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ABSTRACT 

The Small Punch Test (SPT) is successfully established to indicate metallic material properties, it is predominantly used 
when the available material is limited and standard tests cannot be executed. During the SPT a fully constricted specimen 
in a die will be deformed by the use of spherical punch. One of the main objectives of this test is to assess fracture 
properties,  a commonly used model is the Gurson-Tvergaard-Needleman (GTN) damage model. This model is widely 
used to simulate damage and failure, where void nucleation, coalescence and growth are taken into account . In this paper 
an assessment of the GTN parameters is elaborated, which can be utilized for further use of a 5000 series aluminum-
magnesium alloy.  The damage framework is determined by fitting the experimental force-displacement curve of different 
dog-bone-shaped specimens. Future work will be done on crack propagation using the estimated parameter values, with 
the assessment of the fracture toughness as ultimate goal. 
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INTRODUCTION 

Nowadays, there is a high demand on environmental 
friendly policy regarding material consumption, since not 
all materials are limitless available. To save material, the 
testing method SPT (small punch test) is introduced in 
the recent decades. During the test a small specimen 
(typically 10x10x0.5 mm) is deformed with the use of a 
high-strength punch. The samples are embedded in a 
lower- and upper die, and punched until fracture occurs. 
This results in a tip displacement as a function of the 
applied load on the specimen. Small punch tests (SPT) 
are widely used in characterization of materials, this 
mechanical testing procedure provides properties when 
there is only a small amount of available material as an 
alternative for conventional fracture tests [1-3]. 
Especially the nuclear industry deals with limited 
availability of materials, therefore the used specimens 
have typical dimensions of 10x10x0.5 mm. These 
samples are clamped into a lower and upper die, where 
after a spherical indenter applies a force under
displacement control, i.e. fixing the displacement rate, in
the perpendicular direction. 

Since the data cannot be extracted directly from the SPT, 
experiments are carried out. One of the main properties
that can be numerically deduced from the force-
displacement curve, are the coefficients for the Gurson-
Tvergaard-Needleman (GTN) damage model. Taking 

into account the different material stages, from elastic 
until failure by means of nucleation, growth and 
coalescence of microvoids. Simulations with this model 
give insight in a better understanding of damage and 
failure of materials. 

In this paper, the application of the GTN model is 
elaborated based on experimental force-displacement 
curves. Whereby the whole spectrum of damage,
including void nucleation, growth and coalescence, is 
modeled to simulate the numerical curves, following a 
methodology provided by Cuesta et. al. [4].  

EXPERIMENTAL METHODOLOGY 

A typical experimental SPT setup is schematically shown 
in Figure 1. Here Dd, the lower die hole, is 4 mm. dp is 
the diameter of the punch and equal to 2.5 mm.
Furthermore, fillet radius r is 0.5 mm.  

Figure 1. Schematic experimental setup of the SPT. 
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Examples of dog-bone-specimens can be seen in Figure 
2. These samples are embedded and fully fixed between 
two bodies. Where after they are used to analyze the 
mechanical behavior for different confinement levels. In
order to do this an isotropic materials is commonly used. 
The material selected for the specimens is aluminum, 
whereas the punch, lower- and upper-die are made out of 
steel. Whereby, a friction coefficient, μ between the 
different materials is used and equal to 0.21 [5]. The 
punch deforms the sample until fracture occurs by a 
displacement controlled experiment, typically with a 
drop rate of 0.5 mm/min.

Figure 2. Samples for the SPT, using the different 
orientations L and T. 

NUMERICAL METHODOLOGY 
 
During this research, Abaqus CAE [6] was used in order 
to simulate a small punch test. It has been chosen to 
model a half of the specimen in three dimensions, to 
include irregularities for later research. During the 
analysis a mesh size of 0.1 mm is chosen in agreement 
with computation time and accuracy, since the reaction 
force in the punch barely depends on the mesh size. The 
samples are modeled with both symmetry boundary 
condition perpendicular to the thickness direction and 
fully constrained edges representing the embedded
sample in the die. Moreover, the punch, upper and lower 
die are represented by means of an analytical 3D rigid 
body and modeled as a sphere and toroid respectively. 
Since the damage model can only be used in an explicit 
dynamic time step, the simulations were in a 
displacement controlled manner. Where the punch is 
forced to move -2.2 mm equally divided during the time 
step.  

MATERIAL DESCRIPTION 

During the SPT, the force F is measured as a function of 
the punch tip displacement δ, Figure 3 shows a typical 
behavior of this curve. As can be seen, there are six stages 
that can be distinguished. These stages will provide 
information about necessary parameters; 

Stage I: Elastic behavior. 
Stage II: This stage shows the transition 
between elastic and plastic behavior.  

Stage III: The material undergoes pure plastic 
behavior. 
Stage IV: Here the maximum load is reached 
and the specimen undergoes a change in 
thickness.  
Stage V: In this stage the material shows 
softening phenomena and cracks will grow. 
Stage VI: Final failure stage, the punch has 
penetrated through the specimen. Usually, the 
test is stopped now. 

Figure 3. Typical force-displacement curve for 
a SPT, with the parameters indicating the 

different stages [4].

In this work, a series 5000 aluminum-magnesium alloy is 
investigated. Due to its isotropic and elastic nature, the 
material behavior in stage I is described by Hooke’s Law
with E and ν, the Young’s modulus and Poisson ratio 
respectively, as representing parameters. 

For larger punch tip displacement the second stage is 
entered. Here, K and n, the strength coefficient and strain 
hardening exponent, play an important role to describe 
the behavior. Often the plasticity is fitted by a Hollomon-
type equation, denoted by Equation (1).

     (1) 

This equation is used to extrapolate the stress-strain 
curve in the plastic regime. This methodology consists of 
a chosen interval where the material does not undergo 
damage.  Furthermore,  ϵp is the plastic strain and can be 
computed using the stress at point i, σi using: 

                       (2) 

However, this is not enough to describe the materials 
behavior until fracture. A commonly used model to 
define damage in a continuum medium is the Gurson-
Tvergaard-Needleman (GTN) model. It predicts damage 
by including porosity, nucleation, growth and 
coalescence of voids. Herewith, the stages III, IV and V 
can be closed and the full force-displacement can be 
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defined. The GTN damage model is mathematically 
denoted as: [7,8] 

= = (3) 

In this equation is σkk the first invariant of the stress state, 
 the Von Mises equivalent stress and σ* the flow stress 

of the matrix. To account for hydrostatic stress effects for 
all strain levels, model coefficient q1 and q2 are 
introduced. Furthermore, f* is the modified porosity 
which accounts for a decrease in load due to void 
coalescence: 

  (4) 

Where, f the void volume fraction, fc the critical porosity. 
In Stage IV, fc is the most dominant parameter. At fc, the 
interaction and coalescence between voids starts with 
rate . To determine , the next ratio can be used: 

     (5) 

Stage V is influenced by fF, the critical volume void 
fraction when the material fails, and  is equal to 1/q1.
High strains lead to an increase of porosity due to several 
influences. determines the decrease after the 
maximum load is reached in this stage. In Stage III first, 
the existing microvoids will grow, this results in an 
increase of  f. This results in a linear regime in the force-
displacement curve because of the large plastic strains 
and voids grow together with the punch displacement.
Secondly, new voids are generated as a consequence of 
the greater plastic strains. These phenomena can be 
expressed as: 

    (6) 

With 

    (7) 

               (8) 

is the plastic strain increment tensor, the trace of this 
tensor controls the void growth. The nucleation of voids 
depends on fN, which is the void volume nucleation 
fraction and ϵn the strain at which nucleation starts. S is 
the standard deviation of ϵn; if S is relatively low the 
material is considered as homogeneous. Finally, f0 is the 
initial void volume fraction.                                          

METHODOLOGY FOR MATERIAL  
PARAMETERS    

Different parameters can be extracted from the force-
displacement curve by observing the several stages in the 

fracture process. The parameters of interest on the one 
hand depend on the isotropic behavior of the material and 
on the other hand on the triaxiality. However, not all data 
can be directly extracted from this curve. In order to 
assign values to the first two stages conventional tensile 
tests are examined, using tensile bars of the same type of 
aluminum. Results are shown in Figure 4. Here, different 
orientations (L and T) of the aluminum are considered to 
account for possible anisotropy.  

Figure 4. Stress as a function of strain during tensile test, 
with L and T the different orientation of the aluminum 
specimens.

From this curve the elastic-plastic behavior can be 
described, where it becomes necessary to extrapolate the 
stress strain curve with a Hollomon-type equation (1).
The first two stages can now be defined by the values 
given in Table 1. 

Table 1. Elastic-plastic behavior parameters. 

Next, the Gurson-Tvergaard-Needleman damage model 
is widely used to simulate fracture behavior. The model 
represents stage III, IV and V, where a combination of 
numerical and experimental data is required to obtain the 
parameters that fit the force-displacement curve. 
However, other studies prove that q1=1.5, q2=1.0 are 
typical values for metals [6-8]. Parameter S depends on 
the homogeneity of the material so a value of S=0.1 [9] 
is sufficient for the simulations. Furthermore, it is 
assumed that there are no initial voids in the specimens, 
so f0 is chosen to be zero. Additionally, the kinematic 
friction coefficient for steel on aluminum is set to μ=0.21. 

The determination of the void parameters for simulating 
a small punch test are following a methodology provided 
by Cuesta [4]. After the implementation of the plasticity 
model, excluding the damage GTN model, the numerical 
force-displacement curve for SPT follows the first stages 
properly as shown in Figure 5. 

E (MPa) ν K n
70000 0.334 415.5 0.2755
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Figure 5. Experimental force-displacement curve for a 
SPT, with the numerical test excluding a damage model. 

In order to control the curvature in stage III and IV, a 
variation of parameters ϵN and fN governs the shape. 
Figure 6 shows the influence of increasing fN on the 
graph. Here, the values for fN are chosen on the interval 
[0.0, 0.03] in 0.005 increments. As observed, the 
curvature of the graph changes for increasing fN.
Noticeable is that changes in ϵn  on typical interval [0.0, 
0.2] in 0.1 increments have negligible influence on the 
curve compared with fN.

Figure 6. Experimental force-displacement curve for a 
SPT with the numerical test, including a range of the 
first two parameters of the damage model ϵn and fN.

Simulations show that for ϵn=0.1 and fN=0.01 the 
numerical curve fits the experimental curve reasonably, 
as can be seen in Figure 7. Compared with the plasticity 
model, the maximum allowable force is lowered. Since 
critical parameters for void fraction are not included, no 
fracture is observed yet. Therefore, the deviation of the 
curve starts at displacement δ=1.9 mm. This point marks 
the initiation of the void coalescence.     

Figure 7. Experimental force-displacement curve for a 
SPT with the numerical test, including the first two 
parameters of the damage model with ϵn=0.1 and 

fN=0.01. 

The force-displacement curve has now entered stage IV. 
Here, the specimen reduces its thickness. This is 
determined by parameter fc, which can be valued by 
looking at the total void volume fraction. In Figure 8 the 
void volume fraction as a function of tip displacement is 
shown. It is observed that for a displacement δ=1.9 mm
the failure zone starts to be visible. The corresponding 
critical void volume fraction is equal to fc=
f(δ=1.9)=0.06. 

Figure 8. Void volume fraction f as a function of punch 
displacement δ, with the initiation of the failure zone 

and computation of critical void parameter fc.

After the critical void fraction, the fracture will start and 
the curve is governed by fF. The fracture volume fraction 
represents the decreasing slope in the force-displacement 
curve after fracture occurs. As observed in Figure 9, the 
curve changes for decreasing values for fF. This can be 
used  to control the cut-off point after the maximum load. 
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Figure 9. Experimental force-displacement curve for a 
SPT, with the numerical test including all the 
parameters of the damage model ϵn, fN, fc and 

decreasing failure void fraction fF.

In Figure 10, the numerical simulation and experimental 
data match in every stage for the total GTN damage 
model with fc=0.06 and fF =0.07. Altogether, an overview 
of the damage parameters for a series 5000 aluminum-
magnesium alloy is given in Table 2. 

Table 2. GTN damage model parameters. 

q1 q2 f0 S ϵn fN fc fF

1.5 1.0 0 0.1 0.1 0.01 0.06 0.07

 
Figure 10. Experimental force-displacement curve for a 

SPT, with the numerical test including all the 
parameters of the damage model ϵn=0.1, fN=0.01,

fc=0.06 and fF=0.07.

Since the GTN damage model depends on the triaxiality 
of the specimen, this implies that for each sample the 
methodology must be repeated and different parameters 
might be found for each geometry. This is done for the 
dog-bone specimens with different sample widths W.
Results are shown in Figure 11; here a good agreement 
between experimental and numerical data is observed. In
Table 3 the governing values for the different samples 

sizes are given. As can be seen the value for fN is constant, 
fc and fF increase for increasing sample width.

Figure 12 shows the tested samples with different widths. 
In order to employ failure behavior, the samples are 
analyzed using a scanning electron microscope (SEM). 
In these SEM images, there are different failure modes 
observed. For a sample width of W=10 mm the crack has 
propagated circumferentially, where for other widths the 
crack in centered in the middle and is almost horizontal. 
In W=3 mm specimens, the material has started to neck 
in the center. W=1 and W=2 a more brittle behavior is 
observed since these specimens exhibit a more uni-
directional elongation. 

Table 3. GTN model void fraction parameters for 
different sample widths. 

fN fc fF

W=1 mm 0.01 0.015 0.02
W=2 mm 0.01 0.025 0.03
W=3 mm 0.01 0.03 0.04
W=4 mm 0.01 0.03 0.04
W=10 mm 0.01 0.06 0.07

Figure 11. Numerical force-displacement curve for SPT 
with different sample widths.  

CONCLUSIONS

To identify the damage properties in a material to use for 
numerical simulation, a methodology for the 
determination is necessary. With the use of the Gurson-
Tvergaard-Needleman model a good approximation of 
the force-displacement curve was obtained, since this 
model reproduces the behavior throughout the different 
stages. Using this methodology it is possible to determine 
the material parameters using a squared aluminum-
magnesium alloy plate by means of a correlation between 
numerical and experimental data. However, since the 
GTN parameters strongly depend on the specimens 
triaxiality, a repetition for different samples is necessary.  

Anales de Mecánica de la Fractura 36, 2019

404



Figure 12. Tested samples with different widths. 
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