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ABSTRACT: This paper is on the numerical determination of the mechanical 
properties of adhesively bonded hollow sphere structures (HSS). Two types of 
morphologies, namely syntactic and partial HSS, are considered. In the case of 
syntactic HSS, the hollow steel spheres are completely embedded in the 
adhesive matrix, whereas for partial HSS the adhesive is concentrated at the 
contact points of neighbouring spheres. In addition to the elastic properties of 
the structure, the initial tensile and compressive yield strengths and the 1% 
offset yield strengths are calculated. Here, the anisotropic behaviour of the 
adhesive in the tensile and compressive regime is incorporated. Furthermore, 
the applicability of the adhesive as design parameter for the mechanical 
properties of HSS is shown.  
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INTRODUCTION 
 
Metallic HSS constitute a new group of porous composite materials. Due to application of 
hollow spheres with a well defined geometry, a quite regular structure can be achieved. 
Consequently, hollow sphere structures exhibit more constant material parameters in contrast 
to other random cellular structures, e.g. metallic foams [1].  
 

 
Figure 1. Images of HSS structures: a) Partial HSS; b) Cross section of syntactic HSS. 
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The hollow spheres can be assembled by different joining technologies such as sintering, 
casting, soldering or adhesive joining [2]. In the following, only adhesive bonding will be 
considered. If the metallic hollow spheres are completely embedded in the adhesive matrix, 
the structure is called syntactic HSS (cf. Figure 1b)). A concentration of the adhesive between 
the contact points of neighbouring spheres yields to so-called partial HSS (cf. Figure 1a)).  
HSS exhibit the typical properties of cellular metals, such as the ability to adsorb large 
amounts of energy at low stress levels, thermal and acoustic insulation, damping and high 
specific stiffness (e.g. [2,3]). Combination of these characteristics opens a wide field of 
potential industrial applications. However, a thorough understanding of the mechanical 
properties of the composite structure and its dependence on the morphology and mechanical 
properties of the components (metallic spheres and adhesive matrix) is a prerequisite for a 
successful industrial introduction. 
 
 

ELASTO-PLASTIC BEHAVIOUR 
 
The principles of continuum mechanics can be applied for the description of the mechanical 
response of HSS, if a representative volume element (RVE) is considered. In order to 
represent macroscopic values by excluding edge effects arising at the free boundary of the 
structure, this RVE needs to comprise a minimum amount of spheres (unit cells) into each 
direction. The intention of this paper is the analysis of the dependence of the mechanical 
properties of HSS on their morphology and base materials. Therefore, no further account was 
taken of the anisotropy caused by the particular sphere distribution and only strain states 
having principal strain distributions parallel to y-axis are considered (cf. Figure 2). This 
modelling technique, based on homogenous cell structures, has already been applied for the 
description of the plastic behaviour of porous metals [4-6] and for the modelling of damage 
effects [7-9]. 
The linear elastic behaviour of an isotropic material can be described by two elastic 
parameters, e.g. Young's modulus E and Poisson's ratio ν. For uniaxial tensile and 
compressive tests (loading direction y), Young's modulus is defined by the ratio of stress and 
strain inside the elastic range as: 
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Poisson's ratio is equal to the negative ratio of the strains perpendicular and parallel to the 
loading direction:  

.x z

y y

ε εν
ε ε

= − = −      (2) 

In order to determine the initial macroscopic plastic compressive yield stress kc,Str and tensile 
yield stress kt,Str, a method proposed in [10] is applied where the macroscopic yield stress is 
recorded when the equivalent stress σeff of an integration point reaches the yield stress of the 
base material. 
 
 

FINITE ELEMENT APPROACH 
 
In the scope of the finite element analysis, two types of morphologies, namely syntactic (cf. 
Figure 2b)) and partial HSS (cf. Figure 2a)), are considered. The dark grey elements represent 
the steel spheres and the light grey elements the adhesive. Furthermore, the sphere wall 
thickness t is varied according to Table 1 where R denotes to the constant outer diameter of 
the steel spheres. The geometries of the finite element models correspond to specimens 



provided by GLATT SYSTEMTECHNIK GMBH. In contrast to earlier simulations [11,12] of 
sintered HSS which are based on random tetrahedron element meshes, the models are 
assembled by regular hexahedron elements with parabolic shape functions. In [13,14] it is 
shown that this element class yields best results in the plastic range.  
 

Table 1. Normalised sphere wall thickness and mesh parameters 
Syntactic HSS Partial HSS 

t / R Number of nodes t / R Number of nodes 
0.020 33613 0.013 21365 
0.030 33613 0.023 21365 
0.050 33613 0.033 26347 
0.070 33613 0.055 26347 
0.100 34081 0.068 26347 

 

 
Figure 2. Finite element models: a) Syntactic HSS (t/R = 0.050); b) Partial HSS (t/R = 0.033). 

 
In order to determine the mechanical properties of the HSS, uniaxial tensile and compressive 
tests are simulated. Therefore, the nodal displacement u(t) = a·t (cf. Figure 3, |a| = const) is 
introduced which linearly increases with the computation time t (the computation time is 
proportional to the steps of the incremental analysis). By utilising the symmetry of the 
structure, only on eighth of the unit cell needs to be modelled and the computational 
calculation time can be minimised. However, so-called reflective [15] and repetitive [16] 
boundary conditions must be prescribed in order to simulate the behaviour of the whole HSS. 
The reflective boundary conditions simulate the remaining unit cell, whereas the repetitive 
boundary conditions introduce the influence of neighbouring unit cells.  



 
Figure 3. Boundary conditions of the finite element simulation. 

 
The material properties of the steel (St) spheres and the adhesive (A) are listed in Table 2. It 
should be mentioned here that in the section ‘Design Parameter Adhesive’ the material 
parameters of the adhesive are systematically varied. 
 

Table 2. Material properties of investigated materials. 
Material Parameter Steel (St) Adhesive (A) [17] 
Young’s modulus E 210 000 N/mm² 4 500 N/mm² 
Poisson’s ratio ν 0.3 0.36 
Initial tensile yield strength kt 300 N/mm² 61.5 N/mm² 
Initial compressive yield strength kc 300 N/mm² 195 N/mm² 
 
The description of the orthotropic plastic behaviour of the adhesive in the tensile and 
compressive regime is achieved by means of a modified von Mises yield criterion [18] where 
the yield strength is dependent on the hydrostatic stress state. Figure 4 illustrates the flow 
surface of this criterion in the principal stress (σ1, σ2, σ3) space. In order to relate arbitrary 
stress states to the uniaxial material parameters listed in Table 2, the effective von Mises 
stress σeff = ½ [(σ1-σ2)² + (σ2 – σ3)² + (σ3-σ1)²]

½ is applied. The modified von Mises criterion 
introduces potential problems for stress states (e.g. pure shear stress) where the hydrostatic 
stress is equal or close to zero and the yield strength discontinuously changes between two 
values. However, in the scope of this investigation only tensile and compressive loading are 
considered and consequently no difficulties could be observed. 



 
Figure 4. Modified von Mises yield criterion. 

 
 

RESULTS 
 
In the following, the results of the finite element analysis are discussed. First, the influence of 
the sphere wall thickness and the morphology of the HSS is investigated. Second, the 
applicability of the adhesive as a design parameter for the mechanical properties of the 
structure is demonstrated.  
 
Influence of Sphere Wall Thickness and Morphology 
 
Figure 5 illustrates the stress-strain relations of partial and syntactic HSS under compressive 
and tensile loading. A distinct dependence on the loading direction can be observed. In the 
case of tensile loading, the macroscopic stresses slowly converge with increasing macroscopic 
strain towards a constant value. This behaviour can be observed for both morphologies. On 
the other hand, the curves related to compression are still rising at these macroscopic strains. 
This phenomenon is more emphasised in the case of syntactic HSS. Furthermore, a strong 
dependence of the mechanical behaviour of HSS on the normalised sphere wall thickness t/R 
can be observed. The stress levels distinctly increase with higher values of this parameter. By 
comparing the stress-strain relations of syntactic and partial HSS, it becomes visible that 
much higher stresses occur in the case of syntactic HSS. 
 

 
Figure 5. Stress-strain relation for tensile and compressive loading: a) Syntactic HSS; b) Partial HSS. 



 
Inside the linear elastic range, the curves for tensile and compressive loading coincide. 
Consequently, the elastic parameters are independent of the loading direction. In Figure 6, 
Young’s modulus E and Poisson’s ratio ν are plotted versus the normalised sphere wall 
thickness t/R. Young’s modulus of partial HSS linearly increases with the ratio t/R. In 
comparison to these values, the corresponding Young’s modulae of the syntactic composites 
are much higher. Explanation is that the coherent adhesive matrix (t/R � 0) which can be 
interpreted as a homogenous structure with spherical pores possesses a structural stiffness of 
2089 N/mm². Poisson’s ratio of partial HSS also exhibits a linear dependence on the thickness 
of the spheres walls. The transversal contraction of syntactic HSS possesses a maximum at t/R 
≈ 0.045. 
 

 
Figure 6. Elastic properties in dependence on the normalised thickness t/R: a) Young’s modulus;  

b) Poisson’s ratio. 
 
In Figure 7a), the dependence of the initial macroscopic yield stress on the sphere wall 
thickness t/R is illustrated. In the case of partial HSS, this plastic material parameter exhibits a 
linear characteristic and vanishes for t�0. In contrast to this behaviour, the coherent adhesive 
matrix of syntactic HSS possesses itself a compressive yield strength of 49.1 N/mm² and 
increases the values related to this morphology. Since the plastic flow generally starts in the 
thin wall of the isotropic steel spheres, this characteristic value is also independent of the 
loading direction.  

 
Figure 7. Plastic parameters: a) Initial macroscopic yield stress; b) 1% offset yield strength. 

 
In Figure 8 the areas of initial plastification are exemplarily visualised for a partial and a 
syntactic HSS. The total equivalent plastic strain is illustrated for the first increment in which 
plastic flow occurs. According to the material properties of the steel spheres (cf. Table 2), the 



effective stress σeff inside the plastic deformation zone is 300 N/mm². In the same increment, 
the maximum effective stresses in the adhesive are < 20 N/mm² (Syntactic HSS) respectively  
< 35 N/mm² (Partial HSS) and are therefore far below the initial yield stress of the adhesive 
(e.g. kt,A = 61.5 N/mm²). Only in the case of the partial HSS with the maximum sphere wall 
thickness (t/R = 0.068), the area of initial plastic deformation depends on the loading 
direction. Under tensile load, the lower yield strength of the adhesive in conjunction with the 
high strength of the relatively thick steel shell results in the initial plastic flow taking place 
inside the adhesive joint. However, the macroscopic tensile stress at the beginning of the 
plastification is equal to the one monitored for compression and consequently also in this case 
similar yield stresses are determined for this composite. 
 

 
Figure 8. Areas of initial plastic flow: a) Partial HSS (t/R = 0.033); b) Syntactic HSS (t/R = 0.05). 

 
In Figure 7b) the 1% offset yield strength k0.01 is plotted. This characteristic parameter 
exhibits orthotropic behaviour. In the case of compressive loading, the values of k0.01 exceed 
the ones obtained for tensile loading. This phenomenon can be explained with the anisotropic 
behaviour of the adhesive (cf. Table 2) and becomes more emphasised with increasing 
normalised thickness t/R. Like the initial yield stress, the 1% offset yield strength is much 
higher for syntactic HSS. 
 
Design Parameter Adhesive 
 
Variation of the applied adhesive introduces a further design parameter for the macroscopic 
mechanical properties of adhesively bonded hollow sphere structures. In the following, the 
influence of the adhesive on the mechanical behaviour of the composite will be exemplarily 
analysed for the normalised sphere wall thickness t/R = 0.23 and partial HSS. Since no 
influence of the loading direction (compression or tension) on the elastic properties and the 
initial macroscopic yield strength is observed, only tensile loading is considered.  
First, two different values (0.35 and 0.4) are defined for Poisson’s ratio νA of the adhesive, 
whereas all other material parameters remain constant. However, almost no influence on the 
elastic (deviation ~2.7 %) and plastic properties (no deviation observed) of the composite 
material can be observed.  
In a second step, Young’s modulus EA of the adhesive is varied in 5 steps between 100 and 
5000 N/mm². Again, all remaining material parameters correspond to Table 2. The stress-
strain relations of these structures are plotted in Figure 9.  
 



 
Figure 9. Stress-strain response of partial HSS in dependence on the adhesive. 

 
A strong influence of the adhesive stiffness EA is visible. The slope of the stress-strain curves 
inside the linear elastic area distinctly increases with Young’s modulus of the adhesive. This 
behaviour is reflected in Figure 10, where Young’s modulus EStr and Poissons’s ratio νStr of 
the structure are plotted versus EA in a logarithmic scale. 
 

 
Figure 10. Dependence of the elastic properties of partial HSS on the stiffness of the adhesive. 

 
Within the investigated range of EA, both elastic parameters can be approximated by simple 
logarithmic functions. Consequently, increase of the stiffness of the adhesive yields a 
logarithmic increase of these characteristic macroscopic values.  
 

 



 
Figure 11. Dependence of the initial yield strength of partial HSS on the stiffness of the adhesive. 

 
Figure 11 illustrates the initial tensile yield strength kt,Str of the partial HSS in dependence on 
Young’s modulus of the adhesive. For EA < 1000 N/mm², a distinct increase of the initial 
yield strength of the structure can be observed. Further increase of the stiffness of the 
adhesive only slightly affects the yield strength kt,Str. 
The influence of the yield strength of the adhesive on the mechanical behaviour of the HSS is 
already investigated in the section ‘Influence of Sphere Wall Thickness and Morphology’ 
where the parameter is varied between 61.5 N/mm² (tension) and 195 N/mm² (compression). 
As it is demonstrated there, no dependency can be observed. 
 
 
 

CONCLUSION 
 
In the scope of this paper, the mechanical properties of partial and syntactic HSS are 
numerically determined. A distinct dependence of the mechanical response of these 
composites on their morphology and sphere wall thickness is observed. Syntactic HSS exhibit 
due to their coherent adhesive matrix higher values for the elastic parameters and the initial 
yield stress in comparison to partial HSS. The anisotropic plastic behaviour of the adhesive 
does not affect these macroscopic values which remain independent of the loading direction. 
Only in the plastic hardening range and for the 1% offset yield strength, orthotropic behaviour 
of the structure can be observed. Ascent of the sphere wall thickness causes an increase of the 
elastic and plastic parameters of the HSS with the exception of Poisson’s ratio.  
Furthermore, the influence of the adhesive on the mechanical properties of the composite 
material is exemplarily investigated for a partial HSS. It is shown that within the considered 
range Poisson’s ratio νA and initial yield stress kt,A only slightly affect the mechanical 
behaviour of the composite material. Thus, Young’s modulus EA of the adhesive introduces a 
promising design parameter, since change of this characteristic value generates significant 
change in the mechanical properties of the investigated partial HSS. 
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