Porous and Cellular Materials
for Structural Applications

Preceding Pagé‘ﬁ!ank

050 £0€0666)



MATERIALS RESEARCH SOCIETY
Symrosium PROCEEDINGS VOLUME 521

Porous and Cellular Materials
for Structural Applications

Symposium held April 13-15, 1998, San Francisco, California, U.S.A.

EDITORS:

Daniel S. Schwartz
The Boeing Company

St. Louis, Missouri, U.S.A.

Donald S. Shih
The Boeing Company
St. Louis, Missouri, U.S.A.

Anthony G. Evans
Harvard University
Cambridge, Massachusetts, U.S.A.

Haydn N.G. Wadley
University of Virginia
Charloftesville, Virginia, U.S.A.

MIR|S

Materials Research Society
Warrendale, Pennsylvania

DISTRIBUTION STATEMENT &

lpptondhpubnaulml
" Distribution Unlimited




This work relates to Department of Navy Grant NO0O014-98-1-0479 issued by the
Office of Naval Research. The United States Government has a royalty-free license
throughout the world in all copyrightable material contained herein.

Support was furnished by the U.S. Army Research Office, Contract #DAAG55-98-1-
9223, The views, opinions, and/or findings contained in this report are those of
the authors and should not be construed as an official Department of the Army
position, policy, or decision, unless so designated by other documentation.

Single article reprints from this publication are available through
University Microfilms Inc., 300 North Zeeb Road, Ann Arbor, Michigan 48106

CODEN: MRSPDH

Copyright 1998 by Materials Research Society.
All rights reserved.

This book has been registered with Copyright Clearance Center, Inc. For further
information, please contact the Copyright Ciearance Center, Salem, Massachusetts.

Published by:

Materials Research Society
506 Keystone Drive
Warrendale, PA 15086
Telephone (724) 779-3003
Fax (724) 779-8313

Website: http://www.mrs.org/

Library of Congress Cataloging in Publication Data

Porous and cellular materials for structural applications : symposium held
April 13-15, 1998, San Francisco, California, U.S.A. / editors, Daniel S. Schwartz,
Donald S. Shih, Anthony G. Evans and Haydn N.G. Wadley
p. cm., - (Materials Research Society symposium proceedings ; v. 521)
Includes bibliographical references and index.
ISSN 0272-9172
ISBN 1-55899-427-0
1. Porous materials--Congresses. 1. Schwartz, Daniel S. II. Shih, Donald S.
IIl. Evans, Anthony G. IV. Wadley, Haydn N.G. V. Series : Materials Research
Society symposium proceedings ; v. 521.

TA418.9.P6P62 1998 98--37975
620.1'16--dc21 CIP

Manufactured in the United States of America



CONTENTS

=3 (o [ = T
Acknowledgments ...t i i e e e et
Materials Research Society Symposium Proceedings .....................

PART I: MECHANICAL BEHAVIOR OF SOLID FOAMS:
THEORY AND GENERAL OBSERVATIONS

*Influence of Imperfections on Effective Properties of
(0= {11 o T T ] o

Joachim L. Qrenestedt

Mechanical Properties of a Structural Polyurethane Foam

and the Effect of Particulate Loading ................covviiiiiiiiiiiinnn,
S.H. Goods, C.L. Neuschwanger, and L.L. Whinnery

Numerical Modeling of the Strength of Highly Porous

Aerated Autoclaved Concrete ..........cooiiiiiiiiiiiiii i
Thomas Schneider, Georg Schober, and Peter Greil

Modeling of Fatigue for Cellular Materials ..........................oo..sL
J.S. Huang and J.Y. Lin

Analysis of Deformation of Porous Metals ................ccoiiiviivinnnn.
Dong Nyung Lee, Heung Nam Han, Kyu Hwan Oh,
and Hyoung Seop Kim

A Continuum Plasticity Model for the Constitutive

Behavior of Foamed Metals ...ttt
Ronald E. Miller and John W. Hutchinson

Elastic Properties of Porous Structural Ceramics Produced
o3V 5 To 0 ¢ T -7 0T (o V7 T3 T R

A. Wanner

PART Il. MECHANICAL PROPERTIES OF METALLIC FOAMS

“Reduction in Young's Modulus of Aluminum Foams Due fo

Cell Wall Curvature and Corrugation ..............ccoviiiiiiiiiaiinnn,
W. Sanders and L.J. Gibson

Compressive, Tensile, and Shear Testing of
Melt-Foamed Aluminum ..........coiniiiiiii ittt iiie e i raaeeriaras
H. von Hagen and W. Bleck

*Invited Paper




Effects of Thermomechanical Processing on the Resulting

Mechanical Properties of 6101 Aluminum Foam .......................0 65
R.W. Margevicius, P.W. Stanek, and L.A. Jacobson

*Compressive Deformation and Yielding Mechanisms in
Cellular Al Alloys Determined Using X-ray Tomography

and Surface Strain MAapping .......cooeiiiiiiiiiii ittt e, 71
H. Bart-Smith, A-F. Bastawros, D.R. Mumm, A.Q. Evans, D.J. Sypeck,
and H.N.Q. Wadley

Shear Properties on Aluminum Metal Foams Prepared by
the Melt ROUTE ...coiiiiiiiii ittt iane e iesnraraananneresnnsnnnnes 83

E. Saenz, P.S. Baranda, and J. Bonhomme

Bending Properties of Foamed Aluminum

Panels and SONAWICHES ....ovvtiiitiinnreenrieeieeisersastorasrnarsneanas 91
F. Simancik, J. Kovacik, and N. Mindrikova

High Cycle Fatigue Properties of Aluminum Foams ........................ 97
B.E. Zettl, S.E. Stanzl-Tschegg, R. Gradinger, and H.P. Degischer

Strain Rate Effects in Porous Materials ..., 103
J. Lankford, Jr. and K.A. Dannemann

The Effect of Parent Metal Properties on the Performance

of Lattice Block Material™ ... ... ... ittt 109
M.L. Renauld, A.F. Giamei, M.S. Thompson, and J. Priluck

PART Ill: MANUFACTURE OF SOLID FOAMS

*Production Methods for Metallic Foams .............cciviiiiiinnn... 121
J. Banhart and J. Baumeister

Aluminum Foam, "ALPORAS": The Production Process,

Properties, and Applications ............c.coiiiiiiiiiii i 133
T. Miyoshi, M. Itoh, S. Akiyama, and A. Kitahara

The Effect of Oxide Layers on Gas-Generating Hydride

Particles During Production of Aluminum Foams ......................... 139
V. Gergely and T.W. Clyne

Investigation for the Selection of Foaming Agents to

Produce Steel FOOMS ........cciiiiineiniiinnii it iaiiesniaeenananans 145
C.J. Yu, H.H. Eifert, M. Knuewer, M. Weber, and J. Baumeister

Complex Foamed Aluminum Parts as Permanent Cores in

Aluminum Castings ......ooviiiiieiiiniiieiriiii ittt 151
F. Simanéik and F. Schoerghuber

Joining of Aluminum Structures With Aluminum Foams ................... 159
J. Burzer, T. Bernard, and H.W. Bergmann

*Invited Paper

vi



Lyophilic Liquid Porosimetry and a New
Liguid Autoporosimeter ....... ... ... i,
I. Tyomkin

Eddy-Current Characterization of Metal Foams
K.P. Dharmasena and H.N.G. Wadley

PART IV: OTHER FOAM MATERIALS AND PROCESSES

Applications for Silica-Based Aerogel Products on an
[ Te (113 { ¢ T o | T
M. Schmidt and F. Schwertfeger

Structural Graphitic Carbon Foams .............cciiiiiiiiiiiiii i,
Kristen M. Kearns, David P. Anderson, and Heather J. Anderson

*Steel and Titanium Hollow Sphere Foams ...............cccoviiievinnnn..
K.M. Hurysz, J.L. Clark, A.R. Nagel, C.U. Hardwicke, K.J. Lee,
J.K. Cochran, and T.H. Sanders, Jr.

Novel Hollow Powder Porous Structures ..........c.cvvvviiiiininninnnn..
David J. Sypeck, Phillip A. Parrish, and Haydn N.G. Wadley

Fabrication and Propetrties of Syntactic
Magnesium FOaMS ........c.ouiiiiiiiii it it is e enernaenans
M. Hartmann, K. Reindel, and R.F. Singer

Porous Al Alloys by Local Melting and Diffusion
Of Metal POWAeIS ..ottt ittt ittt eeiariananereennns
N. Wang, E.A. Starke, Jr., and H.N.G. Wadley

PART V: HICE-BASED MATERIALS

Development and Scale-up of the Low-Density-Core
ProCess fOr Ti-04 ... ... it ittt nensessannaanennnnans
D.S. Schwartz, D.S. Shih, R.J. Lederich, R.L. Martin, and D.A. Deuser

Superplastic Foaming of Titanium and Ti-6Al-4V .........................
D.C. Dunand and J. Teisen

Elastic Properties of Low Density Core (LDC) Ti-6Al-4V
& Lo o |1 o T o T Y
D.T. Queheillalt, H.N.G. Wadley, and D.S. Schwartz

In Situ Sensing of the Expansion of Low-Density-Core (LDC)
Ti-6Al-4V Sandwich Structures ...ttt
D.T. Queheillalt, B.W. Choi, H.N.G. Wadley, and D.S. Schwartz

Process Modeling of Ti-6Al-4V SPM Materials ....................c.o....
S.S. Ahmed, Q. Huang, H. Gegel, and D. Barker

*Invited Paper




The Influence of Internal Pore Pressure During Roll Forming

of Structurally Porous Metals ............. i 257
D.M. Elzey and H.N.Q. Wadley

PART VI: APPLICATION AND DESIGN PRINCIPLES

Parameters of Construction for Applications of

Metal FOaMS ....oeiiiiii ittt et ettt 265
R. Neugebauer and Th. Hipke

Lightweight Products With Metal Foam - Properties and

Methods Of Processing ........ccoiiiiiii ittt iiiiiiiiei e e, 2N
R. Neugebauer, H. Braunlich, and U. Wagner

PART VII: GASAR MATERIALS

*Formation of Ordered Gas-Solid Structures Via Solidification

in Metal-Hydrogen Systems .........c.oiiiiiiiiiiii it 281
V.I. Shapovalov

GASAR Porous Metals Process Control .........cciiiiiiiiiiiiiiiinan.. 291
J.M. Apprill, D.R. Poirier, M.C. Maguire, and T.C. Gutsch

The Effect of GASAR Processing Parameters on Porosity

and Properties in Aluminum Alloy ...t i, 297
C.J. Paradies, A. Tobin, and Jeff Wolla

*Characterization of Porous GASAR Aluminum ....................couet. 303
R.J. Bonenberger, A.J. Kee, R.K. Everett, and P. Matic .

Metallographic Study of GASAR Porous Magnesium ..................... 315
Chanman Park and Steven R. Nutt

AUNOT INAEX oo iiiivt ittt rarsrereeneenernssasasssansssnnasssnes 321

LT o 1=T e o Vo 1= 323

*Invited Paper

viii



PREFACE

This volume is a record of the “Porous and Cellular Materials for Structural
Applications” symposium, held from April 13-15, at the 1998 MRS Spring Meeting
in San Francisco. A diverse and international group of experts was brought
together to present and discuss recent developments in the area of porous and
cellular materials, including polymer-, ceramic- and metal-based materials. The
general focus of the symposium was on porous materials that are being developed,
at least in part, for structural applications. Theoretical aspects of the mechanical
behavior of porous and cellular materials were discussed, as well as the specific
mechanical properties of a wide variety of solid foam materials. Design principles
for the use of solid foams in structures were presented, and a number of promising
applications for porous and cellular materials were shown. Papers on the
manufacture of solid foams and the production of parts containing solid foams
were presented. A significant portion of the symposium was devoted to new porous
materials that cannot be classified as foams, such as hollow spheres, hot
isostatically compacted and expanded (HICE) materials and GASAR materials.
Papers delivered on these novel materials covered their manufacture, properties
and prospective uses. The symposium demonstrated that the development and
understanding of porous and cellular materials has advanced significantly in the
past decade, particularly in the area of porous metallic materials.

The organizers would like to take this opportunity to thank the following
people and agencies for funding the symposium:

Office of Naval Research (Drs. G. Yoder and S. Fishman)
Materials Division of NASA/Langley Research Center
Materials Science Division of the Army Research Office (Dr. W. Simmons)

The organizers are grateful for the financial assistance and the high level of
interest in this research area. We would also like to thank K. Frazier for help with
preparing the proceedings, and D. Queheillalt for help in running the technical
sessions.

Daniel S. Schwartz
Donald S. Shih
Anthony G. Evans
Haydn N.G. Wadley

June 1998
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Part 1

Mechanical Behavior of Solid Foams:
Theory and General Observations




Influence of Imperfections on Effective Properties of Cellular Solids

JOACHIM L. GRENESTEDT

Department of Aeronautics, Division of Lightweight Structures
Kungl Tekniska Hogskolan (Royal Institute of Technology)
S-100 44 Stockholm, Sweden

joachim@flyg kth.se

ABSTRACT

The mechanical properties of cellular solids, or solid foams, is affected by "imperfections" such
as wavy distortions of cell walls, variations in cell wall thickness, non-uniform cell shape, etc. The
present paper is focused mainly on elastic stiffnesses of closed cell cellular solids. A "perfect"
mode! is first discussed and shown to predict the behavior of PVC foams well. However, this
model over-estimates the stiffnesses of aluminum foams. The relatively poor properties of the
aluminum foam are believed to be caused by imperfections in the cells. The main body of the paper
focuses on modeling different kinds of imperfections, and analyzing their impact on foam
properties.

I. INTRODUCTION

Cellular solids are used among other things as core materials in sandwich structures. The micro
structures of most cellular solids are typically rather disordered, see Fig. 1, as opposed to being
uniform, perfectly ordered and periodic. A number of deviations, or imperfections, from a perfectly
ordered foam can be identified. These include e.g. wavy distortions of the cell walls, cell wall
thickness variations, and non-uniform shape of the cells. The influence of wavy distortions on
stiffness has been studied by Grenestedt [1] and Simone and Gibson [2]. The influence of thickness
. variations has been studied by Grenestedt and Bassinet [3]. Regarding foams with non-uniform cell
shapes, Van der Burg et al. [4] analyzed open cell foams, and Grenestedt and Tanaka [5] analyzed
closed cell foams. Silva and Gibson [6] studied the influence of cell wall removal in 2D foams. The
present paper mainly discusses the results of the projects which the present author has been
involved in.

The paper is organized as follows: In Section II some concepts of effective properties of cellular
solids are briefly reviewed, and in Section III some scaling laws (how stiffnesses scale with
density) are discussed. In Section IV a 3D perfect closed cell reference model — without
imperfections — is introduced. The following three sections each deal with one kind of imperfection:

3
Mat. Res. Soc. Symp. Proc. Vol. 521 ©1998 Materials Research Soclety




wavy distortions (Section V), thickness variations (Section VI), and non-uniform cell shapes
(Section VII).

raan ]

Fig. 1. Micro graphs of Divinycell [7] H130 expanded PVC (left) and Alporas [8] aluminum foam
(right). Both materials have approximately the same relative densities.

II. EFFECTIVE PROPERTIES OF CELLULAR SOLIDS, AND AN ASSUMPTION OF
PERIODICITY

The size of a single cell is typically orders of magnitude smaller than the size of the cellular
solids used for example as sandwich cores in many engineering structures. For example, the
diameter of a single cell in expanded PVC is in the order of 1 mm, whereas the core thickness in a
ship is typically in the order 10 or 100 mm, and the in-plane dimensions are typically some meters.
On a large scale, the cellular solid can thus be considered to be homogeneous, and effective material
properties such as Young's modulus and Poisson's ratio can be introduced. Such effective
properties will presently be calculated by using different models of cellular solids. Macroscopic
stress G; and strain g, are introduced as volume averages over many cells. Over head bars are
throughout the paper used for macroscopic foam quantities, while the absence of a bar is used for a

cell wall quantity (fully dense material). Effective elastic stiffnesses are introduced as the quantities
relating macroscopic stress & to macroscopic strain £,



0;=Cyty & €; = S8;0y 1)

It is not reasonable to model all the millions of cells in a structure like a ship, so some kind of
restriction is introduced in the modeling. A simplification which seems justifiable is to assume that
the cellular solid has some periodicity. This is assumed in the present analysis. It is also assumed
that the deformation is periodic.

III. SCALING OF STIFFNESSES WITH DENSITY

Cellular solids of higher densities usually have higher stiffnesses than cellular solids of lower
densities. How the stiffnesses scale with density depends on the cell morphology, and in particular
in which way the cell walls or struts deform when the cellular solid is deformed. The scaling of
stiffness with density is easily calculated by assuming a local deformation mechanism (e.g.
bending, or stretching, of the cell walls) and using dimensional considerations and linearity. Below
is a summary of scaling between a stiffness (denoted E, but the formula applies as well for shear
stiffness G and bulk modulus X ) and relative density p / p,

E o E(EJ )
p

where

in 2D: m =1 for stretching controlled micro structures
m =3 for bending controlled micro structures

in 3D: m =1 for stretching controlled rod and plate like micro structures
m =2 for bending or twisting controlled rod like micro structures
m =3 for bending controlled plate like micro structures

It has been assumed that the cell wall members are plate or rod like, such that beam and plate
theories with Kirchhoff kinematics well describe their deformations. We observe that stiffnesses
scale cubically (m=3) with density for closed cell bending controlled (plate like) micro structures.

Most models for cellular solids deform by a combination of mechanisms, so the scaling may be
hard to determine a priori for a given model. A posteriori we can determine whether the model
deformed for example mainly by stretching or by bending by studying the scaling.




IV. PERFECTLY ORDERED KELVIN BASE MODEL

The presently used 3D perfect closed cell reference model consists of flat faced 14-hedra
(tetrakaidecahedra) as depicted in Fig. 2. These 14-hedra pack in a bce arrangement, and completely
fill space. Kelvin [9] used this model, but with slightly curved faces, to model liquid foams. All 14-
hedra have the same size, and have cubic symmetry. The stiffness of the resulting cellular solid thus
has cubic symmetry, but is not isotropic. As it turns out, the anisotropy is though very slight. We
will thus for this model present isotropic stiffnesses such as Young's modulus and bulk modulus
without further discussion. For cellular solids which are not isotropic, we will present isotropic
stiffness which are obtained by averaging stiffnesses over all directions. For a full discussion, see
Kréner [10] and Grenestedt [11].

' )
<—L——>
Fig. 2. A 14-hedron of the flat faced Kelvin bce foam. The projections in the three different
coordinate directions are identical. 14-hedra of this shape packed in a bee fashion fill space.

The Young's modulus and bulk modulus of this foam scale virtually linearly with density. The
bulk modulus is very close to the theoretical maximum limit, provided by the Hashin-Shtrikman
[12] upper bound,

AGK(p / p) p 4GK p 2E

K= = = == (3
4G+3K(1-p/p) %_,o p4G+3K p9l-v)

The low density asymptote is of particular interest for the presently considered low density cellular
solids. The Young's modulus is for the flat-faced Kelvin cellular solid
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when Poisson's ratio for the solid is v=0.3. The low density asymptote of the Hashin-Shtrikman
upper bound on Young's modulus is

9KG _ P 2(1-5V)E

E=31?+§"53(1—v)(9+5v) ®)

For v=0.3, this becomes E =0.50E(p / p). The reference model thus has almost the highest
possible bulk modulus, and a Young's modulus which is 30% lower than the maximum possible
Young's modulus.

The elastic properties which this model predicts very well match the experimentally measured
properties of expanded PVC (Divinycell ([7,13,14]) of three different grades and with densities
ranging from 36 to 400 kg/m3, see Grenestedt [11]. The good correlation with experiments was the
main reason for selecting this model as our reference model. However, the experimentally measured
stiffnesses of metal foams such as Alporas is considerably lower than that predicted by the present
model, see e.g. Sugimura et al. [15]. We believe that the low stiffnesses are due to geometric
imperfections when compared with the perfect reference model. In the following three Sections,
three different types of imperfections are independently studied.

V. INFLUENCE OF WAVY DISTORTIONS

In this Section, the study by Grenestedt [1] on influence of wavy distortions of the cell walls is
discussed. The cell walls are assumed to have constant thickness, and a kind of upper bound
stiffnesses can be derived. Details of the derivation are omitted.

For open cell materials, wavy distortions of the cell struts can reduce the stiffness immensely.
The reason is that the axial stiffness of a wavy strut, which has an amplitude of the waviness equal
to the thickness of the strut, is only a seventh of that of a straight strut*. Much bending occurs in an
axially loaded wavy strut, and this is the reason for the low stiffness. However, if the struts in the
open foam are such arranged, that the struts deform by bending even if they are straight, then
waviness in the struts may have very little influence on stiffness.

We now turn to closed cell 3D models. The only geometry considered in the present model is
the shape of a single cell wall. All cell walls in the model are assumed to be made of the same
material and have the same shape, but they may have different sizes. This simplification, which of

* It has here been assumed that the strut is slender, that the ends are constrained against rotation,
that the strut has a rectangular cross section, is made of isotropic material, and that the wavy

imperfections are shallow and have the shape W,[1 - cos(2mmx / a)] where x is the axial coordinate,
W, is the amplitude of the waviness, a is the length of the strut, and m any integer.




course is a gross simplification, allows us to derive upper bounds and we need only analyze a
single cell wall. A real foam usually consists of cell walls of many different shapes. For the model,
we select one cell wall shape which in some sense should be representative for all cell walls in the
foam. With this single representative cell wall we develop a simple model which hopefully can
provide us with relevant quantitative information about foams with wavy cell walls.

The shape of a representative cell wall naturally depends on the foam. We assume that a square
plate with side a, uniform thickness ¢, and with the wavy imperfections

wo (2, ) = W, sin T2 sin 222 ©6)

a a
is a representative cell wall shape. Here, x and y are coordinates, w, is the amplitude of the
waviness, and m and n integers. We refer to Grenestedt [1] for the derivation of the stiffnesses of
this model, and here only present some results. The shear moduli for the cases m=n=1 and m=n=2
are given in Fig. 3.

For vanishing waviness amplitude, W, = 0, the present model predicts the same stiffnesses as
the low density asymptotes of the Hashin-Shtrikman upper bounds, i.e. X /E=0.32(5 / p),
G /E=0.20(p/p) and E/E=0.50(5 / p) when v=0.3. For the aluminum foam, experiments
gave (E /E)/ (P /p)=0.23, which is 64% of the Young's modulus of the Kelvin foam. The
present model predicts the Young's modulus (E / E)/ (P / p)=0.31 for w,/t=5, m=n=1, and
t/a=0.003, which is 62% of the upper bound, and (E/E)/(p/p)=0.28 for w,/t=2,
m=n=2, and ¢t/ a = 0.003, which is 56% of the upper bound; both appear to be fair estimates of the
wavy imperfections in the Alporas foam, Fig. 1.
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Fig. 3. Normalized shear modulus (G / G)/(f / p) versus normalized amplitude of wavy
imperfections W, / ¢ for the closed cell model foam with v=0.3. Solid line is for #a=0.003, dashed



line for #/a=0.009, and dotted line for #/a=0.03. The curves with m=n=1 (and #/a=0.003, 0.009,
0.03), are above the curves with m=n=2 (and the same #/a).

VL KELVIN MODEL WITH THICKNESS VARIATIONS

In this Section, the influence of cell wall thickness variations as obtained by Grenestedt and
Bassinet [3] are discussed. The model presented in Section IV is used as a reference, and cell wall
thickness variations are introduced in this model. The resulting stiffnesses have no bounding
properties.

A model as depicted in Fig. 4, which has the volume of 16 of the 14-hedra introduced in
Section IV, was chosen as a unit cell for all analysis. This model is then repeated periodically (in
three dimensions). There are 112 different cell walls in the unit cell. Each wall has constant
thickness 1;, but all walls may have different thicknesses. The 112 walls were allocated thicknesses
randomly, as

L=t(l+ap), i=12,.,112 )
where the amplitude of the cell wall thickness variation o € (0,1) is a real number, @, € (~1,1) is a
random number with a uniform distribution, and #g is the cell wall thickness of the perfect structure,
i.e. when o=0. Since a random distribution may change the density of the cellular solid (the amount
of material within the unit cell), all cell walls were multiplied with a normalizing factor ¢ to keep the
density of the cellular solid constant, independent of the thickness variations.

We omit the details of the analysis, but present the variation of shear modulus with thickness
imperfection amplitude ¢ in Fig. 5. We see that the shear modulus is not very sensitive for cell wall
thickness variations in this model. Even for @=0.9, which means that the thickest cell wall can be
19 times as thick as the thinnest, the shear modulus has only decreased by less than 20%.
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Fig. 4. The large flat faced Kelvin bee foam model. The volume of this model is 16 times that of a
single 14-hedron. The model contains 112 different cell walls, which in the imperfect case all have
different thicknesses. The model repeats periodically in 3D.
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Fig. 5. Shear modulus of imperfect foam normalized by shear modulus of perfect foam

[5(06) / 5(0)]. The relative density of the foam is p / p =0.01. The solid line is a curve fit,
G(a)/G(0)=1-(2/9)?.

VII. KELVIN MODEL WITH CELL SHAPE VARIATIONS

In this Section, the influence of cell shape variations as obtained by Grenestedt and Tanaka [5]
are discussed. The model presented in Section IV is again used as a reference. The cell walls of that
model coincide with the boundaries of the Voronoi setst made from points, or "kernels", arranged
in a bee fashion. The non-uniform models were created by moving the kernels in a random fashion,
but not letting the movement be more than aL, where « is an amplitude of the cell shape non-
uniformity, and 2L is the length of the side of the perfect unit cell (L is also the "diameter" of the
perfect 14-hedron, see Fig. 2). Just as in the last Section, periodicity was assumed with 16 cells in
the unit cell. In Fig. 6, a 2D cellular solid is generated as a means of demonstrating the procedure.
Observe that ¢r and -0 in general make different cellular solids.

We again omit the details of the analysis, but present the variation of shear modulus with
amplitude of the cell shape non-uniformity « in Fig. 7. We see that the shear modulus is not very
sensitive for cell shape variations in this model. Even for &=0.5, the shear modulus has only
decreased by less than 10%.

t The Voronoi set V¥ of kernel pk is the set of points in space which are closer to p than to any
other kernel p!, where k1. Each Voronoi set V¥ (which here is a volume) is convex and encloses
only one kernel, p*. The boundaries of the Voronoi sets are flat.
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o=0.5

Fig. 6. A sequence of 2D cellular solids generated from perturbed kernels. The kernels are marked

with circles. The length of a side of a cell is L in the perfect case (a=0). The unit cell contains four
cells which are marked with bold lines; its kernels are marked by filled circles. The statistical

distribution is the same for all figures, but the amplitude of the cell shape non-uniformity & varies.
In the top row =0 and 0¢=0.2, and in the bottom row &=0.5 and a=-0.5.
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Fig. 7. Shear modulus of imperfect foam normalized by shear modulus of perfect foam

[G()/ G(0)]. The relative density of the foam is 5/ p = 0.01.

VIII. CONCLUSIONS

In this paper, the influence of three different kinds of imperfections in the micro geometry of
cellular solids were studied. The imperfections were: waviness of cell walls, thickness variations of
cell walls, and shape variations of cells. The results from these studies suggest that stiffnesses are
most sensitive to cell wall waviness. Cell walls with only moderate wavy imperfections may lead to
a knock down by 50% of the stiffnesses of the cellular solid. The insensitivity of stiffnesses to even
quite large cell wall thickness variations and cell shape variations is rather remarkable. From micro
graphs of Divinycell H130 expanded PVC (which is very stiff) and Alporas aluminum foam (which
is much more compliant) it appears that the main difference is cell wall waviness. The cell walls of
the PVC foam are more straight than those of the aluminum foam.
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MECHANICAL PROPERTIES OF A STRUCTURAL
POLYURETHANE FOAM AND THE EFFECT OF
PARTICULATE LOADING

S.H. GOODS*, C.L. NEUSCHWANGER* and L.L.. WHINNERY*
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ABSTRACT

The room temperature mechanical properties of a closed-cell, polyurethane encapsulant foam
have been measured as a function of foam density. Tests were performed on both unfilled and
filler reinforced specimens. Over the range of densities examined, the modulus of the unloaded
foam could be described by a power-law relationship with respect to density. This power-law
relationship could be explained in terms of the elastic compliance of the cellular structure of the
foam using a simple geometric model found in the literature. The collapse stress of the foam was
also found to exhibit a power-law relationship with respect to density. Additions of an aluminum
powder filler increased the modulus relative to the unfilled foam.

INTRODUCTION

Polyurethane foams are used as encapsulants to provide environmental isolation and to
mitigate harsh thermal and mechanical shock environments. For the latter application it is
necessary to fully characterize the tension and compression properties of the chosen foamn system.
Historically, a principal constituent of many polyurethane foam systems has been toluene
diisocyanate (TDI), a suspect human carcinogen. It is desirable, therefore, to replace such
potentially hazardous constituents. To that end, the CRETE foam system (1), which uses non-TDI
components was developed and is the subject of the work reported here. The purpose of the
current work was three-fold. Our first goal was to measure “quasi-static” tensile and compressive
mechanical properties of CRETE, specifically, elastic modulus and compressive collapse stress. A
second goal was to relate certain of these properties to the microstructure and density of the foam
through simple microstructural models based on cell strut flexure and buckling. Lastly, the effect
of a metal powder additive on the modulus of foam was measured and compared to the unloaded
foam formulation.

EXPERIMENTAL

Formulation of CRETE Foam System

CRETE is a rigid, closed cell, water blown polyurethane foam. As with other polyurethane
foams, reaction of the water with isocyanate produces carbon dioxide that expands the foam so that
no physical blowing agents are needed. The density of CRETE foam is varied by changing the
amount of added water, thereby controlling the amount of rise in the foam (through the evolution
of CO,). The amount of catalyst and surfactant can also be varied slightly to optimize processing
and foam properties.

CRETE is formulated from the following constituents:

- Voranol 490: A polyether polyol

- Isonate 143L.: A modified methylene diisocyanate (MMDI)

-DC193: A silicone glycol copolymer surfactant.

- Polycat 17: A tertiary amine catalyst.

- Distilled water: Added as a chemical blowing agent producing carbon dioxide.

Foam was also processed with additions of a gas-atomized aluminum powder. The powder
particles were spherical in shape and had mean diameters in the 2-4 pm range. The powder was
added to the polyol and diisocyanate constituents of the foam and then all of the components were
mixed together in the usual fashion. SEM revealed that the powder particles were well
incorporated into the cell wall and strut structure of the foam.
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Mechanical Testing

Room temperature uniaxial tension and compression mechanical properties were evaluated as
a function of foam density. Right circular cylinders, 50.8 mm long and 28.7 mm in diameter,
were cored from 20 cm diameter pours of the foam with the cylinder axis parallel to the direction of
the foam rise. None of the cored samples included the foam skin or any material from within 3
mm of the surface. These simple right circular cylinders served as the compression specimens.
For tension testing, the cylinders were bonded to pull studs. Gauge sections measuring 25.4 mm
long and 19.0 mm in diameter were then machined into the foam cylinders. All specimens were
instrumented with a mechanically attached extensometer for displacement measurement. The
reduced gauge section in the tension specimens insured that failure occurred within the specimen
between the attachment points of the extensometer and not at the bondline between the foam and
the pull studs. Tests were conducted on specimens having densities between 0.1 g/cm’ and
approximately 0.8 g/cm’ at an initial strain rate of 1.7 x 10* s

Modulus, E*, as a function of foam density was determined for specimens tested in both
tension and compression. An additional parameter for compression testing, the collapse stress,
gc*, a broad plateau region subsequent to linear loading, was also determined as a function of

ensity.

RESULTS AND DISCUSSION
Modulus and Strength of Foam

The modulus as a function of foam density is shown in Figure 1 for both tension and
compression testing. Mechanical properties during the early stages of compression (up to the onset
of collapse) are essentially identical to those observed in tension. The modulus of the foam
exhibits a power-law dependence with respect to foam density as:

E* e (p *)" o))

where E* is the modulus of the foam, p* is the foam density and n is the density exponent. Over
the range of density shown in Figure 1, the data are well fit for a density exponent of n = 1.6.
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Figure 1. Foam modulus follows a power law behavior with respect to density.

Foam specimens tested in compression show a relatively abrupt change in the initial slope of
the loading curve followed by a sustained plateau region. At the lower densities (up to
approximately 0.3 g/cm”®), the stress after the plateau actually drops slightly, giving rise to a yield
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point-like behavior. The inset in Figure 2 is typical of this behavior. The broad plateau region
results from the collapse or cell wall buckling of the foam (2). The stress begins to increase
subsequent to this plateau region as the foam begins to densify. Unlike the tests performed in
tension, fracture is inhibited by the absence of tensile stresses and as a result, engineering strains in
excess of 90% have been measured with little observable indication of fracture. Figure 2 shows
the plateau stress for the foam specimens as a function of density. This platean stress, also called
the collapse stress, 6", is important in the design of cushions for shock or impact mitigation as it
represents the onset of the mechanical instability of the foam microstructure (2). It too, exhibits a
power-law dependence with respect to foam density.
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Figure 2. Collapse stress for foam with respect to foam density.

Prediction of Modulus and Strength

The dependence of both the modulus and the collapse stress of a cellular foam on density can
be understood in terms of the mechanical properties of the polymer material from which the cell
struts (and for a closed-cell foam, the cell walls) are made and the deformation mechanics of the
cellular structure itself. Elastic moduli are related principally to the bending stiffness of the
members comprising the cellular structure while the collapse is caused by the buckling of these
same members.

The important cell strut/wall properties are the solid polymer density, p,, and its modulus,
E,. The important structural features for the analysis of the modulus and the collapse stress are the
relative density of the foam, p*/ p,, (as before, p* is the density of the foam) and whether or not
the cells are open or closed. In this regard a parameter, ¢, is defined as the fraction of material in
the cell struts (2). For an open cell foam, ¢ = 1, while for a closed cell foam, where some of the
polymer is in the cell walls, it is less than 1.

The principal mechanism of linear-elastic deformation for foams was first identified correctly
by Menges and Knipschild as cell wall bending (3). They also pointed out that open and closed
cell foams have similar stiffness because it is the cell wall edges or struts, rather than the thin cell
wall membranes, that carry the majority of an imposed load. Ko also identified cell wall bending
as the controlling factor in the determination of the modulus but the model presented in that work
was complicated by the extremely complex cell geometry (4). Similarly, Patel and Finnie report in
great detail the geometrical requirements necessary for various three dimensional structures to fill
space (5). They describe how no regular polyhedra can meet all of the requirements for mutually
shared edges while satisfying compatibility. The analysis of the mechanics of the cell structures
based upon rigorous compatibility leads to intractable mathematics.




A much simplified model of an open cell foam has been put forth by Gibson and Ashby (2,6)
in which the foam is modeled as an array of cubic cells which are staggered so that corners of one
cell rest upon the midpoint of adjacent cells. Such a structure corresponds neither to the actual
geometric characteristics of a real foam nor can it be reproduced to fill space. This “unit cell” does,
however, capture the critical physical processes that govern the deformation and structural stability
of a cellular structure. In the original analysis, the elastic modulus is found to be governed by the
flexure of cell struts normal to an applied load and follows the relationship:

2
E * p * p *
== 02| | +(1-0)— o)
Es Ps Ps

The quadratic term describes the contribution of the cell struts to the modulus and is the same

for open cell foams. The linear term accounts for the cell walls. Note that an additional term
accounting for internal (atmospheric) gas pressure within the cells is ignored in Equation 2.

The data shown in Figure 1 can be directly compared to Equation 2 using known values for
p,. E, and ¢. For the density of the solid we use a value of 1.2 g/cm® (7). The value for the
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Figure 3. Comparison of modulus measurements to Eq. 2. Note that density is
normalized by the density of the solid polymer.
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modulus of solid polyurethane is less well established and varies considerably depending on the
precise formulation, processing conditions and product form. We use a value within the range of
those reported, 2.7 GPa (6,7,8). The last term, ¢, has been measured for polyurethane foams and
found to equal approximately 0.9 (9). Note that in keeping with the form of Eq. 2, the abscissa is
now the normalized density, p*/ p,. It is clear from Figure 3 that the model well represents the
data over the range of densities examined experimentally, predicting both the absolute values of the
modulus as well as its density dependence.

The dependence of the collapse stress on foam density can be examined in a similar fashion.
When an axial load is small, the compressed columns that comprise the cell struts parallel to the
applied load are laterally stable. However, as the load is increased, these columns become unstable
and lateral displacements tend to remain. This instability is termed “lateral buckling” and the
applied load necessary to cause it is called the “Euler buckling load”. The derivation of the Euler
buckling load is a well known problem in mechanics (10) and its application to a foam structure
yields a prediction of collapse as (2,6):
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The constant C contains all of the geometric constants and from a comprehensive analysis of
the data in the literature, Gibson and Ashby (2,6) have determined that C = 0.03. Using this value
and the same values for p, and E_ as used before, we compare the collapse stress measurements in
Figure 2 to Equation 3. The results are shown in Figure 4. Notwithstanding the uncertainty in
some of the parameters, the agreement between the measured and predicted collapse stress is quite
good. As with the modulus, Equation 3 predicts the density dependence of 6", quite well. In this
instance, though, the absolute values of the collapse stress are somewhat overestimated by
Equation 3.
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Figure 4. Comparison between the measured collapse stress and Equation 3.

Effect of Particle Loading on Modulus

The influence of a rigid filler phase on the modulus of the foam is shown in Figure 5. This
Figure compares the original modulus data for CRETE shown in Figure 1 to specimens containing
controlled additions of the aluminum powder filler. Note that the original CRETE data is presented
as the bold solid line representing the best fit through the data and that the individual data points
have been omitted for clarity. The measured moduli for the specimens containing 10 wt.%, 30
wt.% and 50 wt.% are also shown in this Figure. The term, p*/ p, continues to refer to the ratio of
the density of the polymer within each specimen to that of solid polyurethane. In this way we can
directly compare the effects of Al additions on the modulus at constant relative polymer density.

Because the aluminum powder is well dispersed within the polymer, the foam struts and walls
should act as particle-reinforced structural elements. The modulus of such “composite” structures
typically depends on the volume fraction of the additive and its modulus relative to that of the host
matrix (11,12). Since the modulus of aluminum is approximately 30-times greater than that of the
polyurethane in which it is dispersed, we expect, that additions of Al powder would yield a foam
with an increased overall modulus.

Figure 5 shows that additions of 10 wt. % or less of the Al filler have no measurable effect on
the modulus of the foam. However, higher Al loading fractions do yield specimens with
measurably increased moduli. At 30 wt.% loading, the modulus of the filled foam is as much as
twice that of the unfilled CRETE. With increasing amounts of aluminum, the modulus continues
to increase relative to that of the unmodified foam. At 50 wt. % loading, a three-fold increase in
modulus can be realized.
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CONCLUSION

The agreement between the measured modulus and the collapse stress with those predicted by
Equations 2 and 3 suggests that a model available in the literature (2,6) based on a simple, idealized
cell geometry, can be useful in describing certain mechanical and physical properties of foams.
The agreement is remarkable in light of the simple cubic unit cell geometry chosen as the basis of
the model. While not physically realistic, this cell geometry captures the density dependence of cell
strat bending upon which the modulus is dependent and the cell strut buckling upon which the
collapse stress of the foam is dependent. Incorporation of a metal powder into the cell structure of
the foam increases the overall modulus. This increase can be rationalized in terms of the expected
effect of adding a rigid particulate filler phase to a compliant matrix.
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Abstract

Highly porous building materials like aerated autoclaved concrete are characterized by low
thermal conductivity and high mechanical strength, which both strongly depend on porosity.
The influence of porosity distribution on the compressive strength of aerated autoclaved
concrete was investigated by using finite element analysis and multiaxial Weibull theory.
Calculations of failure probability of microstructures with ordered as well as random pore
configurations show a dependence of compressive strength on the Weibull modulus of the
matrix material and the size and arrangement of pores. The results of the calculations are
compared to experimental data of aerated autoclaved concrete.

‘1 Introduction

The use of autoclaved aerated concrete (AAC) in constructions requires a high mechanical
strength but thermal conductivity. In the production process of AAC a hierarchical pore
structure is introduced [1}: i.) inter particle pores (IPP) with a pore size of 108 to 10~%m,
ii.) inter cluster pores (ICP) with a mean pore size of about 10~°m and iii.) artificial air
pores (AAP) with a pore size of 0.5- 107 to 3 - 107>m. The AAP are introduced by the
formation of H; by chemical reaction between Al and Ca(OH), within the mass during plastic
state [2].

The geometrical density of AAC is controlled by the portion of AAP, which leaves the
portion of IPP without a significant change and leads to a slight variation in the portion
of ICP. The density of commercial AAC varries in a range of 200-1000 kg/m? [3], with
compressive strength varying from 3 to 15 MPa in a density range from 400 to 800 kg/m?®.

The microstructure of AAC should be considered on two levels: The first level represents
the structure of the matrix material on a microscopic scale. The second level represents the
arrangement of the AAP on a macroscopic scale. Taking this hierarchical microstructure of
AAC into account, stress distribution in AAC under an external load is mainly dominated by
the distribution of AAP. While IPP and ICP are more than two decades smaller than AAP,
the short range stress field surrounding the IPP and ICP is supposed to be unperturbed
compared to the long range stress field caused by the AAP. The matrix material is treated
as homogeneous and isotropic referring to mechanical properties. Three point bending test
data of the matrix material can be fitted using a Weibull distribution with the parameters
m = 8.4 and gy = 6.1, figure 1.

It is the aim of the present work to investigate the strength porosity relationship in highly
porous AAC materials. Stress distribution was calculated using a finite element approach.
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The failure probability of the porous microstructure was analysed by the extended weakest
link model developed by Batdorf et al. [4].

2 Calculations

The AAP in AAC can sufficiently be approximated by spherical pores. For random pore
configurations with monomodal or multimodal pore radii the pores are distributed in a given
area by generating random coordinates using a random number routine. Intersection of pores
with other pores and the edge of the area are not allowed. Pore coordinates are generated
until the appropriate pore volume fraction is reached. For calculations with random pore
configuration and multimodal pore size a Gauss distribution is assumed for representing the
AAP.

The finite element analysis code MARC is used for stress calculations, using six node
two dimensional plain strain triangles. In consequence the models represent porous bodies
containing parallel cylindrical holes. The kinematic constraints create repetitive unit cells.
The material parameters used for the stress calculation are a Young’s-modulus of 7250 MPa
and a Poisson’s ratio of 0.2, as it is found in commercially used AAC materials.

The failure probability is derived from the extended weakest-link model developed by
Batdorf et al. [4,5]. Using fracture mechanics an equivalent mode I stress intensity factor
Kieq is introduced to summarize the effect of mixed-mode loading on flaws in a multiaxial
stress field, with a as crack size, Y as the geometric correction factor and o.q as the equivalent
stress: Kjeq = Oeq-v/a-Y;. In this investigation only mode I failure of volume flaws is assumed.
Failure of the matrix material occurs if the size of a flaw exceeds a critical value a. depending
on the orientation w and the location x of the flaw. Using Weibull theory, the probability
P, that the size of a given flaw exceeds the critical value a. can be written as

[ fulayda= (”—("—“’))m (1)

e(x,w) To

where m and 7, depend on the strength and the statistical properties of the material.

The assumption that the matrix material of AAC is homogeneous and isotropic implies,
that uniform distributions are used for the scatter of the location x and orientation w of the
flaw. The probability that a flaw has the location x and the orientation w is Px = {,—dV and
P, = %ﬂdQ, respectively. The probability that the size of one flaw exceeds the critical value
a. depending on x and w is obtained by multiplying Py, P,, and P, and integrating over all
possible locations and orientations. '

As the number of flaws in V is a random variable described by a Poisson’s distribution
the failure probability can finally be obtained by [6]

_ 1 1 Oeg\™
Pf_1—exp[ %V/M!(ao) dev} @)

where 0, and m are material parameters. In this investigation the characteristic strength
of the porous material is characterized by the applied stress, which is needed to achieve an
over all failure probability of Py = 0.632 (P¢ = [1 — (1/e)]).

The integration in equation 2 is done by using a post processor for calculation of the
failure probability of multiaxial loaded ceramic components called STAU [7].
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3 Results

The normalized strength o* = op/ op(a=11) of a unit cell containing two pores as a function
of the normalized center to center pore distance d* = de—c/Tpore 18 shown in figure 2. The
external load is tension in global y-direction.

The strength pore-distance relationship of the two pore configuration remains unaffected
by m until a normalized pore distance of d* = 4 is reached. From d* = 4 to d* = 2 the
strength decreases. The higher the Weibull parameter m the stronger the decrease of the
strength. The corresponding increase of the normalized stress 0} = 0y/oy(a+=11) (at point
A) with decreasing pore distance d* is shown in figure 2.

Pores with monomodal pore radii are used to calculate the influence of pore size on the
strength of a multipore structure. Two pore volume fractions of fp = 0.1 and fp = 0.4 are
considered, with the normalized pore radii r* = Tpore/Tpore,min DeIng varried from of 1 up to
6.7. While pore size was kept constant the Weibull parameter m was changed. The left plot
in figure 3 shows the o* — r* relationship for fp = 0.1 with o* remaining almost unaffected
by increasing r*. For all Weibull parameters used, the variation of o* is in a range of 0.05.
A different behaviour, however, is observed at higher porosities. The right plot in figure 3
shows similar calculation for fp = 0.4 where o* increases with r*.

Stereological analysis show a Gauss distribution for AAP in AAC [8]. A mean deviation
of s = 0.2 and a mean pore size of P* = 0.5 are used for the calculation with random pore
configurations. The pore radii vary in a range of ¥ = 0..1. Figure 4 shows the normalized
strength 0* = 0p /0D f,=0.18 plotted vs. pore volume fraction fp. The dashed line in figure 4
gives an exponential function of the form ¢ = C- e "B with C = 2.2 and B = 4.5, which
fits the calculated data. The experimental data (open circles) is derived from compression
tests on 120x120x150mm specimens of AAC material with varying porosity.
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the linear regression of the calculated values (lines with symbols).

4 Discussion

The aim to predict the decrease with increasing porosity resulted in a variety of equations
for the strength porosity relationships [9, 10]. Three typical equations to predict the strength
op as a function of porosity fp are

B-fp

Lo LN

f Pyer

derived by Balshin [11], Ryshkewitch [12] and Schiller [13], respectively. op, is the strength
of the fully dense material (fp = 0), A, B and n are constants, fp . is the porosity at which
the strength completely disappears. The strength porosity relationship is predicted assuming
the strength of the matrix material to be constant over the entire porous body. As Brezny
and Green [10] pointed out, this only holds for non brittle materials.

The results of the calculations on the two pore model show that the stress concentration,
and in consequence the strength, is a function of the inter pore distance and the Weibull
parameter m. The ¢* — d* relationship for the Weibull parameter m = 4..30 of the two pore
model can be expressed by the relation

op =0op,(1 = fp)!, op=o0p,-e” and op=—

o*=A + Ay - g~km-d’ (4)

with k as a function of m, A; = 1 and A, = 50. The dependence of the k-value on m can
be fitted by k = B, + By - '™ with B; = 2.1, B, = 20 and |1 = -0.5. The pore distances,
which yield a decrease of normalized strength Ac* of Ag* = 0.1, dj,, and Ac* = 0.0,
dk 1, respectively, were calculated for varying Weibull parameter m, figure 5. For a Weibull
parameter m = 8.4 of the matrix material of AAC, a df, of 2.6 and a dj, of 3.6 are
obtained respectively. While the stressed volume increases with pore radius, the number of
pores at a fixed porosity will decrease with increasing pore size. The equation used by Le
Roy {14] to predict the porosity pore distance relationship can be solved for the porosity fp:
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fp=(1/d*)?-3/2-x. Using dt,, and dg; as calculated for the matrix material of AAC the
corresponding porosities fpg; and fpg; are fpq = 0,69 and fp001 =0, 36.

In consequence a significant influence of the pore size distribution on strength will occur
at a porosity higher than at least 0.36. For lower porosities the stress concentration is
equivalent to that of isolated pores, what ever their size.

As porosity increases, the pores approach each other and the stress concentration factor
and the stressed volume will depend on both, the pore radii and the center distance of the
pores. The results in figure 3 for fp = 0.4 suggest a strong influence of the Weibull parameter
m on the o* — r* relationship. The corresponding normalized slopes a* = a/am=30 of the
linear fits of the o* — r* relationships for fp = 0.4 depend on the Weibull parameter m:
a* = ¢(=005m+15)  The m-value of 8.4 of the matrix material of AAC yields a slope of a
= 0.07. In consequence a five times greater pore radius yields an increase of normalized
strength of 0.28 for AAC.

5 Conclusions

The finite element calculations show that interaction of stress field surrounding pores in
loaded AAC is likely to occour at a porosity of about 0.3. For AAC with lower porosity the
parameters of the pore size distribution are supposed to have no influence on the strength of
AAC. In consequence, a higher oy value of the matrix material is of particular importance
to improve the strength of AAC with low porosity. The calculations for highly porous AAC
show that the strength of AAC can be improved by increasing the size of the AAP.




References

(1] Prim, P. and Wittmann, F.H.: Structure and Water Absorbtion of Aerated Concrete. In
Autoclaved Aerated Concrete, Moisture and Properties, eds. Wittmann, F.H. Elsevier,
Amsterdam, 1983, P. 55-69.

[2] Grundlach, H.: Dampfgehértete Baustoffe, Bauverlag GmbH, Wiesbaden und Berlin,
1973.

[3] Aroni, S., Groot, G.J., Robinson, M.J., Svanholm, G. and Wittman, F.H.: Rilem
Recommended Practice: Autoclaved Aerated Concrete, Properties, Testing and Design,
Chapman & Hall, London, 1993.

[4] Batdorf, S.B. and Crose, J.G.: A Statistical Theory for the Fracture of Brittle Structures
Subjected to Nonuniform Stress, Journal of Applied Mechanics 41 (1974) P. 459-461.

[5] Batdorf, S.B.: Fundamentals of the Statistical vTheory of Fracture. In Proceedings of
the International Symposium on Fracture Mechanics of Ceramics, eds. Bradt, R.C,,
Hasselman, D.P.H and Lange, F.F. Plemum Press New York, 1989, P. 1-30.

6

Thiemeier, T., Briickner-Foit, A. and Kélker, H.: Influence of the Fracture Criterion on
the Failure Prediction of Ceramics Loaded in Biaxial Flexure, Journal of the American
Ceramic Society 74 (1991) P. 48-52.

[7] Heger, A.: Berwertung der Zuverldssigkeit mehrachsig belasteter keramischer Bauteile,
Phd-thesis, University of Karlsruhe, 1993.

[8] Schober, G.: Effect of Size Distribution of Air Pores in AAC on Compressive Strength.
In Proceedings of the 3rd Rilem International Symposium on Autoclaved Aerated Con-
crete, Zirich, Switzerland, eds. Wittmann, F.H. A.A. Balkema Publishers Rotterdam,
1992, P. 77-80.

{9] Rice, R.W. and Grace, W.R.: Evaluation and Extension of Physical Property-Porosity
Models based on Minimum Solid Area, Journal of Material Science 31 (1996) P. 102~
118.

[10] Brezny, R. and Green, D.: Mechanical Behaviour of Cellular Ceramics, In Materials
Science and Technology, eds. R.W. CahnP. Haasen, E.J. Kramer, vol. 11, Structure and
Properties of Ceramics, volume editor: M.S. Swain, VCH Weinheim, 1994, P. 465-516.

[11] Balshin, Y.: Relation of Mechanical Properties of Powder Metals and their Porosity
and the Ultimate Properties of Porous Metal-Ceramic Materials, Dokl. Akad. Nauk.
SSSR 67 (1949) P. 831-834.

[12] Ryshkewitch, E.: Compression Strength of Porous Sintered Alumina and Zirconia,
Journal of the American Ceramic Society 36, No.2 (1953) P. 65-68.

[13] Schiller, K.K.: Porosity and Strength of Brittle Solids (with Particular Reference to
Gypsum). In Mechanical Properties of Non-Metalic Brittle Materials, eds. Walton,
W.H. Buttenworth Sc. Publ., London, 1958, P. 35-49.

[14] Le Roy, G., Embury, J.D., Edwards, G. and Ashby, M.F.: A Model of Ductile Fracture
Based on the Nucleation and Growth of Voids, Acta Metall. 29 (1981) P. 1509-1522.

26



MODELING OF FATIGUE FOR CELLULAR MATERIALS

J. S. Huang” and J. Y. Lin”™

"Professor, ~'Ph.D. candidate.

Dept. of Civil Engineering, National Cheng Kung University,
Tainan, 70101 Taiwan.

ABSTRACT

Dimensional arguments are used to analyze the fatigue of
cellular materials. A modeling describing the fatigue of
foams with or without macrocrack is derived and compared to
the existing experimental data of cementitious foams and
phenolic foams; agreement is good.

INTRODUCTION

Cellular materials are increasingly being used as
load;bearing components in lightweight structures. The
fatigue failure of cellular materials might lead to a
catastrophic fracture of the lightweight structures. T