Notation and kinematics

The constitutive equations are written in the mateoordinate system which is defined
through the longitudinal in-plane direction (L),ethwidth in-plane direction (W) and the
thickness direction (T). The Cauchy stress vealonrearizes the non-zero stress components
in that coordinate frames = {01, oww Tiw}", while a standard co-rotational formulation
is used to update the orientation of the matermardinate frame as the shell element is
subject to large rotations and distortions (Abadt0)8). The work-conjugate logarithmic
strain components are summarized by the strainoneat= {1z Eww Viwl}'. A
superscript ‘p’ is used to denote the correspongiagtic strainsg?. Bold lower case letters
are used to denote vectors, while second-ordeoteree denoted by bold letters. Square

brackets are used exclusively to indicate the asguirof a function, e.gf = f[x].

3.3.3 Elastic constitutive equation

The core structure features hexagonal in-plane stmymNeglecting possible elastic
anisotropy in the basis material, we can therefiseean isotropic elasticity model to describe

the effective in-plane behavior, for the core siuue as well as for the face sheets,
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o =C(g—¢€P) (3.10)

with

E
1-v2

C = (el®el+ez®ez+vel®ez+vez®el+1_Tve3®e3) (311)

E,, andv denote the elastic modulus and Poisson’s ratiafoaxial in-plane loading, while
e; ={100}", e, ={010}" ande; = {001}".

3.3.4 Macroscopic yield surface

The yield function will be chosen such that it des the envelopes of equal plastic work.
We thus computed the plastic work per initial wotume for each virtual experiment and
plotted the corresponding true stress data p@mjso; ) for selected amounts of plastic work
in Fig. 3.10 (face sheets) and Fig. 3.11 (corectire). Note that we assumed plastic
incompressibility for the face sheets = 0), while the volumetric strains reported in Figd 3.

are used when calculating the true effective stéeefsr the core structure.
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Fig. 3.9 : Plastic volume change during in-plarediag for all virtual experiments performed
as a function of the plastic work per initial volamThe red dashed line shows the model
approximation according to Eq. (3.23).
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Both the core structure and the face sheets aree rirath a Hill'48 material and it is
hence natural to choose the Hill'48 yield functesa starting point for the construction of a
yield function for the cellular material. Howevehe data for the core structure shows a
pronounced tension/compression asymmetry which atabe represented by the Hill'48
function. As a first approximation, the tension/qgession difference in our study is
attributed to a linear pressure dependency of ffecteve inelastic material behavior. We

therefore define the yield condition as,

f=6-k=0 (3.12)

where the equivalent stress depends both on thatdee and diagonal terms of the Cauchy

stress tensor,

o= EHill + Ao, (313)
With

Oxin =

JF(o, — 07)? + G(oy — 07)% + H(o, — 0y)? + 2Lt% + 2M13, + 2N72,  (3.14)
and

Om = W (3.15)

Note that the above yield function preserves thevegity of the original Hill'48 criterion as
the associated Hessian matrix is not affected bylitlear pressure term. In the case of plane

stress, the yield function reduces to

flo] = Jo? + Go} + H(o, — oy)? + 2N12, + %(GL +oy)—k=0. (3.16)

We fitted the above expression to our virtual ekpental data. The solid envelopes in Figs.
3.10a,d and 3.11a,d show the fit to the data usiegparameters listed in Table 3.1.
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3.3.5 Distortional-isotropic hardening

Figures 3.10d and 3.11d shows the yield envelopesyvo distinct plastic work densities
in a single plot. The comparison of the calibratedd envelopes demonstrates that the elastic
domain is not increasing in a self-similar manriestead, the shape of the yield surfaces
changes substantially (distortional hardening)Etn (3.12), changes &f represent isotropic
hardening, while changes in the coefficieftss, H, N and @ would represent distortional
hardening. As an alternative to modeling the evotubf the yield surface coefficients (e.g.
Aretz (2005)), we describe the yield surface evofuthrough a linear combination of two

distinct yield functions; [a] andf;[a],

flo] = (1 = 8)file] + éf2l0], (3.17)

where the isotropic-distortional hardening facdos S[Wpl] is defined as a function of the
plastic work density. Denoting the plastic work siéynassociated with the yield functiofis

andf, asW,; andW,;, respectively, we impose the ord€g; > W,,.

Note that the linear combination (with positive ghes) of two convex functions is still

convex. Furthermore, the corresponding weightedvatgnt stress,
is still a homogeneous function of degree one.drastic work densities smaller thuq}, and

greater thaerzl, we assume isotropic hardening only. The yielcciam evolution law may

thus be written as

G,[o] — (1 + 6)k, for Wy < W,
flo] =3 (1 = 8)(@i[0] — k1) + 8(G,[0] — k) for Wy < Wy < Wy (3.19)
oz[0] = 6k, for Wi < Wy,

where the isotropic-distortional hardening functi@h> —1 defines a monotonically

increasing function of the plastic work density eifulfills the constraintﬁ[Wpll] =0 and
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3.3.6 Flow rule and volume change

An associated plastic flow rule is adopted to descthe evolution of the plastic in-plane

strains. Formally, we write

0
de, = d12L (3.20)

with the plastic multipliedA > 0. The increment in plastic work density (per initalume)

can be written as
dW,, = (1 + E})o - de,,. (3.21)

where a constitutive equation needs to be spedbedktermine the evolution of the plastic
(engineering) volumetric strainEl. Plastic incompressibility is assumed as a first
approximation for the face sheets, E&.= 0. The core layer on the other hand is considered
as compressible. The change in volumetric straidirisctly defined as a function of the

plastic work density,
dEY = h[Wp|dWy,. (3.22)
In particular, the linear function
h[Wpi] = —kWp (3.23)

with k = 0.0008MPa~! provides a reasonable approximation of the presgperimental
data for the core structure (see red dashed coriegi 3.9). Note that the above expression is

only valid up to the theoretical densification straf EZ;’ =p"—1.
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Fig. 3.10 : Envelopes of equal plastic work (peit umtial volume) for the face sheets in the
true stress plan&,c.). The open dots present the results from virtxpeements, the black

solid lines in (a) and (d) represent the least sgtinof the yield function given by Eq. (3.16).
The solid envelopes in (b) and (c) have been coegpbised on the isotropic-distortional
hardening model given by Eq. (3.24).
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Fig. 3.11 : Envelopes of equal plastic work (peit umtial volume) for the core structure in
the true stress planey,c.). The open dots present the results from virtxgleements, the
black solid lines in (a) and (d) represent thetlegsare fit of the yield function given by Eq.
(3.16). The solid envelopes in (b) and (c) havenbeemputed based on the isotropic-
distortional hardening model given by Eq. (3.25).
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3.3.7 Summary of material model parameters

The proposed material model is specified throughfellowing parameters:

- The elastic parameters, Young's moduliand Poisson’s ratio, that describe

the planar isotropic elastic behavior;

- The yield functionsf; and f,; each functionf; is specified through five

parametersg;, H;, N;, a; andk;;

- The isotropic-distortional hardening functidiii¥,,;] which describes combined

isotropic-distortional hardening.

The isotropic-distortional hardening function mag presented as a parametric or non-

parametric function. For the present sandwich rredtehe parametric function

pllf

W,
L 146 {(W;” ) - 1} for W2 ;< Wy

pllf

( F(Wpr— oLF
Jlog 146 W—z for Wpl<szl,f

provides a good approximation of the face shegiomse. The yield envelopes fdr,, =
15N /mm?* andW,,; = 30N /mm? shown in Fig. 3.10 have been computed using tloweab

expression for the isotropic-distortional hardenimgction.

For the core structure, we propose the function

Wy, — WL
( 516' (%) fOT' Wpl < szl,c
8c[Wpil = 4' s (3.25)
Pl
kl + 520 {(m) - 1} fOT szl,c < Wpl
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to describe the apparent strain hardening. Figufd 3ncludes the intermediate yield
envelopes foV,, = 4N /mm? and Wy = 8N /mm? that have been determined using Eq.
(3.17) in combination with Eq. (3.25). All modednameters as calibrated for the present face

sheet and core materials are summarized in Tabllesn® 3.2.

w, G Hi N1 a1 k1
N/mnt - - - - MPa
Core 1 1 0.6 1.5 0.03 105
Face 0.5 0.77 0.53 1.5 -0.1 373
Wf,l G2 H> N2 o ka
N/mnf - - - - MPa
Core 12 1.2 0.22 1.5 -0.43 114
Face 50 0.85 0.3 1.5 -0.33 459

Table 3.1 : Yield function parameters.

64 6,
Core 1.09 0.26
Face 9.09 0.09

Table 3.2 : Isotropic-distortional hardening functiparameters
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3.4. Validation and discussion

The constitutive model is implemented into theténelement software Abaqus/explicit
through its VUMAT user material subroutine intedadn the VUMAT code, we adopt a
standard return mapping algorithm with a backwanteEtime integration scheme (Simo and
Hughes, 1998). It is subsequently used in conjaonctvith a composite shell element. The
cross-section of the composite shell element ispos®d of three layers representing the top
and bottom face sheets (each 0.2mm thick) alony witl.2mm thick core layer. Three
thickness integration points (for numerical intégma with the Simpson rule) are employed

per layer.

3.4.1 Comparison: macroscopic model versus virtual expents

All in-plane experiments are simulated using themposite shell model. The results are
reported in terms of the section normal forégsand F, as a function of the corresponding
engineering normal strairfg, andE,,. The solid blue lines in Fig. 3.12 depict the isstor
the composite shell element while the dashed hes Ishow the corresponding results from
the virtual experiments. In addition, we also cotepuhe individual contributions of the face
sheets (red curves) and the core structure (blacies).

We observe good overall agreement of the forcensttarves for most loading cases. The
best agreement of model and virtual experimentshiserved for transverse plane strain
loading ¢ = 0° andp = 180°). For uniaxial tension and compression, the ptedidorce
agrees well with that of the virtual experimentt lius underestimated by up to 15% at large
strains. The model predictions are less accuratedmbined loading. However, the force
level predictions are still reasonable when quwgimif the error in absolute terms. For
example, the relative error i) exceeds 100% fqg¢ = 101.3°, but the absolute difference is
less than20N/mm. The comparison of the force-strain curves for tiaee sheets
demonstrates a good agreement for almost all erpets. The observed differences in force
level for the sandwich may thus be attributed tbctmncies in the model predictions of the
effective behavior of the core structure. The plofsthe yield envelopes in Fig. 3.11
demonstrate that the error in the core model ptiedis are not due to the yield functions.
Instead, it is speculated that the flow rule is mery accurate. Note that all biaxial
experiments are strain-driven and the flow ruledfere determines the loading path in stress

space.
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3.4.2 Discussion

An attempt was made to come up with a simple miedmanics-based two-scale finite
element model of the core structure. For exampleinaplified three-dimensional shell
element model of the unit cell could be assigneceach thickness integration point of
macroscopic composite shell model (see for instdvhaler (2006)). However, our preliminary
results have shown that a three-dimensional steetient model (at the micro-scale) provides
only a poor quantitative prediction of the effeetistress-strain response obtained from our
virtual experiments (that make use of fine solidngknts). Similarly, analytical solutions of
strongly simplified mechanical models of the camecure (e.g. a truncated cone of uniform
thickness) turned out to be inadequate from bajnalitative and quantitative point of view.
Here, we proposed a simple phenomenological magiélamework to describe the effective
behavior of the face sheets and core layers, régplc Such models are only of little value
as far as their predictive capabilities outsidertirege of calibration are concerned. However,
at this stage, where the sandwich material itseHtill under development, it appears to be
reasonable to propose a phenomenological modelaioiage the mechanical performance of
three-dimensional structures made from this sartuwsieet material. The modeling of the
effective behavior of constructed cellular materiagd particularly challenging due to the
evolution of the material microstructure. This exmn causes the distortion of the
macroscopic Yyield surface which is described thhouy phenomenological isotropic-
distortional hardening model in the present wottke Thtroduction of two fixed yield surfaces
fi and f, results in a rather simple model which can be lyasalibrated based on
experiments. Note that the plastic work densityhéonly internal state variable of the model.
This is a very strong simplifying assumption whistexpected to break down in case of non-
radial loading paths. The final deformed configimasg for § = 11.3° and101.3° shown in
Fig. 3.8b have been subject to approximately theesamount of plastic work density
(W, = 25N/mm?). Clearly, the state of the material is very difiet among these
configurations. Further improvements of the aboaeh would therefore not only require a
modified flow rule, but also the introduction ofdational state variables to provide a more
accurate description of the microstructural evoluiti
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3.5. Conclusions

In this chapter, the focus is made on the plagtfalior of the bi-directionally corrugated
sandwich structure under different loadings. Fieiaments experiments are carried out using
a full meshing of the core geometry. Uniaxial loeg$ such as out-of plane compression and
shearing, in-plane traction and compression redealedifferent behavior from that of
traditional cellular materials. A very special fea of this new material is the strong
contribution of the core layer to the in-plane defation resistance of the sandwich material.
The core structure contributes up to 43% of theatiffe yield strength of the sandwich sheet
material for in-plane loading. Besides, the ouplafne compressive response shows no
collapse or progressive folding of the cellular ragtructure. In addition, anisotropy in the

sandwich material response is observed.

Based on the results from biaxial tensile experingmulations, a phenomenological
constitutive model is proposed for both the faceesh and the core structure. The yield
function is chosen such that it defines the envedopf plastic work density. The equivalent
stress depends both on the deviatoric and diaderak of the Cauchy stress tensor in order
to take into account the anisotropy of the strueetamd the pronounced tension/compression
asymmetry of its behavior. Furthermore, a new ggob-distortional hardening modeling
framework is proposed to provide a first approxioraf the stress-strain response for radial
loading paths. The constitutive model is impleredninto a commercial finite element
software and used in conjunction with a composltellselement model to describe the
effective in-plane behavior of the sandwich sheatemal.
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Chapter IV : Model Parameter Identification and Application to Draw
Bending

The use of the phenomenological constitutive mpdesented in chapter Il requires the
identification of the effective behavior of the éasheets and that of the core structure. The
main outstanding challenge is the identification thie model parameters based on
experimental data. We have shown that the mecHamisponse of the face sheets is altered
through the coupling with the periodic core struetuSimilarly, the behavior of the core
structure depends strongly on the mechanical cogiplith the face sheets. Consequently, it
is not possible to identify the respective matemaldel parameters from separate experiments

on the face sheets and the core structure.

In the present chapter, a procedure is developedetatify the plastic material model
parameters based on tension and bending experinoentthe entire sandwich material.
Extensive work make use of an inverse method terdehe material properties for instance
hardening parameters of metal sheets have beeffie@rthanks to three-point bending
experiments (Omerspahic et al., 2006, Eggertseal.eR010) and vibration analysis were
used to identify the different layers propertiessahdwich structures (Lauwagie et al., 2004,
Shi et al., 2006, Rébillat et al.,2011).

Finally, draw bending experiments will allow fostauctural validation and discussion on

the constitutive model.

The main results of this chapter have been sumethiiz the form of a journal paper
under the title “Composite Shell Element Model afdBectionally Corrugated Sandwich
Sheets: Model Parameter Identification and Applcato Draw Bending”, Journal of the

Mechanics of Solids and Structuresl§mitted for publication
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4.1. Calibration experiments

As an alternative to real physical experimentstuair experiments are used throughout
this study. This is mainly done because of the téohiavailability of bi-directionally
corrugated prototype material of consistent proeeiiwith regards to face sheet-to-core layer

joint quality, thermal treatment and thickness &&ons).

Two different virtual experiments are performectharacterize the mechanical properties
of the sandwich material: (1) uniaxial in-planediem, and (2) four-point bending. In this
section, all the virtual experiments are perfornted specimens made from the virtually
manufactured unit cell model of the bi-directiogatbrrugated sandwich sheet, as described
in chapter I. We use the same geometric charatitsriss in chapter Ill, corresponding to the
structure offering the highest shear stiffness-toght ratio. Note that for computational
efficiency, we use coarser meshing for large spesimodels (three solid elements through
the sheet thickness). However, the simulation oh# cell under uniaxial in-plane tension
revealed a less than 1% difference load.

4.1.1 Calibration experiment #1: Uniaxial tension

This uniaxial in-plane tension experiment alonglthdirection is described in Subsection
3.1.1 of chapter Il

The computed engineering stress versus enginesgiriaig curve is shown as a black solid
line in Fig. 4.2 The material response becomessiiel at an average stress of about 110MPa.
The stress-strain curve increases monotonicallyeuniaxial tension until a stress of
160MPa is reached at a strain of 0.15.

4.1.2 Calibration experiment #2: Four-point bending

The same experimental set-up as described in Sudose2.3.1 of chapter Il and
illustrated by figure 4.1 is used to perform fourisg bending experiments. The specimen will
be positioned such that it is bent around the Vé:aRue to the symmetry of the mechanical
system, the finite element model comprises only lwalé of the 100 mm-long specimens and
the boundary conditiom; = 0 is applied to all nodes located on the W-T-symgnetane.
We assume a wide beam (plane strain conditiongydloe W-direction) and make use of the

periodicity of the core structure to reduce our patational model to 4.784 mm wide beam
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(corresponds to the width of the unit cell) witlapé strain boundary conditions along the W-

direction f,, = 0 for all nodes on L-T-boundary planes).

All degrees of freedom of the rollers are fixed epicfor the vertical motion of the upper

loading roller. A total displacement af = 5mm is applied.

The monotonically increasing punch force versupldiement curve is shown in Fig. 4.3
(black curve), while Fig. 4.3 shows the deformeddsdach beam at various stages of the
virtual experiment. The superposed color contobsas the equivalent plastic strain in the
face sheets only. It is worth noting that the sanbdvwbeam exhibits a similar response as
conventional homogeneous materials: the crossesectemain flat and perpendicular to the
beam mid-axis. Unlike in conventional sandwich mats, the shear deformation of the core
layer is negligible. This “shear-rigid” behavior i@ characteristic feature of the bi-
directionally sandwich sheet material and is aititor the successful forming of three-

dimensional structures from flat sheets (Mohr, 3005

A F
F/2 F/2 D i

punch _holder
/
sandwich ——— ' — ¥ |
O O == "
T

T b T die

F/2 F/2

() (b)

Figure 4.1 : Technical drawing of the experimensat-ups: (a) four-point bending
experiment, (b) draw bending experiment.
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4.2.. Material model parameter identification

4.2.1 Summary of material model parameters

We recall that the material model is determineasubh the following parameters and

functions:

Two elastic constantg, andv

Ten yield surface shape paramefgis Hy, Ny, aq, Wy} and{G,, Hy, No, a,, W2}

Isotropic-distortional hardening functidijW,,]

Thickness change parameker

The determination of the material model paramdiesed on the experimental results for
uniaxial tension and four-point bending is showheTconstants of the isotropic elasticity
model are easily obtained from a uniaxial tensigpeeiment. The eight yield surface shape
parameters on the other hand need to be deterrfriomedmulti-axial experiments. However,
it is postulated that these depend on the geonwdtrihe core structure only. In a first
approximation, it is assumed that these are indigrgrof the choice of the basis material. We
thus make use of the same parameters as proposd@dpter Ill, see Tab. 3.1. An inverse

method is used to identify the distortional hardgriunctions parameters.

4.2.2 Elastic constants and thickness change parameter

The linear elastic range of the average engineestirgss versus strain curve for uniaxial
tension exhibits a modulug = 73 GPa and a Poisson’s ratw ~ 0.3 (determined from in-
plane width strain versus in-plane axial strairnvejr The same Poisson’s ratio is assumed for
the core and face sheets. Furthermore, it is asbuha the face sheets remain flat in the

elastic range and exhibit the basis material mal#lu= 210 GPa. Using the rule of

mixtures,
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. E; —=LE;. 4.1)
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we can compute the homogeneous-equivalent Youngdutas of the core layer &5 =
31.2 GPa.

The thickness change parameter can also be detmtnfiom the uniaxial experiments.
We assign the volume change of the sandwich mhaterihe core structure only by plastic
incompressibility of the face sheets£ 0). A fit to the plot of the volumetric strain fone
core layer as a function of the plastic work undeniaxial tension leads to
k = 0.0008 MPa~! (Fig. 4.2b).
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Figure 4.2 : (a) Stress-strain curves for the ualaensile experiment (in black the “virtual”
experiment results, in blue the model results) glaith (b) the plastic volume change as a
function of the plastic work density.

4.2.3 Isotropic-distortional hardening functions

The current size of the elastic domain is contebliy the deformation resistancgs, k1}

and the isotropic-distortional hardening funct&fi,]. This function needs to be identified
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for the core structure and the face sheets. Shmeelasticity models for the core structure and
the face sheets describe the respective homogereepigalent behavior as built into the
sandwich material, it is impossible to perform saf@a experiments for the core and face
sheets. The hardening functions are thus deterntimedigh inverse analysis of the results
from uniaxial tension and four-point bending inste&or this, it is useful to introduce

parametric forms of[WW,,]. Based on the work presented in Chapter lll, aepkng in mind
the condition on the isotropic-distortional hardepfunctions[W,;] = 0 anch[szl] =1, the

parametersg} are defined as functions of the parame#érand we use the form

1
Wp1—Wpyr

log {1 +6{< W )} for Wy <Wg ¢
L,

v sf{(mz) -1} for Wi, <w,

pLf

8¢ [Wpi] = (4.2)

for the face sheets (along with the constrﬁ;{ﬂ/l/l}l,f] = 0). It is entirely defined by the

parameter se5/, /3. For the core structure, we propose the paranfetiic

W =W,
c plc 2
01 (—ngc for Wy < Wyic

Y (4.3)
1+ 65 {(W—;’l) — 1} for Wj. < Wy

plc

to describe the combined isotropic-distortionadeaing using the parametdd’, 65}

In sum, four parameters need to be identified &mhdayer of the sandwich structure:
- For the face sheets{k/, kg, 6{, 6{,}, and
- Forthe core layer: {k{, kS, 55, 65,}

These eight parameters will be identified throughreverse procedure.
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4.2.4 Composite shell element models

The execution of the inverse parameter identifocagprocedure requires shell element
models of the tension and four-point bending expents. The composite shell element is
composed of three layers: (1) 0.2mm thick top fsleeet, (2) 1.31mm thick core structure,
and (3) 0.2mm thick bottom face sheet. One thickmategration point is used per face sheets
and five thickness integration points for the cstreicture (for numerical integration with the
Simpson rule). We use a first-order element wittuced integration. In total, the constitutive

model needs to be evaluated at seven integratimmspoer composite shell element.

4.2.4.1. Shell model for uniaxial tension

The strain fields are homogeneous prior to necking uniaxial tension experiment. The
analysis of a single element FE mesh is therefoffecent to simulate the material behavior
under uniaxial tension. The simulation resultsuforaxial tension are reported in terms of the

section normal engineering stregsas a function of the corresponding engineerirgyrsf; .

4.2.4.2. Shell element model for four-point bending

A 50mm-long and 1mm-wide composite shell modelssduto simulate the four-point
bending experiment. As for the virtual experimentse support points are represented as
cylindrical rigid surfaces. The contact between tiggd support points the respective shell
upper and lower surfaces is modeled as kinematitacowith a friction coefficient of 0.1. To
improve the modeling of the effect of the suppodinp curvature, 5.5mm-long areas
underneath the rigid cylinders are meshed with th2mde elements while the rest of the
composite shell is meshed with 2mm-wide elemente results are reported in terms of the
sandwich normal force per unit width; as a function of the upper support point

displacement.
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experiment (in black the “virtual” experiment resulin blue the model results) along with (b)

sequence of the “virtual” experiment.
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4.2.5 Inverse model parameter identification

The inverse identification of the model parame{éﬁé Kz, 5{, 5{} and{ks, ks, 61, 65}
is formulated as a minimization problem. For thig, define a cost functioh to quantify the

difference between the shell element model praatistand the experimental results,

= 1 S, + 1 S 4.4
=St S (4.4)
with the residuals for uniaxial tension,
i 2
S =y (—Z“”"[Ee.x”]—1) 45
t =1 z:exp[l:"éxp] ( )
and for four-point bending,
i 2
S _ n_b (Fsim[u?xp] _ 1) 4‘6
b =1 Fexp[uéxp] ( )

The subscripts “exp” and “sim” are used to diffdiate between experimental and simulation
results. A total ofn, = 200 and n;, = 223 data points has been used to represent the

respective experimental curves.

ky k, 5, 5,
MPa MPa - -

Core 107.45 113.9 1.056 0.264

Face 413.54 495.75 8.960 0.087

Table 4.1 : Calibrated hardening parameters.

78



A Nelder-Mead optimization algorithm (Matlab, 2018 employed to perform the
optimization without calculating the gradient oétbost function in the parameter space. The
final set of parameters after 430 optimization rimmseported in Tab. 4.1. The corresponding
error isI" = 0.0091. A plot of the corresponding isotropic-distortiof@rdening functions for

the core structure as well as for the face shestasvn in Fig. 4.4.
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Figure 4.4 : Distortional hardenings function aguaction of the plastic work per initial
volume for the core structure (a) and the face tsti®e Note that the curves start near the
origin (0,0) since the plastic work densitwgl are almost zero (see Table 3.1).

The blue line in Fig. 4.2 depicts the results foe tomposite shell model while the black
line shows the corresponding result from the virtegperiment. Note the good overall
agreement of the stress-strain curve with a maxindiffarence of 5% foiE;, = 0.15. The
comparison of the results for four-point bendingh®wn in Fig. 4.3. We observe an excellent
overall agreement of the force-displacement cuwiéis a maximum difference of 1.5% for
up = 5mm. After an initial linear macroscopic elastic respe up tou; = 1mm, the load

per unit width rises monotonically.
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4.3. Structural validation: draw bending

Draw bending is chosen as basic forming experimentalidate the composite shell
model at the structural level. As compared to nmmplex deep drawing operations, this
particular forming experiment has the advantage ¥iréual experiments on detailed finite
element models can still be performed without a&tesuper computers. Further validations
for more complex geometries need to be performethenfuture once prototype sandwich

sheets become available.

4.3.1 Virtual experiment

A 70mm-long sandwich sheet specimen of a totaktiéss ofH = 1.71mm is used for
draw bending. Figure 4.1b shows a picture of thpearental set up. The specimen is
supported between a U-shaped die and a passivehbtadr. The black holder is positioned
at a distance dd.05H above the sheet. The edge radaf the die and the 27mm-wide punch

are the same. The validation experiments are paddrfor two different tool geometries,

1. r=12mmand A = 2H

2. r=13mm andA = 3.5H

with A denoting the distance between the punch and thealedie wall. All degrees of
freedom of the rigid surfaces are fixed excepttfa vertical motion of the punch. Explicit
time integration is used because of the size ofttmputational model (>300000 elements)
and the modeling of contact. The contact betweenttiol and the sandwich surfaces is
modeled using a kinematic contact model with atibic coefficient of 0.1. A total

displacement ofi; = 40mm is applied to the punch.

Figure 4.5b presents the deformed configurationsvaatous stages throughout the
experiment for the first tool configuration. Initig the sandwich sheet is bent around the
punch and the die. Traction of the bottom face tshad compression of the top face sheet
under the punch and traction of the top face saedtcompression of the bottom face sheet
above the die are dominant deformation modes. @esandwich sheet has taken the shape
of the punch, the draw bending experiment entesteady-state regime as the sandwich
structure is consecutively bent and unbent. Thepesison of the top and bottom plots in
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Fig.4.5a reveal that a lower force is requiredtfa draw bending when using the second tool
configuration.
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Figure 4.5 : (a) Force per unit width-displacemexmves for the draw bending experiments
(in black the “virtual” experiment results, in bltlee model results) along with (b) sequence
of the first “virtual” experiment.
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4.3.2 Composite shell model predictions and discussion

The same boundary conditions as in the virtual expnts are used for the finite element
simulation with composite shell elements of an etlgggth of 1mm. The blue lines in
Fig.4.5a show the results for the composite shalbeh while the black lines show the
corresponding result from the virtual experiment.véry good agreement of the force-

displacement curves is observed for both tool geoese

This good agreement is seen as a first promisgm tstwards the modeling of the forming
of sandwich sheet materials with shell elementss Tdlk is very challenging from the point
of view of constitutive modeling due to the varieand complexity of deformation
mechanisms at the microstructural level. The evwhubf the microstructure is taken into
account through a phenomenological combined isatfdigtortional hardening model. In the
present chapter, we assume the same basic yidatswghape as that for a similar sandwich
material which has been characterized through ramltl experiments in the previous
Chapter. The conduct of virtual multi-axial expeembs appears to be a necessary step in
identifying a material model for sandwich sheet enats with constructed core structures
even if the real material is available. In the présstudy, we avoided the confrontation with
real experimental data due to the unavailabilitysoitable samples. However, once “real”

material becomes available, a two-step identiftcaprocedure is recommended:

1. Multi-axial virtual experiments to determine all teaal model parameters
including those describing the shape of the yiaeldage. Note that the virtual
experiments will only be able to represent the rewdterial behavior in an

approximate manner.

2. Uniaxial and four-point bending experiments on thal material and subsequent
determination of the material model parameters escribed in this paper. The
results from the previous step will provide thelgisurface shape parameters, while

all other parameters will serve as starting vafoeshe inverse procedure.

Another important issue in modeling the formingsahdwich sheets is the prediction of
their forming limits. In addition to conventionaheet metal forming limits such as

pronounced necking and fracture, sandwich sheetprane to delamination failure and local
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wrinkling (dimpling) of a compressed face sheetwdwer, it is worth noting that a successful
draw bending experiment could be performed on dlgmatotype strip (Fig.3 and Fig. 4.6)
using a similar experimental set-up as that asswahede.

Figure 4.6 : Draw bending of a prototype sandwicket demonstrating the formability of the
sandwich sheet material.

4.4. Conclusions

The present chapter discusses the identificatiorthef parameters of the isotropic-
distortional hardening model that describes thetelplastic deformation response of the bi-
directionally corrugated sandwich sheet materialalfirst approximation, we consider that
the yield surface shape parameters depend on tmeatey of the core structure only and are
independent of the choice of the basis materiake Tdcus is made on calibrating the
distortional hardening parameters. An inverse netibased to identify the parameters where
uniaxial tensile and four-point bending virtual eximents are compared to a composite shell

model. The resulting set of parameters is valid#tadks to draw-bending experiments.
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Conclusion

The focus of this thesis is the investigation o tmechanical behavior of a newly-
developed all-metal sandwich sheet material fomfog applications. The structure is
composed of two flat face sheets and two bi-dioeatily corrugated core layers. In order to
study its behavior we make use of virtual experitaeising a detailed finite element model of
the unit cell of the periodic material microstrugtuThis approach allows us to gain an insight

into the behavior of an idealized material whiclfréee from imperfection.

The first part of this thesis deals with the desafjian optimized core structure that offers
the highest shear stiffness-to-weight ratio. A paetic study is performed where the
computational model of the sandwich material isduseinvestigate the effect of the stamping
tool geometry on the effective transverse shear utngdof the resulting sandwich core
structure. It is found that the highest shear re#6 per unit weight is provided by core
structures that feature (1) a small dome widthdme height ratio, and (2) a large bonding
land diameter to dome width ratio. The results a¢s@al that the transverse shear stiffness of
the bi-directionally corrugated core structure sto 30% lower than that of a hexagonal
honeycomb of the same density (for relative dessitanging from 0.2 to 0.35). However,
unlike for hexagonal honeycombs, the shear stifnesapproximately the same for both in-

plane directions.

The plastic behavior of the “optimal” sandwich sture is investigated and special
characteristics of the material are outlined. Ifaand that the core structure is used very
efficiently, contributing up to 43% of the effeativwyield strength of the sandwich sheet
material for in-plane loading; furthermore a diéiat behavior from that of traditional cellular
materials is found for its out-of-plane compressigponse. Based on the results from virtual
experiments for biaxial tension, a phenomenologmatstitutive model is proposed. The
experimental data are used to determine the mawpasyield surfaces based on an equal
plastic work definition for both the core structumed the face sheets. The severe changes of
the microstructural geometry become apparent derteal hardening at the macroscopic
level. A new isotropic-distortional hardening madgl framework based on a linear
combination of two distinct yield functions is iatluced to provide a first approximation of

the stress-strain response of the sandwich steutburadial loading paths.
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In addition, a method for identifying the paramstesf the isotropic-distortional
hardening model is proposed. While virtual multishxexperiments are recommended to
determine the exact shape of the yield surface,elbstic properties and the isotropic-
distortional hardening functions can be determibasied on the results from uniaxial tension
and four-point bending experiments. A gradient-foggimization method is employed to
identify the material model parameters through isgeanalysis. Finally, detailed finite
element simulations of a draw bending experimeatcarried out to validate the composite

shell element model at the structural level.
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Future work

The present thesis work is a first step towardsntleeleling of the plasticity of metallic
sandwich sheet materials. However, in order to renghe validity of the developed model,

additional experimental and numerical studies aeded.

It is recommended to characterize the limits of #gaplicability of the proposed
constitutive model in future work. For instancee ttypothesis of isotropic hardening needs to
be validated for very large strains. The moded alseds to be validated for complex process
experiments as it has been developed for radidirigapaths only. As highlighted in Chapter
Il of this thesis, a more elaborate flow rule ahd introduction of additional state variables
would allow for a more precise description of thienmstructural evolution. The confrontation
of the model predictions with experimental resuts real prototype sheets is also an
important task that needs to be addressed in thesfu

Apart from validating the plasticity model furthénfure research needs to investigate the
forming limits of metallic sandwich sheet material®nce the prototype material becomes
available in the form of large sheets, Nakazim&lasek tests could be performed. It will be
of particular interest to identify sandwich shepedfic damage mechanisms (such as face

sheet dimpling and delamination) and formulatecireesponding forming limit diagrams.
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