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Summary: 
 
The paper presents a computational study of adhesively bonded metallic hollow sphere structures fully
embedded within an adhesive matrix. Their behaviour under compressive dynamic loading was
evaluated by means of dynamic computational simulations, where the influence of topology (simple
cubic, body centred cubic and face centred cubic arrangement) and gaseous pore filler was studied.
The behaviour of analyzed structures was evaluated with use of the representative volume element
accounting for the strain rate sensitivity. The computational results show a characteristic porous
material response. The initial linear-elastic response is followed by a short transition zone, then
followed by a stress plateau. At high strains, the inner surfaces of the spherical shell touch and the
stress level increases rapidly. The topology considerably influences the deformation mechanism of the
hollow sphere structures, where the simple cubic structure orientation exhibits the highest stiffness.
From the computational results it can be observed that the influence of the internal pore pressure is
negligible through the deformation of the metallic hollow sphere structures. 
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1 Introduction 
The metallic hollow sphere structures combine the well-known advantages of cellular metals in terms 
of their high capacity of energy absorption, good damping behaviour, excellent heat insulation and 
high specific stiffness without major scattering of their material parameters [1, 2]. The combination of 
these properties is of interest in a wide field of potential applications, e.g. in automotive and aerospace 
industry [3]. 

A powder metallurgy based manufacturing process enables economic production of metallic hollow 
spheres of defined geometry, where the hollow spheres can be manufactured from every metal 
suitable for sintering, such as steel, aluminium or copper [2]. Different joining technologies such as 
sintering, soldering and adhering can be applied to assemble hollow spheres to interdependent 
structures [1]. Adhering provides the most economic way of joining and allows for further cost 
reduction and therefore the expansion of potential applications. Adhesively bonded MHSS can be 
applied as fillers for steel pipes, such as A-pillars or front side members in cars [4]. The results of 
preliminary experimental testing underline the high potential of this innovative lightweight material.  

Initial investigations of MHSS were aimed at determining the quasi static properties of these 
advanced composites at small strains which are primarily required for structural applications [5-8]. A 
comprehensive experimental study of the impact behaviour of metallic cellular materials is given in [9]. 
Further analyses of epoxy syntactic foams with spherical inclusions confirm the necessity of 
accounting for the strain rate sensitivity of porous metals under impact conditions [10, 11]. 

The purpose of this research is to describe the behaviour of syntactic metallic hollow sphere 
structures subjected to dynamic loading. The response of hollow sphere structures considering three 
different arrangements (topologies) has been evaluated using the finite element code LS-DYNA and 
accounting for the material strain rate sensitivity. Additionally, the influence of the initial pore pressure 
on the global behaviour of metallic hollow sphere structures has been studied. 
 

2 Computational model 
In general, cellular structures exhibit a random topology. However, the MHSS have a certain degree of 
regular topology, as shown in Fig. 1. Analysis of the pseudo-random MHSS topology shows that a 
cubic symmetric arrangement of the hollow spheres can be presumed in order to decrease the model 
size. 

 
 
 
 
 
 
 
 
 

Fig. 1: Quasi-regular topology of hollow sphere structures 
 
In this study three different cubic symmetries of hollow sphere structures are considered: (a) simple 
cubic, (b) body centred cubic and (c) face centred cubic arrangement (Fig. 2). 
 

 
a) b) c) 

 
Fig. 2: Topologies of MHSS: a) simple cubic; b) body centred cubic; c) face centred cubic 
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The characteristic dimensions of the metallic hollow sphere structures were determined from 
measurements of experimental samples. For the chosen syntactic geometry, the outer radius R of the 
spheres is equal to 1.0 mm and the minimum distance between two neighbouring spheres is 
amin = 0.36 mm. The thickness t of the metallic shells was set to 0.05 mm. 

Constitutive behaviour was described with an elastic-plastic material model with the von Mises yield 
condition. The material properties are listed in Table 1 [12]. 
 

Table 1: Material properties of the sintered steel spheres and epoxy resin L1100 
 

 Young’s 
modulus 

Poisson’s 
ratio 

Yield 
stress 

Density Cowper-Symonds 
parameters 

 E ν σy ρ C p 
 MPa - MPa g/dm3 s-1 - 

Sintered steel 115000 0.3 255 6.95 40.4 5 
Epoxy resin 2460 0.36 113 1.13 1050 3.7 
 

Because the complete detailed modelling of cellular materials is usually not possible due to insufficient 
computer capabilities, the cellular materials are often modelled by considering a “representative 
volume element”, which serves for detailed studies of mechanical behaviour of a minimum number of 
unit cells and its mathematical characterization [12, 13]. In this study the considered topologies allow 
the use of only one eighth of a unite cell with proper boundary conditions, significantly reducing the 
number of unknowns and the required computing time. 

Reflective symmetry boundary conditions (Fig. 3) were defined along the symmetry planes to 
simulate the behaviour of the whole unit cell. The periodic boundary conditions (repetitive boundary 
conditions, Fig. 3) presume that the considered unit cell is positioned in the middle of a regular hollow 
sphere structure, where boundary effects are negligible [13]. 
 

 
 

Fig. 3: Boundary conditions of the finite element models 
 
Hexahedron fully integrated finite elements with quadratic shape functions were used in the 
discretisation of the models. The sphere surface elements were defined as one contact group to 
account for self-contact at very large deformations. The coefficient of friction was set to 0.1. The 
displacement controlled loading, corresponding to desired strain rate (up to ε  = 1000 s-1), was applied 
to the upper surface of the unit cell model.  

The behaviour of metallic hollow sphere structures under uniaxial dynamic loading conditions was 
analysed by using the explicit finite element code MPP LS-DYNA [14, 15]. Adequate element types, 
mesh densities, and time step sizes have been determined by initial parametric analyses to establish 
sufficiently accurate computational results insensitive to space and time discretisation. 
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3 Computational results 
The deformation mechanism of the metallic hollow sphere structure with simple cubic sphere 
arrangement subjected to uniaxial dynamic loading is shown in Fig. 4. 
 

 
Fig. 4: Deformation mechanism of the metallic hollow sphere structure with simple cubic topology 

 
Further computational results are shown in stress – strain diagrams. The macroscopic engineering 
stress of metallic hollow sphere structure unit cells in the loading direction is derived as a sum of 
reaction forces divided by the initial unit cell cross-section .The macroscopic engineering strain is 
calculated as displacement in the loading direction divided by the initial unit cell length. 
 

 
Fig. 5: Influence of the topologies on the macroscopic behaviour 
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Figure 5 shows the comparison of the stress-strain relations of metallic hollow sphere structures for 
the three different topologies. The initial linear-elastic behaviour is followed by the transition zone, then 
by the stress plateau, where the stress oscillations due to sphere walls buckling can be observed. 
When the inner surfaces of the spherical shell touch, the densification process starts and the stress 
rapidly increases. As expected, the simple cubic structure exhibits the highest stiffness due to the 
lowest porosity (porosity is defined as the ratio between the spherical void volume and full unit cell 
volume). In comparison, the porosity of the body centred cubic structure and face centred cubic 
structure is 1.31 and 1.43 times higher, respectively, which consequently results in smaller structural 
stiffness during the deformation process. 
 
The influence of the initial pore pressure, caused by the gas trapped inside the hollow sphere 
structures is illustrated in Fig. 6. It is expected that during the deformation of the hollows spheres 
containing gases the internal pore pressure changes and consequently influencing the macroscopic 
behaviour of the metallic hollow sphere structure [13, 16]. However, as shown in figure, the influence 
of the internal pore pressure is negligible through the deformation. Furthermore, it must be considered 
that the hollow spheres exhibit certain porosity. Therefore, a high initial pore pressure cannot be 
expected. 
 

 
Fig. 6: Influence of the internal pore pressure on the macroscopic behaviour 

 

4 Conclusions 
The paper presents a computational study of adhesively bonded metallic hollow sphere structures fully 
embedded within an adhesive matrix. Their behaviour under compressive dynamic loading was 
evaluated by means of dynamic computational simulations, where the influence of topology (simple 
cubic, body centred cubic and face centred cubic arrangement) and gaseous pore filler was studied. 
The macroscopic stress-strain behaviour of the metallic hollow sphere structures exhibits typical 
porous material characteristics. The initial linear-elastic response is followed by a short transition zone, 
then followed by a stress plateau. At high strains, the inner surfaces of the spherical shell touch and 
the stress level increases rapidly. The computational simulations topology considerably influences the 
deformation mechanism, where the simple cubic structure orientation exhibits the highest stiffness due 
to its low porosity. Additionally the computational results have shown that the influence of the internal 
pore pressure is negligible through the deformation. 
 

5 Literature 
[1] Degischer, H. and Kriszt, B. Handbook of Cellular Metals, WILEY-VCH. 2002. 
[2] Ramamurty, U. and Paul, A. Variability in mechanical properties of a metal foam, Acta 

Materialia, 52: 869-876. 2004. 
[3] Sukegawa, Y., Murakami, K., Yoshimura, H. and Mihara, Y. Compression Characteristics of 

Metallic Hollow Spheres (MHS): 2nd Report, Jari Research Journal, 28(6): 209-212. 2006. 

Material III - Kunststoffe

D - III - 5



7. LS-DYNA Anwenderforum, Bamberg 2008 
 

 
© 2008 Copyright by DYNAmore GmbH 

[4] Yoshimura, H., Shinagawa, K., Mihara, Y., Sukegawa, Y. and Murakami K. Metallic Hollow 
Sphere Structures Bonded by Adhesion, In: Proceedings of the 4th International Conference on 
Porous Metals and Metal Foaming Technology (METFOAM 2005), Kyoto, Japan: 571- 576. 
2005. 

[5] Fiedler, T., Öchsner A. and Gracio J. Numerical investigation of the mechanical properties of 
adhesively bonded hollow sphere structures, Journal of Composite Materials, in press. 2007. 

[6] Fiedler, T., Öchsner A. and Grácio J. Uniaxial Elasto-Plastic Behaviour of Adhesively Bonded 
Hollow Sphere Structures (HSS): Numerical Simulations and Experiments, Materials Science 
Forum, 539-543: 1874-1879. 2007. 

[7] Sanders, W. and Gibson, L. Mechanics of hollow-sphere foams, Materials Science and 
Engineering A, 347: 70-85. 2003. 

[8] Sanders, W. and Gibson, L. Mechanics of BCC and FCC hollow-sphere foams, Materials 
Science and Engineering A, 352: 150-161. 2003 

[9] Zhao, H., Elnasri, I. and Abdennadher, S. An experimental study on the behaviour under impact 
loading of metallic cellular materials, International Journal of Mechanical Sciences, 47: 757-774. 
2004. 

[10] Song, B. and Weinong, C. Dynamic Compressive Response and Failure Behavior of an Epoxy 
Syntactic Foam filled with glas microspheres, Journal of Composite Materials, 38(11): 915-936. 
2004. 

[11] Kim, H.S. and Khamis, M.A. Fracture and Impact Behaviours of hollow micro-sphere/epoxy resin 
composites, Composites: Part A, 32: 1311-1317. 2001. 

[12] Vesenjak, M., Fiedler, T., Ren, Z. and Öchsner A. Behaviour of syntactic and partial hollow 
sphere structures under dynamic loading, Advanced Engineering Materials, 10(3): 185-191. 
2008. 

[13] Vesenjak, M. Computational simulations of cellular structures under dynamic loading, Doctoral 
thesis, Maribor: Faculty of Mechanical Engineering. 2006. 

[14] Hallquist, J. Theoretical manual. Livermore: Livermore Software Technology Corporation. 1998. 
[15] Hallquist, J. Keyword manual. Livermore: Livermore Software Technology Corporation. 2003. 
[16] Vesenjak, M., Öchsner, A., Hribersek, M. and Ren Z. Behaviour of cellular structures with fluid 

fillers under impact loading, International Journla of Multiphysics, 1(1): 101-122. 2007. 
 

Material III - Kunststoffe

D - III - 6



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


