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Abstract— Titanium foam is attractive material in bio-system applications, due to its biocompatibility as well as stable fixation in human 
bone. Obtaining sufficient information about mechanical and failure behaviors of such material are of great intense and it needs to be will 
studied. Finite element model based on crushable foam model will be used to simulate the mechanical and failure behavior of titanium 
foam of vary densities as 59.9 %, 62.5 % and 65 % porosity. Compression test is commonly test for foam material to measure compressive 
strength and flow behaviors of titanium foam with pervious porosity. Whereas, stiffness properties to be measured three point bending test 
is getting good. The three point bending test is used to measure both flexural strength and flexural stiffness or young modulus. The 
numerical modeling results are validated with other available published. The results are in good agreement with the published experimental 
data. 

Index Terms— Titanium foam, porosity, finite element analysis, crushable foam model, bio-system, compression test, the three point 
bending test. 

——————————      —————————— 

INTRODUCTION                                                                   
 

Metal foams are new materials, which have many applica-
tions as in automotive structural components, aircraft and 
spacecraft structures, shock absorbers, sound and vibration 
dampeners, biomedical implants and heat exchangers [1], [2], 
[3]. Metal foam is very important because it have many prop-
erties such as low density, high specific stiffness, good energy 
absorption capability and high specific strength [4], [5]. 

Titanium foams are favored in many applications including 
biomedical implants where biocompatibility is required. The 
main reason for using foam metals is the increase of the fric-
tion coefficient between the implant and the surrounding 
bone. Mechanical interlocking of bone with the implant is al-
lowed by substantial bone in-growth and better long-term 
stability. Moreover, stiffness of the implants can be increased 
by varying porosity to reduce the stress shielding effect [5], 
[6]. One of auspicious biomedical application of Tifoams is in 
dental implant. Finite element analysis is used for designing of 
dental implants and the success of the use of finite element 
method depend on analyzing structures and components rests 
upon the accuracy and efficiency of the applied material mod-
els [7], [8], [9], [10], [11]. 

Tanwongwan and Carmai [12] construct finite element 
model to simulate the compression and flexural strength of 
titanium foam with varying densities, the simulation was in 
good agreement with the experimental results while the de-
scription of plasticity are not completely explain. 

Other constitutive models [13], [14], [15], [16] had been im-
plemented in finite element commercial code to simulate met-

al foam in general and aluminum and Ti- ones in especial case. 
The main goal of the present paper is to simulate the flow 

behavior of titanium foam under both compression and bend-
ing load using crushable foam model implemented in finite 
element subroutine. The model description is completely de-
tailed in this paper. 

MECHANICAL BEHAVIORS OF METAL FOAMS 
 
Foam microstructure is the major difference between foam 
materials and solid materials. 
Cells or pores, which are present in metal foams, can be con-
sidered as sponge. Metal foams con be characterized at micro-
structure level by relative density, cell topology, cell shape 
and cell size [17], [18], [19]. The porosity is a parameter, which 
is used to indicate the proportion of porous area in foams. 
These microstructure features are affecting the mechanical 
responses of metal foams. The compressive stress-strain curve 
for a metal foam is specified by three zones; one of these zones 
is a linear elastic zone, which is corresponding to cell bending 
or face stretching. The second one is a stress plateau zone that 
is corresponding to progressive cell failure by plastic yielding 
or elastic buckling. In addition, the last zone is the densifica-
tion zone, which is corresponding to failure of the cell 
throughout the material and subsequent loading of cell edges 
and faces against one. Metal foam of low relative density can 
be deformed up to large strain before densification occurs [20]. 
Complete information and investigation for the plastic yield 
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surface and subsequent plastic flow behavior of a metal foam 
is very essential and important. Metal foams can yield under 
hydrostatic loading moreover to deviatoric loading in contrast 
to solid metals [4]. 

ELASTIC AND CRUSHABLE MODEL 
The mechanical behavior of Ti-foam will be employed by iso-
tropic elasticity and isotropic crushable foam hardening plas-
ticity. The simplest form of linear elasticity is the isotropic 
case, and the stress-strain relationship is given the following 
strain tensors Eqn. [21]. 

 
The elastic properties are completely defined by giving the 
Young's modulus E, and the Poisson's ratio v. The shear mod-
ulus G, can be expressed in terms of E and v as 

 
(1) 

The use of crushable foam plastic model is to model the en-
hanced ability of a foam material to deform in compression 
due to cell wall buckling processes (it is assumed that the re-
sulting deformation is not recoverable instantaneously and 
can, thus, be idealized as being plastic for short duration 
events). 

 
Fig (1) Crushable foam model with isotropic hardening: yield surface and flow 

potential in the p–q stress plane [22] 

Crushable foam model with isotropic hardening uses a yield 
surface that is an ellipse centered at the origin in the p–q stress 
plane [22].  

 
                                                (2) 

Where F is a yield surface for the isotropic hardening model, p 
is the pressure stress, q is the Mises stress and B is the size of 
the (vertical) q-axis of the yield ellipse that obtained from 
equation (3) 

 
(3) 

Where α is the shape factor of the yield ellipse that defines the 
relative magnitude of the axes, pc is the yield stress in hydro-
static compression, and σc is the absolute value of the yield 
stress in uniaxial compression, and α is the shape factor that 
can be computed using the initial yield stress in uniaxial com-
pression is given from  

 
(4) 

The flow potential for the isotropic hardening model is chosen 
as vp 

 
(5) 

 

 

(6) 

Where vp is the plastic Poisson’s ratio given by   

 
(7) 

COMPRESSION TEST 
The elastic properties are completely defined by giving the 
Young's modulus, E, the plastic Poisson's ratio, vp , and the 
compressible stress ratio (k). The Young modulus (E) of differ-
ent porosity Ti-foam was calculated using equation (8) which 
obtained from the experiments of Imwinkelried [13]. 

 (8) 
Where (Es) is the Young’s modulus of the fully solid titanium, 
which is taken as 110 Pa for pure titanium [13] and ρr, is rela-
tive density of the metal foam. In Imwinkelried experimental 
data, the relative density is linearly proportional to percent of 
porosity. 
According to shape of the specimen, the plastic Poison’s ratio 
(νp) was assumed 0.34 but the compressible stress ratio (k) 
was calculated as 0.98 from equation (7) 

THREE POINT BENDING TEST 
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Fig (2) three point bending test 

 

The maximum bending stress was calculated using equation 9  

 
(9) 

In this paper, flexural strength and flexural stiffness have been 
inference 

 
(10) 

Where L is the free length between the supports; F, the meas-
ured force; f, the displacement of the plunger; and I=BH³/12, 
the moment of inertia with height H and width B. 

 
(11) 

Where σc is the compressive strength of Ti-foam (MPa); σf is 
the flexural strength of Ti-foam (MPa). 

FINITE ELEMENT DOMAIN AND MESHING 

A) THE COMPRESSION DOMAIN: 

                
Fig (3) finite element domain of compression test 

 

                         
Fig (4) mesh domain for compression test 

 

                         

Fig (5) boundary condition for compression test 

 

              
Fig (6) interaction module between Ti-foam cylinder and the upper and the lower 

die 

 
A compression test of Ti-foam cylinder with 8mm diameter 

and 16mm height as shown figure (3) was simulated to test 
the crushable foam model in describing the mechanical behav-
ior of the Ti-foam. The upper flat die is loaded by 5N while 
lower flat die was fixed. C3D8R:  An 8-node linear brick, re-
duced integration and hourglass control are used. The friction 
coefficient between the contact surfaces was set to be 0.5 
[21]. The mechanical properties of Ti-foam for compression 
test are taken from crushable and compressive equations, 
which are listed in table 1. 

Table 1 The mechanical properties of Ti-foam for compres-
sion test are measured from crushable and compressive per-
vious model. 

 Porous 
62.5% 

Porous 
59.9% 

Porous 
65% 

Young’s 
modulus, E 

(MPa) 
242700 277900 211000 

Poisson’s ra-
tio, v 0.3 0.3 0.3 

Compres-
sion yield 

stress ratio, k 
0.98 0.98 0.98 

Plastic pois-
son’s ratio, vp 0.34 0.34 0.34 

 

The upper and lower platen of the compression die are as-
sembled by interaction module and are given other properties. 
Fig (3) shows finite element domain and Fig (4) shows mesh 
domain of Ti-foam. Fig (5) shows boundary condition for com-
pression test and Fig (6) interaction module of Ti-foam. 
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B) THE THREE POINT BENDING DOMAIN  
 
                        

 

Fig (7) Finite element domain of the three point bending test 

 
                        

 

Fig (8) mesh domain of three point bending test 

 
                        

 

Fig (9) Boundary condition of the three point bending test 

 
 
 
 
 
 
 
 
 

 
 
 

                        

 

Fig (10) Interaction module between supporting and load rollers 

      The three point bending test of Ti-foam was simulated 
by the same material module as used in compression test. Fi-
nite element domain of three dimensional of three point bend-
ing test was constructed as shown in figure (7). The upper 
movable roller was loaded by 1N while the lower rollers were 
fixed. C3D8R:  An 8-node linear brick, reduced integration, 
hourglass controls are used. The friction coefficient between 
the contact surfaces was set to be 0.5 [21]. The mechanical 
properties of Ti-foam specimen for three point bending test 
are taken from crushable and three point bending equations, 
which are listed in table 2 while the mechanical properties of 
the upper and lower roller are listed in table 3. Fig (7) Finite 
element domain of the three point bending test, Fig (8) mesh 
domain of three point bending test, Fig (9) Boundary condi-
tion of the three point bending test and Interaction module 
between supporting and load rollers is shown in Fig. (10). 

Table 2 mechanical properties of Ti-foam specimen with 
porosity (62.5%, 59.9% and 65%) for three point bending test 
are measured from crushable and it’s pervious model. 
 

 Porous 
62.5% 

Porous 
59.9% 

Porous 
65% 

Young’s 
modulus, E 

(MPa) 

31893.3 35267 28757.7 

Poisson’s ra-
tio, v 

0.3 0.3 0.3 

Compres-
sion yield 

stress ratio, k 

0.98 0.98 0.98 

Plastic Pois-
son’s ratio, vp 

0.34 0.34 0.34 

 

 
Table 3 mechanical properties of the upper and lower roller 

with porosity (62.5%, 59.9%, 65%)  
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 Porous 
62.5% 

Porous 
59.9% 

Porous 
65% 

Young’s 
modulus, E 

(MPa) 

31893.3 35267 28757.7 

Poisson’s 
ratio, v 

0.3 0.3 0.3 
 

 
 

RESULTS AND DISCUSSION 

A) FOR THE COMPRESSION TEST 
 

The stress-strain curve obtained from the simulation is 
compared with experimental results [12] as shown in Fig. (11) 
For Ti-foam with (59.9%, 62.5%, and 65%) porosity. At the 
stress plateau regions, the results are in good agreement with 
the experimental ones. While the deviation at higher strain 
return to that plasticity has damage criteria, moreover failure 
criteria, which does not, implement in the model. When the-
displacement is increasing, the specimen starts to plastically 
deform under the compression where the maximum of com-
pressive and tensile stresses is encountered. However, the sof-
tening in the experimental work is observed because the mod-
el does not take into account the damage or failure criteria. 

 

                        

 

Fig (11) comparison the experimental data and finite element analysis data for porosity (a) 59.9%, (b) 62.5% and (c) 65% 
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B) FOR THREE POINT BENDING TEST 
Typical bending stress–displacement curves for the 
three point bending tests are shown in Fig. 12. The 
bending stress strongly depends on the porosity of the 
titanium foam sample. It is illustrated that as porosity 
increase flexural strength decrease this is due to de-
crease of strength with the porosity increment.  
                        

 

Fig (12) simulation of three point bending test for porosity (59.9%, 62.5% and 

65%) 

The stress distribution and the failure modes are 
shown in contour image, which are shown in Fig. (13 
and 14). It is clear that stress are very high at upper 
and lower surfaces at interfaces between upper and 
lower machine platen. 
                        

 

Fig (13) distribution of Von Mises stress on the specimen for compression test 

 
 
 

                        

 

Fig (14) distribution of Von Mises stress on the specimen for the three point bending test  

 

CONCLUSION 
 
The use of crushable finite element analysis of titani-
um foam is proven to be good failure criteria to de-
scribe its mechanical properties with various porosity 
levels as (59.9%, 62.5% and 65% porosity) under 
compressive and bending loads. The obtained results 
for compression tests are in good agreement with the 
experimental ones whereas; the bending results devi-
ate at higher displacement. The model can be used to 
measured bio-system based on Ti-foam material with 
great amount of accuracy. 
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