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APPLICATION OF THE GTN MODEL TO NUMERICAL SIMULATION OF DISTALOY AB SINTERS BEHAVIOUR
UNDER COMPLEX LOADING CONDITIONS

The behaviour of porous sinters, during compression and compression with reverse cyclic torsion tests is investigated in the
article based on the combination of experimental and numerical techniques. The sinters manufactured from the Distaloy AB powder
are examined. First, series of simple uniaxial compression tests were performed on samples with three different porosity volume
fractions: 15, 20 and 25%. Obtained data were then used during identification procedure of the Gurson-Tvergaard-Needleman finite
element based model, which can capture influence of porosity evolution on plasticity. Finally, the identified Gurson-Tvergaard-
Needleman model was validated under complex compression with reverse cyclic torsion conditions and proved its good predictive
capabilities. Details on both experimental and numerical investigations are presented within the paper.
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1. Introduction

Porous sinters in comparison to solid materials have dif-
ferent and often very diversified morphology of microstructure,
where the main dissimilarities are associated with presence of
discontinuities [1]. From one side, the morphology of porosity
strongly depends on the character of metallic powders used
during sintering e.g. their shape, dispersion level etc. [2]. On
the other side, the morphology is also influenced by a sintering
process parameters or applied plastic deformation [3]. In solids
final properties of the product are mainly a consequence of
the selected material as well as history of plastic deformation.
However, in porous sinters, additionally morphological aspects
of discontinuities e.g. size, shape, agglomeration, volume frac-
tion play an important role and directly influence final material
properties and behaviour. Therefore, from the metal forming
operations point of view, all of the above mentioned parameters
should be considered during designing of forming process tech-
nological chain for sinters.

That is why the overall goal of the present research is
evaluation of influence of complex stress states occurring
during unconventional forming operation, where the cyclic
reverse torsion is superimposed on the uniaxial compression,
on porous sinters behaviour. It is expected that such complex
deformation state will influence e.g. the material densification
process leading to reduction of porosity volume in the final
product. Detailed investigation on the matter, usually requires
large set of experimental analysis performed with one of the

design of experiment (DoE) approaches. To limit the amount
of experimental work and extend the investigation at the same
time, numerical models with different levels of complexity can
be used [4-6]. However, the crucial aspect in this case is to di-
rectly take into account evolution of porosity and its influence
on hardening behaviour during deformation. There are various
hardening models available in the literature that meet mentioned
requirement e.g. coupled pore fluid flow [7], Deshpande and
Fleck model [8], Gibson and Ashby model [9-11] or Gurson-
Tvergaard-Needleman (GTN) model [12,13]. The latter was
selected for the present investigation.

Thus, development and validation of the finite element
based, fully coupled GTN model for numerical modelling of
complex deformation conditions of sinters is the subject of the
work.

2. The Gurson-Tvergaard-Needleman model

The Gurson-Tvergaard-Needleman model originates from
the research on damage evolution by voids formation during
plastic deformation. The model is primarily based on the Gurson
work from the 1977 [14] where the yield surface is described as:

2
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where: g; — equivalent stress, oy — yield stress, o,, — hydrostatic
stress, f— voids volume fraction in the material.
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In the following years, Tvergaard and Needleman [15]
modified the Gurson equation by adding q,, ¢», g3 parameters re-
lated to plastic material behaviour and relative density f'of voids:

2
¢:(i] +2q1fcosh[—q2 39, ]—(l+q3f2)=0 2)
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where: ¢; — coefficients associated with plastic properties of the
material.

In the case when material is fully densified the /=0, and the
GTN model reduces to the classical von Mises plasticity model:
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The GTN model can then be extended to take into account
the varying number of voids during different stages of deforma-
tion by defining of a new parameter /"

fforf <f.
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where: f. — critical volume fraction of voids corresponding to the
beginning of their joining, f— critical volume fraction of voids
corresponding to the fracture, / — parameter describing void’s
growth rate /~ that depends on the material related coefficients:
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With this modification, information on initial volume
fraction prior deformation, during and after reaching a critical
fr 1s taken into account along with the increasing or decreasing
number of pores. When the /~ parameter is taken into account
the equation (2) is expressed as:

2
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Despite the fact that the GTN model originated from the
damage modelling, it is also often used for numerical simula-
tion of porous sinters. For example in [16] Authors modelled
voids propagation in S235JR steel grade. The parameters of the
GTN model were identified as ¢, = 1.91, ¢, = 0.79, g3 = 3.65.
Interesting applications of the GTN model are also associated
with numerical modelling of the pitting corrosion see e.g. [17].
It should also be mentioned that not only metallic materials are
being simulated with the GTN model. Other type of materials
including biological ones like bones are often modelled with
the approach [18].

It have to be pointed out, that no matter the application
of the GTN model, in each case, for particular material its
parameters have to be properly identified. The identification
process primarily requires determining constitutive parameters
q1,92,q3 affecting plasticity. The identification procedure used
in the present investigation for the Distaloy AB is described in
the following chapter.

3. Identification of the GTN model parameters

As mentioned, the most important parameters, which have
to be evaluated in the GTN model before numerical modelling
are ¢, ¢, and g5 coefficients. The inverse analysis approach [19]
was used in the present investigation for the identification pur-
poses. The procedure is composed of three crucial components:
experimental data from the laboratory test, numerical data from
the direct problem model of the laboratory test and optimisation
algorithm.

To obtained experimental data for the inverse analysis, the
standard uniaxial compression test was selected. Three different
samples with varying levels of initial porosity volume fraction
were considered to cover the wide range of possible material
states. Sinters were obtained from the Distaloy AB powder
manufactured during the reduction of iron oxides contained in the
ore with solid substances. Chemical composition of the powder
used for the preparation of sinters is presented in Table 1 [20].
Within the investigation, samples with the following dimensions
®15.33/15.73 mm and three relative volume fractions of pores
were obtained f; = 0.25, /,=0.2 and f; = 0.15.

TABLE 1
Chemical composition of the powder used during the investigation
Type of powder

Chemical Element Distaloy AB

Fraction %
H, loss 0.08
C <0.01
Ni 1.78
Cu 1.53
Mo 0.51

Fe The rest

The initial volume fraction of pores was confirmed by the
hydrostatic weighting procedure according to the DIN 30911-3.
Finally, the cylindrical samples were subjected to uniaxial com-
pression at the universal machine for testing materials under
complex loading conditions (Fig. 1), with the height reduction
equal to 10 mm.

Set of six samples with three different levels of porosity
were investigated to obtain repeatable results of measured load-
displacement curves as presented in Fig. 2.

During the second stage of the identification procedure,
the direct problem model replicating experimental compression
setup was developed within the commercial Abaqus software.
The sample was considered as deformable and described by
a fully thermo-mechanical model that takes into account influ-
ence of deformation heating on material flow [21]. The thermal
properties of the investigated material were taken from [22]. For
simplicity the upper and lower dies were considered as discrete
rigid parts.

All numerical models of subsequent parts were finally
combined in the assembly module and boundary conditions
replicating laboratory compression tests were defined as seen



Fig. 1. Universal machine for testing materials under complex loading
conditions
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Fig. 2. Load-displacement curves after compression tests for samples
with three different porosity volume fractions (PVF)

in Fig. 3. The lower die was fully constrained while upper die
was displaced in OY direction by 6 mm to limit computational
time during the inverse analysis.

The 92000 of 8 node linear brick, reduced integration and
hourglass controlled elements (C3D8R) were selected for the
discretization purposes.

The GTN coefficients ¢, q,,q3 were then identified dur-
ing the inverse analysis based on simplex optimisation method
[19,23] by minimising the goal function defined as a square root
difference between measured and calculated loads. After, series
of optimisation stages a set of model parameters was obtained
as presented in Table 2.
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Fig. 3. Model assembly with the applied boundary conditions

TABLE 2
Identified parameters of the GTN model for the Distaloy AB.
Porous Volume Fraction 01 g, O3
15%, 20%, 25% 2.2 0.3 4.84

The agreement between measured and calculated loads for
the identified parameters is presented in Fig. 4.
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Fig. 4. Comparison of load-displacement curves from compression test
obtained from experimental and inverse analysis

The identified GTN model, was then validated during nu-
merical simulations of more complicated deformation process
involving superposition of cyclic reverse torsion and compres-
sion tests.

4. Validation of the GTN model parameters

The compression with reverse cyclic torsion test was se-
lected for validation purposes to prove that the developed GTN
model properly describe material behaviour under such complex
stress state. Laboratory tests were again realized with universal
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machine for testing materials under complex loading conditions
where the following parameters can be setup:
*  rotation angle a — the upper die rotates in the x and y plane
with the frequency £,
*  rotation frequency f— defines the number of rotations per
second,
*  compression velocity v.
To properly transfer the reverse torsion movement of the
die, specific shaped sample and dies were used. The sample
presented in Fig. 5 was used during the investigation.
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Fig. 5. Sample geometry used during the investigation

Samples where located between two properly shaped dies
as shown in Fig. 6.

a)

Fig. 6. a) Upper die, b) lower die

During the laboratory tests the lower die rotated up to 6°
in both directions with frequency 0.5 Hz. Press velocity was
constant and equal 0.09 mm/s. The same process conditions were
used for three different initial volume fractions of porosity in
the investigated samples. Obtained loads as a function of time
are presented in Fig. 7.

The investigated deformation process was then recreated
within the numerical finite element software Abaqus. In order to
simulate compression test with reverse torsion movement of the die
appropriate boundary conditions were defined. The reverse torsion
parameters were controlled by the periodic amplitude equation:

N
a=4, +Z[An cosnw(t—1,)+B, sinna)(t—to)]
n=l
fort > ¢,

a=4, fort<t, (7

where: 4, — initial amplitude, N — number of steps, n = 1,2,....N
— actual step, w — angular frequency, ¢, — time at which the am-
plitude starts to operate, 4,,, B, — user-defined constants.
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Fig. 7 . Load-time curves from compression with reverse cyclic tor-
sion test

Illustration of the applied amplitude with respect to process
simulation time is presented in Fig. 8.
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Fig. 8. Amplitude applied to recreate reverse torsion movement of the
upper tool in the finite element software

Again 92000 of 8 node linear brick, reduced integration and
hourglass controlled elements (C3D8R) were selected for the
discretization purposes. Additionally, to increase the predictive
capabilities of the model the ALE (Adaptive Lagrangian-Eulerian
Mesh Controls) algorithm was used as the sample undergoes
significant deformation [24]. In the Lagrange method, mesh
nodes move exactly with the material points in which they
were created. The mesh is locally deformed at high strains what
leads to significant degeneration of the FE elements and lack of
convergence of the numerical solution. Using the Euler method,
nodes remain at the locations where they were created and do
not depend on material movement. The created mesh does not
change, its nodes and elements remain as in the initial layout.
The combination of these two types of meshes creates a model
in which the mesh is associated with the material only where



it is necessary, the movement of the mesh and material can be
then independent.

Developed model includes also temperature changes as
a result of heat generation induced by deformation. With the
presented model a fully coupled thermo-mechanical analysis
was performed. Time of the calculation was set as 40 s what
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Fig. 9. Equivalent stress distribution after compression with reverse
cyclic torsion test
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Fig. 10. Equivalent plastic strain distribution after compression with
reverse cyclic torsion test
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Fig. 11. Temperature distribution after compression with reverse cyclic
torsion test
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corresponds with deformation of 25%. The parameters from
Table 2 were used to validate the predictive capabilities of the
identified GTN model. Examples of obtained results are shown
in Fig. 9-11.

Comparison of the experimentally measured and calculated
loads by the GTN model are presented in Fig. 12.
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Fig. 12. Comparison of load-time curves from compression with reverse
cyclic torsion test obtained from experimental and numerical analysis

As seen in Fig. 12, the model predictions for the three dif-
ferent samples with increasing initial porosity level agree well
with the experimental observations. However, at the later stages
of deformation some clearly pronounced oscillations, higher than
in the experimental measurements, appear at the load curves in all
three case studies. Most probably over time, the contact surface
between the tool and the sample in numerical simulation increas-
es slightly faster than in experimental investigation, contributing
to the increase of torque. Nevertheless it can be concluded, that
the developed model can be used not only to simulate simple
deformation conditions, but also sinters subjected to complex
loading paths. The model will be used during further research to
investigate material behaviour during compression with cyclic
horizonal reverse shearing.

5. Conclusions

Based on the presented research it can be concluded that:

*  GTN model parameters can be properly identified based
on conventional compression test performed for a set of
samples with different porosity volume fractions.

*  GTN model can properly capture sinters behaviour under
complex loading paths. Load reduction during the compres-
sion with cyclic reverse torsion in comparison to conven-
tional compression is clearly visible.

*  Due to mesh degeneration, occurring especially when cyclic
reverse torsion is superimposed on the compression, the
ALE technique should be used during simulation.



1942

Combination of the reverse torsion and compression lead
to uniform equivalent strain distribution across the sample
what positively influences uniform reduction of the po-
rosity.
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