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Abstract; The classical scientific basis for finite element modeling of metal forming processes is briefly summarized. 
Several developments related to advanced topics are considered: remeshing and adaptive remeshing, parallel solving, 
multi material deformation. In view of recent applications to real processes, new researches in numerical analysis are 
outlined, adaptive anisotropic remeshing, multi grid and multi mesh methods, with objective of reducing computational 
cost. A new possibility for faster and more effective design of forming processes is automatic optimization method.  The 
user friendly transfer of data between forming simulation simulation and structural computations is considered as a very 
important issue for mastering the work-piece quality after thermal and mechanical treatments. the crucial goal of accurate 
prediction of the final properties of the parts depends on modeling of the metallurgical evolution. To take into account 
properly the physical phenomenon, one must introduce micro scale level computation, which can also be achieved by the 
finite element method, using the level set description of the interfaces between physical entities. 
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1. Introduction 

The first published work on finite element simulation 
of metal forming processes appeared about 40 year ago. 
We can quote some early scientific works in the seventies, 
treating the feasibility of simple geometries in two 
dimensions [1-4]. About ten years later, full three-
dimensional computations were carried out on relatively 
simple geometries as described in [5]. In order to fulfill 
more closely the more ugent industrial needs, and taking 
advantage of the rapid increase of computer performance, 
many improvements were developed in laboratories and 
progressively introduced in commercial codes.  

In our case, these developments were made possible 
thanks to continuous support of  French government 
agencies, industrial companies and Cetim, the technical 
center for mechanical engineering. 

To-day there is still a growing demand from many 
industrial companies involved in metal forming: 

- to continue and improve control of computation 
accuracy, 

- to decrease execution time by utilizing more 
effectively parallel computers, associated with 
advanced algorithms, 

- to treat more global problems involving physical 
evolutions, 

- to be able to optimize automatically industrial 
processes,  

- to perform several thermal and mechanical 
treatments successively,  

- and to introduce more realistic and complex laws 
for predicting metallurgical transformations. 

The aim of this presentation is to summarize the main 
recent scientific developments and their implementation in 
a commercial computer software: Forge. Moreover we 
discuss the potentiality of computation at the microscopic 
scale with direct coupling with the macroscopic approach, 
or as a post processing tool, and finally as a new way for 
faster identification of metallurgical laws. 



2. Mechanical and thermal description 

The classical theory of plasticity and its application to 
metal forming finite element computation was described 
in detail in ref. [6].  

2.1 Mechanical behavior 
As a satisfactory approximation, we use an elastic 

plastic or elastic viscoplastic constitutive equation, with a 
simple additive decomposition of the strain rate tensor ε  
into a linear elastic reversible part eε  and a plastic (or 
viscoplastic) irreversible one pε : 
     e pε ε ε= +    (1) 

The Hooke hypo elastic law is written with the help of the 
Jauman objective derivative of the stress tensor, which is 
introduced for material objectivity. We have : 

 e e e eJd trace I 2
dt
σ

= λ ε + µ ε ( )  (2) 

Where 𝜆𝑒 ,𝜇𝑒 are the usual Lamé coefficients. The plastic 
or viscoplastic component of the strain rate tensor obeys a 
Perzyna rule: 
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where σ ′  is the deviatoric stress tensor, eqσ  is the 
equivalent strain, K, R and m are material parameters. 
Isotropic work hardening can be modelled by assuming 
that K is a function of the equivalent strain ε . 

2.2 Friction law 
At the interface cΩ∂  between part and tool a friction 

law is introduced. For example, with a “viscoplastic 
Coulomb” law, the friction shear stress is given by the 
following expression : 
 f1 p

f n v vτ α σ −= − ∆ ∆/  (4) 

Where fα  and fp   are friction coefficients, nσ  is the 
normal stress and Δv is the tangential relative velocity. 

2.3 Integral formulation 
For an incompressible or quasi incompressible flow, 

we utilize a mixed formulation. In the domain Ω  of the 
part, this formulation can be written as follows, for any 
virtual velocity and pressure field pv*, * : 

 c
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′ − − =∫ ∫ ∫σ ε τ
 (5) 

To which we must add the rate form of the mass 
conservation equation: 
 0

W
kdiv v p p dV+ =∫ - ( ( ) ) *  (6) 

Where κ   is the elastic compressibility coefficient. 
 

2.4 Time integration 
For non stationary processes, we must decompose the 

total time into small increments t∆  and the displacement 
field is approximated as: 
 u t v∆ ∆=  (7) 

And the deviatoric stress and pressure increments 
will be: 
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The incremental forms of eqs. (5) and (6) are respectively:   
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and 

 p t div u p dV 0κ
Ω

− ∆ + ∆ =∫ ( / ( )) : *            (10) 

Even in cold forming processes the raise of temperature 
can play a significant role. The heat equation must be 
introduced : 

 0c dT dt div k grad T rρ σ ε− − =/ ( ( )) :  (11) 

where ρ   is the material density, c the heat capacity, k the 
thermal conductivity and r the fraction of plastic work 
transformed into heat (generally close to 0.9). The thermal 
and mechanical coupling comes from heat generation by 
plastic work, thermal dilatation, and the dependency of the 
material parameters on temperature. 

3 - Numerical Problems 

3.1 Meshing and Remeshing 
Generally deformation of the work-piece results in too distorted 
elements which will affect the accuracy of the computation. To 
avoid this drawback one must perform several remeshing steps 
which can be more easily achieved if the mesh is composed of 
tetrahedral elements. For mathematical compatibility, the 
pressure field is discretized with linear elements, while a bubble 
function must be added to the linear velocity approximation, as 
is shown in Figure 1.  

 
Figure 1: Tetrahedral P1+P1 interpolation 

pressure p 

velocity v 



For a more reliable control of accuracy, an estimation of 
the finite element discretization error is performed and the 
elements must be refined locally in the zones where the 
strain is higher. This is achieved by prescribing a local 
size of the elements and imposing that the mesh is rebuilt 
accordingly [7].  

3.2 Anisotropic remeshing 
Using almost regular tetrahedra may lead to generate a 

very large number of elements. This drawback can be 
overcome, especially for localized metal flow with shear 
band or for thin parts, by introducing anisotropic meshes 
having narrow elements in the direction of high strain 
gradient and elongated in the orthogonal direction [8]. For 
that purpose a local metric matrix is defined in the local 
principal axes according to: 
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Where 1 2 3, ,h h h  are the thicknesses in the directions of principle 
axis of the tetrahedra to be generated locally; see Figure 2 for a 
2D illustration. 

 
Figure 2: local thicknesses of a 2D anisotropic element 

 In practice the metric tensor is composed of several 
contributions. At first the element should be refined in the 
direction of maximum gradient of the function, for example 
according to the strains rate tensor, we obtain the first 
contribution eM  to the metric. 

When thin parts are considered a “skin adaptation” is introduced 
in order to define the size sh of the mesh in the thickness. The 
skin contribution to the metric is then: 
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Where n is the normal to the surface and 1 2,t t  are any 
orthogonal tangential unit vectors. 

A third contribution is considered to fit local curvature of the 
boundary of the part. An approximation of the tensorial 

curvature is computed to evaluate the new metric contribution: 

 1 2
1

2

0 0 0
10 0  axis ,  ,

10 0

C n t tR

R

 
 
 

=  
 
 
  

  (14) 

A minimum condition on angle variation on an element is 
imposed with the a coefficient to define the curvature 
contribution : 

 2
2

1cM C
α

=  (15) 

Finally the metric tensor is the sum of the three previous 
contributions: 

 e s cM M M M= + +  (16) 

In order to generate an anisotropic mesh, a similar methods is 
used as for the isotropic previous isotropic remeshing 
procedure, but the distances are evaluated with the local metric 
tensor.  

This procedure can be applied to a large variety of processes: in 
Figure 3 a simulation of rolling made with an anisotropic mesh 
with 8 786 nodes which gives the same accuracy as the 
computation with an isotropic computation involving  61 474 
nodes. 

 
Figure 3: anisotropic mesh for rolling 

Another important field is sheet metal forming which can be 
simulated with enough elements in the thickness thanks to the 
possibility to generate an anisotropic mesh. A preliminary 
computation for the Numisheet’2014 was  performed with an 
anisotropic mesh adaptation shown in Figures 4 and 5. The 
initial flat sheet is meshed with 20 000 nodes, while at the end 
of the process the anisotropic mesh of the deformed 
includes,132 000 nodes. 



 

Figure 4: Numisheet’2014 benchmark mesh 

 
Figure 5: Numisheet’2014 benchmark – zoom on the thickness 

 

 

3.3 Equations Solving 

This step is particularly important for non steady-state 
problems which involve a large number of  time 
increments. For each of them several linear systems are 
generated by the Newton-Raphson linearization 
procedure, their resolutions representing the more 
expensive contribution to the total CPU time. Iterative 
methods are effective on the reasonably well conditioned 
systems we get due to the stabilization induced by the 
introduction of the bubble function (which is eliminated 
before resolution). Moreover the main advantage of these 
methods lies in the possibility of relatively easy 
parallelization. To achieve this goal, a domain partitioning 
is defined, each sub domain being treated on a separate 
processor.  

After this first step the other steps of computation must 

also be analyzed and parallelized : remeshing, balance of 
the size of each subdomain, partitioning, contact, etc. [9].  

3.4 Multi Material Coupling 

The problem of multi material coupling appears when 
thermal conduction is taken into account between several 
domains, when the tools are considered as elastically 
deformable, or when a part is formed with several 
different materials.  

In the mechanical problem, there are few theoretical 
modifications with respect to the contact with a rigid 
body: at the interface between different materials, we must 
simply impose a unilateral contact condition. However the 
numerical implementation is much more complicated 
when each part is mesh independently so that we get non 
coincident meshes at the interface between materials.  

In the “master and slave approach”, a Lagrange 
multiplier (or penalty) contribution of the non linear 
equations to solve is introduced to avoid penetration of the 
slave surface in contact contact

B∂Ω , into the master surface
contact
A∂Ω . This approach is effective when the surface mesh 

of the slave is more refined than the surface mesh of the 
master in contact.  

On the other hand, the symmetric approach is not 
desirable as it introduces too many constraints and results 
in locking. Fourment et al in [10] proposed a quasi 
symmetric formulation which is designed to avoid this 
drawback and avoid unwanted penetration. This method 
was applied successfully to forging with deformable tools. 

3.5 Multi grid and multi mesh 

A constant concern in F. E. simulation is to reduce 
computational time in order to be able to solve more 
complex problems, involving more refined meshes, with 
the same duration of the simulation..  

A promising node-nested Galerkin multigrid is 
described in ref. [11] for solving huge systems originating 
from 3D metal forming problems. A research version of 
the FORGE3 finite element software is utilized to test the 
effectiveness of the multigrid solver, for several large 
scale industrial forging problems: it was observed that 
decrease of CPU time can reach a factor of 7 with three 
levels of meshes. In Figure 6 a three level of meshes is 
shown for effective computation of ring rolling. 

 

 
Figure 6: multi grid method applied to ring rolling 



Another method for saving computational cost is to use 
different meshes as developed in ref. [12]. In hot 
incremental forming, such as cogging or ring rolling, a 
unique mesh for mechanical and thermal simulation is not 
the optimal choice.  In these processes, on one hand the 
mechanical problem is very expensive due to non linearity 
and the necessity of four unknowns per node, but the 
deformation is localized and does not necessitate a refined 
mesh on the whole domain. On the other hand, the thermal 
problem is linearized and involves only one unknown per 
node, but the whole mesh of the part must be refined to 
avoid unphysical temperature oscillations. A Bimesh 
method will take advantage of this particularity by using 
different finite element meshes for the resolution of the 
different physical problems:  

- a main fine mesh to store the results and to carry out 
the thermal computations,  

- and an intermediate mesh for the mechanical 
calculations, which is refined in the zone of localization 
and much coarser elsewhere when deformation is 
negligible.  

The numerical development of the Bimesh method 
consists mainly in building the embedded meshes and 
managing the data transfer between the meshes. The 
Bimesh method leads to a CPU reduction of about 4 on 
significant industrial examples and is compatible with 
parallel calculations. 

4. Optimization, link of several processes 

4.1 Optimization of a Single Process 

In the industrial practice, optimization of forming 
processes has been achieved mostly by trial and error, 
experimentally until ten or twenty years or, more recently, 
with a simulation code. Even more recently, these 
optimizations were also attempted by coupling an 
optimization module with a finite element simulation 
computer code. The basic idea is to introduce a cost 
function, the minimization of which will give the optimal 
solution and process parameters that can be varied to 
improve the current solution.  
Several methods were tested using analytical 
differentiation to obtain complex derivatives of the cost 
function with respect to process parameters (see e. g. 
[13]).  

To-day the necessity to treat a wide variety of 
problems, and the availability of relatively cheap parallel 
computers, allow us to utilize evolutionary algorithms 
which need only the computation of the cost function.As 
the number of cost function evaluation depends heavily on 
the number of process parameters it is necessary to select 
the most important ones after a sensitivity analysis. In 
addition, in order to reduce the number of evaluations of 
the cost function, it can be combined with metamodelling 

with a Meshless Finite Difference Method. This method 
was developed by Fourment et al in [14], using Forge3 
computer code and it is shown on several industrial 
examples that less than one hundred simulations are 
necessary to reach a satisfactory optimum. 

4.2 Structural computation and process optimization 

Due to large deformation and possibly high 
temperature, the material of the work-piece undergoes 
important metallurgical transformations which affect the 
mechanical behavior. A complete treatment is described in 
[15] to evaluate quantitatively the improvement of fatigue 
resistance which is provided by the forging process of 
highly loaded work-pieces. Increase of mechanical 
strength is due to the local evolution of material micro 
structure which is induced by large plastic deformation 
involved in the forging process. At the end of the process, 
the local mechanical behaviour of the part is anisotropic, 
both in term of strength and as fatigue resistance. The skill 
of the engineer is to take advantage of this phenomenon to 
optimize design of forging steps in order that the part will 
have maximum resistance to fatigue during in service 
cyclic loading. A micro approach is necessary to evaluate 
the final orientation of the micro structure after forming 
and the corresponding mechanical behaviour. The 
evaluation of fatigue resistance is performed by structural 
computation, using data transfer from the forging steps.  

The final goal is to be able to perform “integrated 
simulation”, from thermal and mechanical treatments to 
structural computation, utilizing the same software with 
automatic data transfer between each step. For the final 
user, this approach is more convenient and more accurate, 
than utilizing several different computer codes with the 
necessity of data conversion. 

5. Computation at the micro scale 

5.1 Feasibility of Multi Scale Coupling 

It is well known that the micro (or nano) structure of 
metals is a key factor for determining constitutive law and 
final properties of the work-piece after forming and heat 
treatments. For treating numerically the evolution of the 
material micro structure during thermal and mechanical 
treatments, the classical method consists in a macro 
description, selecting average representative material 
parameters (grain size, phase percentage, precipitates, 
etc.). The physical laws which govern the evolution of 
these parameters must be determined with laboratory 
experiments, and the corresponding physical parameters 
must be identified by inverse methods.  

Moreover additional equations are necessary to predict 
the influence of micro-structural parameters on the 
mechanical behavior [16].  



From a computational point of view, the macro approach 
is quite convenient for coupling thermal, mechanical and 
physical computation, as it requires relatively low 
additional cost. However it needs a large amount of 
experiments to identify the material physical laws. 

Micro modeling is potentially much more accurate (see 
[17]) but, due to heavier computer cost at the local micro 
level, direct coupling with macro thermal and mechanical 
simulations seems limited for several years to 2D 
problems and simple parts, even with large clusters of 
computers. 

One way to view the short term applications is to use 
micro modeling of material as a post processing tool, to 
predict micro structure evolution for a limited number of 
locations in the work-piece, neglecting coupling effects at 
first approximation.  

Another promising method is to utilize the micro 
approach to help identification of macro laws. 

5.2 Generation of Representative Element Volume for 
finite element computation 

Success in the integration of multiscaling modelling 
activities requires an effective means to organize the data 
that defines structure, and its variability over many scales, 
and to facilitate its access by a heterogeneous collection of 
modelling tools. Here this requirement is addressed 
through the use of a modelling system referred to as the 
Digital Material approach.  

A geometric digital representation of the material is 
based on essential spacial features of entities and includes 
statistical distributions that quantify the critical attributes 
of those features. 

For example, we consider grains in a polycrystalline 
material: they exist in a variety of sizes, shapes, and 
crystal lattice orientations that depend on the processing 
history and can be described by probability distributions. 
Construction of the Digital Material is based on 
experimental measurements of material geometric 
features, and is done either by mapping exactly the real 
microstructure, or by building virtually a statistical 
equivalent.  

A convenient way of constructing a large number of 
grains is given by the Voronoï tesselation.  Figure 7 
illustrates the current development of the DigiMicro 
software developed in Cemef - Mines Paristech. A 
recursive Voronoï tesselation algorithm is available and 
allows us to define regions (grains) and subregions 
(subgrains). 

 
Figure 7: Voronoï tessellation representing 1800 grains in a volume 

element with DigiMicro. 

The result of the conversion of the Voronoi tessellation 
into an FE mesh is illustrated in Figure 8.  

 
Figure 8: Anisotropic meshing from a 300 Voronoi sites in a unit 3D 

cube. 

The location of the interfaces (solid grain boundaries) is 
implicitly defined using a level set framework. For each 
individual cell or solid grain, a level set is a function ,φ  equal 
to the signed distance function, which is defined over the whole 
domain Ω . It gives at any point x the distance to the solid grain 
boundary Γ . Therefore the interface Γ  is given by the level 0 
of the functionφ ; these properties are summarized in equation 
(17). 
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Assuming that the domain Ω  contains GN  solid grains, 
we have { }GNi1 , ≤≤iφ  with the sign convention 0≥iφ  
inside the solid grain iG , and 0≤iφ  outside.  

Appropriate refinement of the mesh along interfaces 
such as grain boundaries is useful to capture the large 
strain rate/stress gradients developing across those 
interfaces upon deformation of the microstructure.  



5.4 Physical evolution of grains during recrystallization 

The evolution of the grains is ruled by the physical law 
(see Figure 9): 

 . ( ( ))ij ij ij ij ij j iv n M c e eκ= + −  (18) 

 
Figure 9: boundary velocity between two grains 

Where we have introduced the following definitions: 

• ijv  is the velocity of the interface ijΓ   between 

grains  and i jG G , 
• ijn is the normal vector to the interface ijΓ  of 

grains number i and j, 
• ijM is the interface mobility coefficient, 
• ijc  is the grain boundary energy between 

 and i jG G , 
• ijκ  is the curvature of the grain boundary, 
•  and j ie e  are the bulk energies of grains  

 and i jG G respectively, due to previous plastic 
deformation process. 

5.4 Recrystallization modeling using the level set method 

In the presented example, a ten grains microstructure in 
a unit cubic domain is considered (see the mesh in Figure 
9).  

 
Figure 9: mesh of 10 grains 

Mechanical testing is performed using finite element 

simulation where each integration point of the mesh 
behaves as a single crystal subjected to finite strain 
increments. 

 A 20% reduction in height is applied, and the stored nE  
energy is computed from: 

  nE v dtδ σ= ∇∫
:  (19) 

where δ is the fraction of the strain energy which is stored 
in the material; we have considered it as constant as a first 
approximation. The calculated stored energy field is used 
as an input to model recrystallization. Figure 11 illustrates 
the recrystallization front for  an average recrystallized 
volume fractions of 80%; we observe that the final 
microstructure is made of 27 grains.  

 
Figure 11: 80% recrystallization front. 

The interested reader can also refer to reference [18]. 

6. Conclusions 

After having listed physical and numerical scientific 
developments in the field of metal forming simulation, 
and their applications to finite element simulation in 
commercial codes, we conclude that they are now able to 
fulfill a wide variety of engineering demands for design 
and optimization of industrial forging processes and other 
metal forming operations.  

Now we observe that not only implementations in 
commercial codes, but also new scientific breakthroughs, 
are necessary to satisfy the increasing requirements of 
industrial companies. Among these hot topics we can 
foresee: 
• very large scale parallel computation with evaluation 

and control of accuracy; 
• integrated computation from preform to finished part, 

followed by structural computation; 
• optimization of the whole process with respect to in 

service load; 



• prediction of the material micro structure and 
properties, utilizing a F. E. micro model in a 
representative volume element; 

• estimation of variations due to random perturbation of 
the processes. 
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