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In this study, two-dimensional finite element modeling was used to study the simultaneous 

effect of the cell shape and regular cell distribution on the anisotropy of the elastic properties 

of 316L stainless steel foam. In this way, the uniaxial compressive stress-strain curve was 

predicted using a geometric model and fully solid 316L stainless steel. The results showed that 

the elastic tangent and the yield strength increase significantly if the direction of the 

loading is parallel to the major cell dimension. Besides, the regular cell distribution affects the 

above properties, and the sharp drop in the mechanical properties is observed when the 

maximum shear stress plane is parallel with the plane including higher cell density. In addition, 

the finite element modeling showed that the elastic properties of porous 316L stainless steel 

are anisotropic and the optimum conditions depend entirely on the shape of the cells and the 

loading direction in the regular cell distribution foam. 
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1. Introduction 

 

Metallic foams have been widely used in a number 

of potential application fields including damping, heat 

exchange, sound insulation, and energy absorption [1,2]. 

However, metallic foams are often anisotropic, i.e. their 

properties depend on the direction in which they are 

measured. The heterogeneity and anisotropy measured 

in foams are generally attributable to the processing 

methods used in their fabrication. Anisotropy can arise 

in two quite different ways: structural anisotropy and 

material anisotropy. The more obvious anisotropic way 

for metal foams is structural anisotropy: direction-

dependent foam properties attributable to the shape of 

the cells. The cell shape anisotropy can lead to 

anisotropy in the mechanical properties either for closed-

cell or open-cell foams [3,4]. 
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The cell shape anisotropy effect on the compressive 

properties of metal foams has been investigated by many 

researchers. Benouali et al reported that Al foams made 

by the liquid state exhibit a significant anisotropy in their 

mechanical behavior. In contrast, the foams made by 

powder metallurgy show an almost isotropic 

compressive behavior [3]. Mu et al showed that Al– Si 

foams exhibit higher plastic collapse stress and better 

energy absorption property in the longitudinal direction 

(longer cell size) than those in the transverse direction 

[4–6]. Manonukul et al showed that the degree of 

geometry anisotropy is not strong enough to result in the 

mechanical property anisotropy of  Ti foam fabricated 

by replica impregnation method [7].  

Recently, in a study carried out by the present 

authors, it was shown that when the cell distribution is 
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regular, another type of anisotropy would be created in 

the compressive properties of the foams, which is similar 

to what was reported for single crystal materials. In fact, 

when the cell distribution is regular, the number of cells 

in each section is different and the mechanical properties 

would be a function of the loading direction [8,9]. 

The aim of this work is to investigate the effects of 

two types of structural anisotropy created by the cell 

shape and regular cell distribution on the compressive 

behavior of 316L stainless steel foams using two-

dimensional finite element modeling (FEM). For this 

purpose, the shape of the cells has changed from 

spherical to elliptic, and by changing the loading 

direction, the simultaneous effect of the two above-

mentioned types of anisotropy are studied. 

 

 

2. Theory of Anisotropy 

 

Figure 1 shows the geometric profile of an elliptical 

cell. By using orthotropic unit-cell model, Huber and 

Gibson derived the shape anisotropy ratio R, as: 
 

ܴ ൌ
ܽ
ܾ

 (1) 

Where ܽ  and ܾ  are the average values of the principal 

cell dimensions in the x and y directions, respectively 

[10]. According to this, the anisotropic elastic tangent, 

௫ߪ ,௬, and yield stress ratioܧ/௫ܧ ⁄௬ߪ , are defined as: 
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Where ܧ௫ and ܧ௬ are the elastic tangent moduli and 

 ௬ are the uniaxial yield stresses in the x and theߪ ௫ andߪ

y directions, respectively. In this equation,	߮ is the 

fraction of solid in the cell edges and bounded by 

∗ߩ ௦ߩ ൑ ߮ ൑ 1⁄ , where ߩ∗ and ߩ௦  are the densities of the 

foam and the bulk materials, respectively. One limiting 

case is when ߮ ൌ 1, which corresponds to an open-cell 

foam. For closed-cell foams, ߮ is less than 1 and smaller 

values of ߮ correspond to the foams with thinner cell 

edges. Usually, ߮ values between 0.65 and 0.85 are 

commonly observed [11,12]. Eqs. (2) and (3) predict that 

the elastic tangent ratio and the yield strength ratio are 

independent of the relative density and increase by 

increasing R. 

 
Fig. 1. Specifications and dimensions of the cell geometry 

 

 

3. FEM Procedure 

 

A 16 ൈ 18	ܿ݉ଶ	sample with regular cell distribution 

for FEM simulation was considered. To evaluate the 

elastic properties of porous 316L stainless steel, the 

following geometric conditions were applied to the 

model: 

 The number of the cells was considered constant in 

all cases. 

 Changes in the shape of the cells from circle to 

ellipse were applied in such a way that the area did not 

change. This condition caused the relative density to 

be constant in all cases. 

 According to the two above-mentioned conditions, 

the porosity in the samples was considered to be about 

60% and constant. Consequently, the relative density 

was about 3.2 g cm-3.  

 For boundary condition, uniform displacements 

were imposed on the faces perpendicular to the loading 

direction without friction. Other faces parallel to the 

loading direction were traction free. 

By changing R from 1 (circular cells) to 2.1, the 

effect of the cell shape anisotropy was investigated. 

Moreover, by changing the compression loading 

direction at an angle of 45 with the Y-axis, the cell 

distribution anisotropy phenomenon was studied in both 

the circular and elliptical shapes of the cells. This mode 

is shown schematically in Fig. 2 In addition, the stress-

strain curve data of 316L stainless steel was extracted 

from the reference [13] and used by Abaqus version 
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2016 software. A linear elastic behavior was assigned 

using a Young’s Modulus of E=200GPa and Poisson 

ratio of ߥ ൌ 0.3. For the perfect plastic part, the yield 

stress was 170 MPa and 0.0 plastic strain. Using the 

software data, the force-displacement curve was 

converted to the true stress-strain curve and, based on the 

ISO 13314 standard [14], the yield strength and elastic 

tangent were calculated.  

In this paper, the simplified self-similar yield surface 

model developed by Deshpande and Fleck, which is 

available as the crushable foam model in the ABAQUS 

finite element software, has been employed to describe 

the deformation behaviour of 316L foam. 

 

 
Fig. 2. Schematic of compression loading in two directions; 

Y-axis and with a 45 angle to the Y-axis  
 
 

4. Results and Discussion 

 

Figure 3 indicates the contour of the stress for ܴ ൌ

1.91 after 0.5 mm displacement in two loading 

directions x and y. Comparing Figs. 3a and 3b 

demonstrates that von Mises stress is higher in the 

second mode. Regarding these results, it can be 

concluded that the mechanical properties will improve 

if the loading is parallel to the major dimension of the 

cell. This is due to an increase in the stress 

concentration in the sharp edges of the cells during 

compression loading. 

Here also, it can be shown, similar to the analysis 

of an elliptical crack, that for a foam containing 

elliptical cells, the applied stress ߪ௔ is magnified at the 

ends of the major axis of the ellipse, so that the 

following equation is derived: 
 

௠௔௫ߪ

௔ߪ
ൌ 1 ൅

2ܽ
ܾ

 (4) 

 

Where ߪ௠௔௫ and ߪ௔ are the maximum stress at the 

end of the X-axis and the applied stress perpendicular 

to the X-axis, respectively. Since the radius of the 

curvature ߩ at the end of the ellipse is given by 
  

ߩ ൌ
ܾଶ

ܽ
 (5) 

 

Eqs. 4 and 5 may be combined, and then we have:  
 

௠௔௫ߪ ൌ ௔ሺ1ߪ ൅ 2ඥܽ ⁄ߩ  ௔݇௧ (6)ߪ=(

 

The term ߪ௠௔௫ ⁄௔ߪ  is defined as the stress-

concentration factor; ݇௧ , and it describes the effect of 

the cell geometry. Accordingly, when the applied 

stress is perpendicular to the major length of the cell, 

the curvature radius reduces, and therefore the stress 

concentration increases [15]. Accordingly, in Fig. 4, 

the contour of the stress is shown in two modes of 

loading: parallel and perpendicular to the major 

dimension of the cells. As it can be seen, in the first 

mode the stress concentration around the cell is less 

than that in the second one. The stress field shown in 

Fig. 4, when influenced by the stress field around the 

other cells (Fig. 3), intensifies the stress concentration 

phenomenon. These zones are sensitive to the more 

intensive localized deformation and crack growth, 

which is confirmed by experimental results [16]. 
 

 
 

Fig. 3. The contour of the stress for ࡾ ൌ ૚. ૢ૚ after 0.5 
mm displacement in two loading directions a) Y and b) X. 
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Fig.3. Continue 
 

 

 

 

 
Fig. 4. Stress contour for twoQQ3 different loading 

directions a) Parallel and  
b) Perpendicular to the major dimension of the cell. 

 

 

 

Figure 5 shows the variation in the yield strength 

ratio (ߪ௫ ⁄௬ߪ ) with R. As it can be seen, changes are 

similar to what predicted by Eq. 3. So by increasing R, 

the yield strength ratio also increases. However, there is 

some deviation from Eq. 3, which is due to the  two-

dimensionality of the model used in this study. In 

addition, the 2D FE analysis is under the plane strain 

condition and studies have shown that 2D models predict 

higher von Mises stress and equivalent plastic strain 

exceeding a certain value [17]. Fig. 6 shows the variation 

in the elastic tangent (ܧ௫ ⁄௬ܧ ) with R. Unlike the yield 

strength ratio, here, for the elastic tangent ratio, the 

results of the 2D modeling have a relatively good fit with 

the prediction of Eq. 2. 
 

 
Fig. 5.  ࣌࢞ ࣌࢟⁄  as a function of R in two modes of 

modeling and comparison with the prediction of Eq. 3. 

 

 

Fig. 6. ࢞ࡱ ⁄࢟ࡱ  as a function of R in two modes of modeling 
and comparison with the prediction of Eq. 2. 
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In the powder-space holder process, the foam made 

using spherical spacer particles tends to an elliptical 

shape in the powder compression step. This 

phenomenon has been reported by different researchers 

[18,19]. In some cases, the deformation is as high as R 

equal to 1.3 [9]. Fig. 7 shows the longitudinal cross-

section (parallel to the compaction direction) for regular 

cell arrangement of porous 316L stainless steel, which 

indicates the deformation of the cells.  In this case, it is 

suggested that the compressive loading is applied in a 

direction vertical to the compaction direction, in order to 

obtain more favorable mechanical properties. 
 

 
Fig. 7. The longitudinal cross-section of regular cell 

distribution of porous 316L stainless steel [9]. (reprinted 
with permission from elsevier.) 

Figure 8 shows the variation of the yield strength and 

the elastic tangent with R when the angle between the 

compression loading and the Y-axis is 45o. As it is 

shown, these two parameters are maximum when R is 

equal to 1, that is, the shape of the cells is spherical. In 

contrast, they are minimum by increasing R, as the shape 

of the cells is far from spherical. These results are due to 

the anisotropy created from the regular distribution of 

the cells.  

 
Fig. 8. Variation of elastic tangent and yield strength with 

R in the loading mode of 45 to the Y-axis direction. 

Figure 9 shows the contour of the stress for different 

R values after 0.5 mm displacement. When R reaches 1, 

the contour of the stress is more uniform and 

symmetrical. As the amount of R increases, the stress 

contour becomes asymmetric to the extent that the stress 

is higher in the direction of the major dimension of the 

cells. 

In fact, the mechanical properties of the foam 

decrease markedly by increasing the major dimension of 

the cell in a direction that has 45 angle difference with 

the loading direction.  The maximum shear stress in a 

uniaxial compression test occurs on a plane at 45º to the 

loading direction because the maximum shear stress 

plane overlaps with the more stress concentration plane 

due to the shape of the cells during compression loading.  
 

 
Fig. 9. Stress contour after 0.5 mm displacement in y-axis 

for different R values: a) 1, b) 1.34, c) 1.7 and d) 1.9. 
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Fig.9. Continue 

 

 

5. Conclusions 

 

The simultaneous influence of the shape and regular 

cell distribution on the elastic properties of 316L 

stainless steel foam was investigated. The results showed 

that the anisotropy is present in properties such as elastic 

tangent and yield strength in both cases. When the shape 

of the cells changes from spherical to elliptic, the 

mechanical properties are more favorable in the major 

dimension of the cell. In contrast, the foam with spherical 

cells has the same properties in two directions: x and y, 

but when the load is in a 45 of the Y-axis direction (e.g. 

the foam with elliptical cells), the mechanical properties 

will change. 

Regarding these results, it can be concluded that the 

effect of the shape and distribution of the cells on the 

improvement of the mechanical properties is affected by 

two phenomena: Firstly, the reduction of the stress 

concentration during loading due to the cell shape, and 

secondly the maximum shear stress plane that does not 

overlap with the highest cell concentration plane. 
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  هاشكل و توزيع منظم حفرهناشي از  L316ناهمسانگردي در خواص الاستيك فوم فولاد زنگ نزن  

    
 محمدحسين پايداري ميرزايي، رتضم

    

    .، ايرانشيراز، شيراز، دانشگاه ، بخش مهندسي مواددانشكده مهندسي

      
 

 

 چكيــده  

ها بر خواص الاستيك فوم فولاد زنگ نزن سازي دو بعدي اجزاء محدود، اثر شكل و توزيع منظم حفرهدر اين تحقيق با استفاده از روش مدل

L316 نتايج  بيني شد.هاي اين آلياژ درحالت بدون فوم پيشكرنش فشاري با كمك يك مدل هندسي و داده-منظور، منحني تنشبررسي شد. بدين

تر حفره موازي با جهت بعد بزرگكند وقتي كه جهت بارگذاري فشاري نشان داد كه شيب ناحيه الاستيك و تنش تسليم افزايش محسوسي پيدا مي

ثير داشته و كاهش شديدي دارد وقتي كه صفحه ماكزيمم تنش برشي منطبق بر صفحه با أها بر خواص فوق تاست. همچنين، توزيع منظم حفره

صورت ناهمسانگرد هب L316سازي با روش اجزاء محدود نشان داد كه خواص الاستيك فوم فولاد زنگ نزن علاوه، مدلهتراكم بيشتر حفره باشد. ب

    .است هااست و حالت بهينه شديداً وابسته به شكل حفره و جهت بارگذاري درحالت توزيع منظم حفره

  

  L 316م فولاد زنگ نزن وشكل حفره، توزيع منظم حفره، ناهمسانگردي، فهاي كليدي: واژه
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