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Abstract: In order to impose an extremely large strain on the bulk metal without changing the shape, many SPD processes have been 
developed. This paper present the numerical study of severe plastic deformation by multi-directional shearing in order to determine the 
materials behaviour in the case of complex solicitations conditions and estimate the magnitude of the final strains obtained. Two hardening 
laws are considered for describing the material behaviuor: Swift and Ludwick law. The comparison of the numerical results with 
experimental values for higher levels of strain shows that the Ludwick model presents a better agreement with experimental data. The 
presented paper gives a method and a numerical tool to study the severe plastic deformation of the materials and to predict the level of the 
obtained plastic strain. 
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1. Introduction 
The processes of severe plastic deformation (SPD) are defined 

as metal forming processes in which a very large plastic strain is 
imposed on a bulk process in order to make an ultra-fine grained 
metal [1-3]. The ultra-fine grained metal obtained after the SPD 
processes is used to produce lightweight parts by using high 
strength metal for the safety and reliability of micro-parts and for 
environmental harmony. 

In the conventional metal forming processes such as rolling, 
forging and extrusion, the imposed plastic strain is generally less 
than about 2.0. When multi-pass rolling, drawing and extrusion are 
carried out up to a plastic strain of greater than 2.0, the thickness 
and the diameter become very thin and are not suitable to be used 
for structural parts. In order to impose an extremely large strain on 
the bulk metal without changing the shape, many SPD processes 
have been developed. 

The metals processed by SPD exhibit high strength, ductility 
and fatigue characteristics. Among many interesting properties of 
UFG metals is their ability to flow easier and at lower temperatures 
when forged into complex shapes. 

Thanks to their various qualities, such as price or physical and 
mechanical properties, metallic materials, and more especially 
steels, appears in many branches of industry, like: automobile and 
aircraft industries, medical implants, defense industry, etc. This 
supply, whose first utilizations go back to more than 3000 years, 
takes advantage of an important research and development work, 
which regularly results in new steel families, or new forming 
processes. These evolutions concern as much steel producers as 
steel users. 
Among the industrial applications of SPD techniques, bolts in the 
automobile and aircraft industries are manufactured with titanium 
alloys using ECAP process shown in figure 1. 

 
Fig. 1 Bolts used in the automobile and aircraft industries–SPD Ti alloy [4]. 

Recently, in a Japanese National Project, sheets of low carbon 
steel of 2 mm thickness with ultra-fine grains were manufactured by 
the TMCP process. In the case of use of these sheets the deep 
drawing ratio was 1.9 and the parts were used in sheet metal 
forming as shown in figure 2 [5]. 

 
Fig. 2 UFG C-Mn steel sheet forming for automotive industry [5]. 

Ultra-fine grain sized titanium (UFG Ti) obtained by severe 
plastic deformation presents a bright potential for biomedical 
applications because it provides the strength of titanium alloys 
without toxic alloying elements, such as Al and V that, by 
dissolving away from the implant, may be harmful to human health. 

 
Fig. 3 UFG titanium dental implants [6]. 

The advantages of UFG metals utilization for light armor 
fabrication are: reduction of fuel consumption, higher speed, better 
maneuverability, longer operation range, air-transport of vehicles to 
remote location. 

 
Fig. 4 Light armor (armor plates and armor penetrators) for military 
vehicles [7]. 

Shear tests simulations were the objects of a lot of studies these 
last years.  

In 2003, numerical simulations of the direct shear test were led 
in Aston University from Birmingham, by Thorton and Ling [8]. 
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The performance was realized under constant normal stress 
conditions. It resulted in the presentation of a comparison between 
the average shear to normal stress ratio on the shear band and force 
data at the boundaries. The principal direction of stress and strain 
rate turned out to be coaxial under steady state conditions.  

Still in 2003, International Conference on Computational 
Plasticity [9] was the scene of a performance about numerical shear 
tests for different elasto-plastic laws, through the simulation of a 
cyclic simple shear test. A high strength steel sheet was modeled, 
and used three different constitutive plastic laws derived from 
Teodosiu’s model. The goal of the study was to provide a numerical 
idea of stress-strain path in the center of an experimental test 
sample.  

More recently, in 2008, Härtl and Ooi [10] led a study bringing 
into play experiments and simulations of direct shear tests, which 
focused especially on porosity contact friction and bulk friction. It 
describes a work about the Jenike shear tester, using both 
experiments and discrete elements simulations. A lot of tests, both 
on spherical glass beads and paired glass beads, were performed to 
estimate influence of a particle shape, stress level and packing 
density on the bulk friction at limiting shear. Three dimensional 
elements simulations were created, to verify the predictive 
capability of finite element method, by comparison to experimental 
observations.  

2. Objectives 
In the conventional metal forming processes such as rolling, 

forging and extrusion, the imposed plastic strain is generally less 
than about 2.0. When multi-pass rolling, drawing and extrusion are 
carried out up to a plastic strain of greater than 2.0, the thickness 
and the diameter become very thin and are not suitable to be used 
for structural parts. In order to impose an extremely large strain on 
the bulk metal without changing the shape, many SPD processes 
have been developed. 

The objectives of this paper are: 
 Simulation of a complex shear state in a blank sheet  
 Study of materials behaviour in the case of complex 

solicitations conditions, as close as possible to the ones 
encountered during the forming process 

3. The method 
Different hypothesis have been made, so as to lead to the final 

geometry. First of all, working on a metal blank intended a model 
where a dimension was negligible, compared to the two others. 
Thereby, the hypothesis of a plane stress state was selected. 
Furthermore, for a reason of simplification, and a fortiori of 
limitation of calculation time, using a bi-dimensional model was 
decided. Thus, horizontal and vertical directions correspond 
respectively to the X and Y axis.  

The final selected shape turns out to be a square, with a side 
length of 30mm. In each direction, a 2mm wide band located in the 
middle of the length is reserved for the pure shear solicitation. 
Considering a maximal magnitude for translation of 0,8mm, 
trigonometric relations lead by tangent to a value of angular 
deformation γ  of approximately 20°, which is a standard regularly 
encountered in deep-drawing. The dimensions of the square, and 
especially the quotation on 30mm, were defined in order to be 
predominant on the length of 2mm, and so as to limit the boundary 
effect. It also gives a ratio of 15, greater than 10, the minimal value 
for a pure shear state. These considerations lead to the creation of a 
useful zone in the middle of the square. 

Two models were made in order to fulfill previously presented 
objectives:  
• The Monotone Composed (MC) model : a numerical simulation 

of a monotone shear, followed by a second one leant of 90° from 
the initial direction, making up a kind of cyclic shear, more 
complex than the unidirectional cyclic shear  

• The Cyclic Composed (CC) model : a numerical simulation of a 
cyclic shear, followed by a second one leant of 90° from the 
initial direction  

The numerical simulation is performed using MARC Mentat finite 
element code.  

The first monotone composed model was configured (figure 5) 
with two consecutive mechanical loadcases of 10 seconds (steps of 
0,2 seconds) and the only setup of position. 

 
Fig. 5 Monotone composed model kinematics. 

The effects of the imposed two loadcases are: first step-vertical 
displacement of 0,8mm with constant velocity (figure 6.b); second 
step-horizontal displacement of 0,8mm with constant velocity 
(figure 6.c). 

 
a). initial 

 
b). step 1  

c). step 2 
Fig. 6. Mesh evolution in MC model 

The second cyclic composed model has still a configuration based 
on mechanical considerations. Because of the higher complexity of 
the shear solicitation, the duration of each loadcase reaches now 40 
seconds, with still constant steps of 0,2 seconds. 

 
Fig. 7 Cyclic composed model kinematics. 

Like in the previous model, the first loadcase corresponds to the 
vertical shear solicitation: there is firstly a translation of 0,8mm in 
the direction of axis; then, the displacement continues in the other 
sense, in order to reach another variation of 0,8mm in the opposite 
sense; finally, after a last reversal of move, the model comes back to 
its initial position. The second loadcase is the transposition of the 
previous one in the horizontal direction. 

 
Fig. 8 Mesh evolution in CC model- 6 steps. 

The first simulations were realized with a rough regular mesh. It 
was then refined, in order to identify zones were the level of stress 
was the most important. It turned out to show unsurprisingly a 
predominance of the intensity of the stress state in the 5 partitions 
making up the bands, reserved for the shear solicitation. Thus, mesh 
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density in the 4 remaining low stressed parts was reduced in a 
progressive way, so as to limit calculation time, without favoring a 
propagation direction.  

The mesh of the two models is lightly different. This 
distinctness originates in the mode of loading. In the CC model, the 
first loadcase ends in a position close to the initial one, whereas the 
second loadcase of the MC model starts with a deformed model. 
Taking into account this displacement leads to this difference 
between MC and CC model, whose meshes are respectively 
composed of 3303 and 3187 nodes.  

The Finite element type 3 was selected. This family, composed 
of elements for plane stress solicitations, with four nodes (ideal 
toward the geometry) and with a full integration calculation (for a 
better accuracy in the results), turned out to be the best choice for 
this simulation. 

In this study, the aluminium alloy AA5182 is concerned and 
this material is tested considering two hardening laws: Swift and 
Ludwick law. 

Globally, materials are supposed to have an isotropic behaviour. 
They are defined by their stiffness properties, through Young’s 
modulus and Poisson’s ratio. The parameters intended to specify 
their elasto-plastic behaviour are also filled in. Every useful 
magnitude is either dragged from another study, or from 
experiments realized for the occasion, and is specified in the tables 
1 and 2. 

The mathematical expression of Swift law is:  

( )npA εεσ += 0      (1) 

where: B, 0ε and n are specific parameters of the material, 
respectively the material consistency, elastic yield strain and 
hardening parameter; σ and pε  represent the equivalent stress and 
plastic strain.   

Table 1: Swift law material parameters 
Material AA5182 

Isotropic 
Properties 

Young’s Modulus [MPa] 72000 
Poisson Ratio 0,32 

Elasto-Plastic 
Properties 

Parameter 0ε  0,00716 

Parameter A 493,1 
Parameter n 0,242 

The mathematical expression of Ludwick law is:  
nKεσσ += 0     (2) 

where: 0σ , K and n represent specific parameters of the material, 
respectively the elastic yield stress, material consistency and 
hardening parameter; σ and ε  represent the equivalent stress and 
strain.   

Table 2: Ludwick law material parameters 
Material AA5182 

Isotropic 
Properties 

Young’s Modulus [MPa] 72000 
Poisson Ratio 0,32 

Elasto-Plastic 
Properties 

Parameter 0σ [MPa] 149 

Parameter K 334,11 
Parameter n 0,374 

4. Results and discutions 
In order to estimate the truthfulness of results from the 

simulations, a comparison with experimental data was realized. 
Curves representing the behaviour of the material under a specific 
solicitation were plotted, through the relation between the stress 
component 12σ  and the plastic strain component p

12ε . The goal was 

to determine which one was the closest to reality. Unfortunately, 
experimental data were obtained from a unidirectional shear test. 
That is the reason why the comparison can only be done for the first 
part of the curves. 

Results from numerical simulations of the monotone composed 
model come from a point in the middle zone of the blank, to wit the 

node 3183. The curves (figure 9) can show as expected the change 
of direction during the process. Globally, the material with the Swift 
law has a curve, whose shape is closer to the experimental data than 
the Ludwick law. But this observation is especially valid for quite 
low values of strain. Indeed, results for higher levels of strain show 
that the Ludwick model presents a better agreement with 
experimental data. 

 

 

Fig. 9 Experimental and numerical p
1212 εσ −  curves. 

The same analysis was made for the cyclic simulation, in the 
zone similar to the previous case, to wit the node 3104. A 
continuous line and a dotted line enable to differentiate the two 
loadcases. For each loadcase, it is also possible to identify the 
beginning of the solicitation, the first change of sense, and the 
second change leading to the initial shape (value of strain null).  

The shape of the curves (figure 10) shows the non recognition 
of the kinematic hardening effect, potentially leading to an 
overestimation of the level of stress. As the impact of this 
consequence is lower with a Ludwick model, involving a better 
accuracy of the results, this hardening law was given priority for the 
rest of the study. 

 
Fig. 10 Experimental and numerical p

1212 εσ −  curves. 

Among the diverse kinds of results which can be obtained from 
the simulations, it is possible to get an estimation of the final level 
of strain in the observed zone. More accurately, they can be used, so 
as to detect the apparition of a mechanical phenomenon, the Severe 
Plastic Deformation (SPD).  

Studies over the last decade improved a lot the knowledge about 
this effect, but works remain to be led, so as to better understand 
and control it. Globally, SPD engenders the formation of a very fine 
crystalline structure in metals and alloys, by the creation of 
micrometer and sub micrometer sized subgrains, in the material. 
The main hypothesis is that short and long range intersecting shear 
bands produced by plastic deformation have a predominant role for 
the grain subdivision and the recrystallization process. It results in 
an observation of the enhancement of mechanical properties, by an 
increase of hardness, yield stress, and even physical properties. 
Experiments realized on aluminium alloys [11] showed a 
microstructure refinement at room temperature from an effective 
strain introduced of 1,16.  

Results presented in this part concern the aluminium alloy 5182. 
The representation of the final total equivalent plastic strain shows 
the highest levels in the middle of the model. The figure 9 gives a 
cumulate value for the plastic strain component p

12ε of 0,9. 

The same analysis was made in the case of the cyclic composed 
simulation, whose configured solicitation was more complex The 
following graph turned out to show a similar place for highest levels 
of final total equivalent plastic strain to the previous case. 
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Fig. 11 Distribution of the plastic strain component p
12ε  in monotone 

composed model of multi-directional shearing  

The figure 10 gives there a cumulate value for the plastic strain 
component p

12ε of 3,2. 

5. Conclusions 
The magnitude of the final strains obtained reached values 

higher than the considered criterion 1,16. Consequently, the 
different solicitations applied on the metal blanks can potentially 
engender the apparition of the severe plastic deformation. It result 
the following conclusions: 

- Detection of Severe Plastic Deformation: 
–  Normal Criterion regarding the cumulated 

plastic strain: 1-1,2 (found from scientific 
literature) 

–  Values of cumulated plastic strain are: 
 first case of loading (MC): 1  
 second case of loading (CC):3,7 

- It is then possible to conclude that this kind of shear 
deformation make a potential apparition of this effect. 
As noticed previously, the importance of the kinematic 

hardening phenomenon turned out to be strategic for the quality of 
final results. Its configuration in a material could improve 
consequently the truthfulness of data resulting from simulations. As 
well, the utilization of Swift law, whose fidelity to experimental 
values seemed to be higher than Ludwick law, could also amplify 
this effect.  
Nevertheless, some other parameters could make the transposition 
from experiments to numerical simulations more difficult. It is 
underlined by the study of the severe plastic deformation detection, 
whose presence impacts on material properties during the 
simulation. The absence of the notion of crystallographic structure, 
and a fortiori of structure evolutions, constitutes a limit for this 
software, and the accuracy of the results it gives. The control and 
the modelling of such an effect can constitute an interesting stake 
for a new study.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Withal, as the working of the numerical modeling seemed to be 
promising yet, it could be fast customized, so as to lead to a more 
complex kind of deep-drawing. Thereby, modifications on punch 
shape or on blank holder, by adding draw beads, can be considered. 
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