


residual-based a posteriori error estimator developed in [1], see also Fig. 3 for an example of
an adaptively generated grid for a disc specimen resolving the boundary layer .

The temperature changes on a time scale much larger than that of its right hand side
a|A.|?, which is governed by the frequency of the source current. Hence, we can approximate
the Joule heat term by its average over one period. Then we can solve the heat equation
together with the ODE describing the phase transition using time steps At > &t, where 6t
denotes the time step for the integration of (1). To deal with the (6, A) - dependency of the
permeability we proceed as in [2], assuming that only a time averaged value of the
permeability affects the magnetic field. We first determine the magnetic field with constant
relative permeability u. Since the magnetic field is periodic, this induces a periodic
permeability u(6(t,x), H(x,t)). Averaging over one period yields an effective permeability
that is space dependent, but independent of the magnetic field, i.e., we choose

1 1 [T 1
fae (@) f/o M(G(t,w),H(m))dt'

2.1. Experimental verification

The experimental verification was performed by our project partner Stiftung Institut
fur Werkstoffkunde (IWT), Bremen. Discs with different cross sections and a spur gear with
21 teeth and a diameter of 47.7 mm were used. All the samples were heated by single
frequency power, MF and HF separately, and by the multi-frequency approach in order to
achieve a contour hardening. The temperature at the surface was measured by a pyrometer
and compared to the simulation. In addition, metallographic analyses were performed and
compared to the simulated austenite fraction, which by assumption transforms completely to
martensite during the quenching process. In general, a good agreement between simulation
and experiment could be observed. Fig. 4 depicts a comparison for MF, HF and the
multifrequency approach. It shows a good coincidence between simulation and experiment,
however, no contour hardening could be achieved due to power limitations of the hardening
machine.

Fig. 4 Simulated and experimental hardening profile using MF (left), HF (middle), and multi-
frequency approach, MF+HF (right)



2.2. Contour hardening

To achieve a contour hardening of the spur gear, further experiments were conducted.
Since these experiments were done on a different machine, a calibration of the input data was
necessary. Therefore, the maximum power for MF and HF in the simulation code was
adjusted to reproduce the corresponding single-frequency experiments. Finally, a contour
hardening was achieved with machine specific power parameters of 53% MF and 22% HF,
corresponding to approximately 300 kW MF and 100 kW HF, with a heating time set to
0.25 s. Without any further fitting except for the mentioned adaptation of the maximal single-
frequency powers, the corresponding simulations for multi-frequency induction hardening

have been run. The simulation results are shown in Fig. 5.
Fig. 5 Heating of a gear with the multi-frequency approach. Temperature profile (top row)

and austenite profile (bottom row) for time snapshots t=0.1 s, t=0.15 s, t=0.2 s and t=0.25 s.
For symmetry reasons only a quarter of atooth is considered.
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A comparison of experimental and simulated hardening profiles is depicted in Fig. 6, showing
the desired contour hardening effect and an excellent accordance between experiment and
simulation.

Fig. 6 Simulated and experimental hardening profile using the multi-frequency approach
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Conclusions

Concluding the results, ssimulations of the multi-frequency induction hardening

process are performed, where a very good agreement of the predicted hardening pattern with
the experimentally observed martensitic surface layer is achieved.
To obtain these results, it is necessary to include the nonlinearities for the material parameters
in the simulation. In addition to the temperature dependence of the characteristic material
parameters, the nonlinear magnetization curve needs to be considered to get the correct
temperature evolution, and consequently the correct hardening pattern. Due to a magnetic
saturation behaviour of steel and due to local variations in the magnetic field intensity, the
magnetic permeability shows local variations that are essential to reproduce the
experimentally determined hardening profiles for gears, in particular for longitudinal cuts
through the tip and the root of the tooth.

Acknowledgement

This work was supported by the Co-Operative Project “Modelling, Simulation and
Optimization of Multifrequency Induction Hardening”, funded by the German Federal
Ministry for Education and Research (BMBF), Forderkennzeichen 05M 10BCA. Furthermore,
the authors acknowledge the support of IWT Bremen and EFD Induction for the conduction
of experimental results.

References

[1] Beck, R., R. Hiptmair, R.H.W. Hoppe, und B. Wohlmuth. ,,Residual based a posteriori
error estimators for eddy current computation.” ESAIM: Mathematical Modelling and
Numerical Analysis, 2000: 159-182.

[2] Clain, S, J. Rappaz, M. Swierkosz, und R. Touzani. ,,Numerica modeling of induction
heating for two-dimensional geometries.” Mathematical models and methods in applied
sciences, 1993: 805-822.

[3] HOmberg, D. ,A mathematical model for induction hardening including mechanical
effects.” Nonlinear Anal. Real World Appl., 2004: 55-90.

[4] Petzold, T. ,Modelling, Analysis and Simulation of Multifrequency Induction
Hardening.” PhD Thesis, Technische Universitédt Berlin, 2014.

[5] Schwenk, W. R. ,Simultaneous dual-frequency induction hardening.“ Heat Treating
Progress, 2003: 35-38.

Authors

Dr. Petzold, Thomas Prof. Dr. Homberg, Dietmar
Weierstrass Institute for Weierstrass Institute for

Applied Analysis and Stochastics Applied Analysis and Stochastics
Mohrenstr. 39 Mohrenstr. 39

D-10117 Berlin, Germany D-10117 Berlin, Germany

E-mail: petzold@wias-berlin.de E-mail: hoemberg@wias-berlin.de

250



International Scientific Colloquium
Modelling for Electromagnetic Processing
Hannover, September 16-19, 2014

Numerical and experimental investigations of induction assisted
GMA-Laser hybrid welding

P. Schaumann, M. Collmann, H. Schuelbe, J. Neumeyer, B. Nacke,
R. Lahdo, O. Seffer, A. Springer, S. Kaierle

Abstract

The developments of inductive preheating and GMA-laser hybrid welding in one
process lead to high quality welded joints for the high strength fine-grained steel grades S700,
X70 and S690 in a material thickness range from 10 to 15 mm. The potential use of this
technology can be demonstrated. The effect of various preheating temperatures on the cooling
down periods and the mechanical properties are shown using temperature measurements, as
well as tensile, notched-bar impact and hardness tests. For a deeper process understanding, the
testing results have been used to validate numerical models which connect the simulation of
induction preheating and GMA-laser-hybrid welding in one holistic FE-model.

Introduction

Excellent strength properties and good weldability make the application of high
strength fine-grained steels (HSS) attractive for complex steel structures like bridges, offshore
structures, railway wagons, cranes, ships or pipelines. In combination with newly developed
high-performance welding processes like, e.g. gas metal arc (GMA)-laser hybrid welding, the
quality and efficiency of these structures can be further improved. These welding technologies
have short cooling times which can result in embrittlement and reduced fatigue properties. By
using inductive preheating as a simultaneous heating method, a controlled temperature cycle
over the entire welding process can be obtained. In detail, this includes increasing the
formability and toughness, controlling the hardness and reducing the cooling rate to avoid
cold cracking and unfavorable residual stresses.

1. Induction assisted GMA-LASER hybrid welding

1.1. Preheating by induction

Nowadays, conventional heaters with oil and gas or electrical resistance heating are
usually used for preheating workpieces before welding. As it is known, this principle has
significant disadvantages and restrictions like, e.g. limited power density, low heating speed,
and environmental pollution. Thus, a long warm-up time is necessary, and a concentrated
heating of only the seam area is very difficult.

Here, induction heating offers many advantages, which are mainly based on the
principle of direct heating. Heat is transferred directly and without contact into the material.
For welding flat geometries, linear inductors are typically positioned along the welding seam.
Depending on the form of the heat treatment (preheating, postheating or annealing), different
inductor positions and inductor geometries can be used. In the investigations a
perpendicularly aligned inductor is used as a heat source in the important area and along the
weld flanks [1]. Otherwise, the bottom part of thick steel sheets can only be heated up by
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time-consuming heat conduction, which has a negative influence on productivity. By directly
heating the deepest part of the joint the welding speed can be increased.

1.2. GMA-laser hybrid welding

The GMA-laser hybrid welding process combines GMA welding and laser beam
welding in one common molten zone, combining the advantages of both welding processes
[2]. Laser beam welding provides a high welding speed or penetration depth, a small heat
affected zone (HAZ) and a low welding distortion, due to the high intensity of the laser
radiation. The benefits of GMA welding are a good ability to bridge gaps and edge offsets, as
well as alloying of the elements using filler wire. For joining heavy steel structures, the
GMA-laser hybrid welding process offers advantages regarding the production time and the
consumption of filler wire material as compared to conventional arc welding processes, e.g.
submerged arc welding.

1.2. Experimental setup

The investigated GMA-laser hybrid welding process is composed of a solid state laser
with a maximum laser power of 6 kW, and an arc welding power source which is
characterized by a maximum current value of 550 A. The welding process was developed for
a butt joint in flat welding position. Before the preheating process starts, a separate laser
welding process with low power is used to bond the edges of the workpieces at small areas of
the later weld root. For the preheating process, an induction unit with a maximum power of
40 kW is used, whereas the dimensions of the active zone are 80 x 40 mm and the gap
between inductor and workpiece surface is 2.5 mm. The distance between the inductor and the
hybrid welding process is 150 mm. Extensive temperature measurements have been
performed by thermocouples but also by IR-camera on selected welding tests. Fig. 1
illustrates the process arrangement including the laser processing head, the GMA welding
torch and the inductor as well as the experimental set-up for thermocouple measurement.

Shematic representation of the laser processing

. head
welding process:
inductor
laser beam :
molten GMAW torch GMA welding
poo] inductor toxch
o rulﬁj ; . thermocouples
‘ i B = type K, 1 (Ni-Cr),
work 1eceJ W= -
e ' P weld;?;\ d=0,5mm :

b

- -

direction __.

— welding direction —» o

— HSS X70

(about 375 x 115)

Fig. 1. Experimental setup with temperature measurement

2. Holistic FE model of induction preheating and welding

Numerical simulations are a complex and comprehensive field of investigation and
research. With the increasing processing capacity of computers, they become more and more
important for the evaluation of manufacturing and design. The joining process is divided into
the simulation of pre-joining (1), induction preheating (2) and GMA-laser welding (3). The
temperature field T(x,y,z) which is the result of each simulation is transferred sequentially
from each simulation to the next via an interface (I). This one-way coupling is possible
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because the temperatures of the preheating have no effect on the temperatures of the pre-
joining process. This is the same for the hybrid welding process which does not influence the
temperatures of the preheating process. The simulations are carried out with the ANSYS®
program system.

Input Process simulation Output
geometry o @ Gl\leJ’DA :
_ Pre- Induction LASE|;2 re5|ddl$al stresses
material - @ : @ Tges(X, and distortions
properties > joining preheating welding =
Weldlng Tkon(Xv Y, Z) Tind(xi Y, Z) TW(X1 Y, Z) mechanlcal

Fig. 2. Approach of the simulation process

1.3. Inductive Preheating

From the viewpoint of the simulation, the investigated induction preheating process
represents a coupled problem characterized by the interaction of electromagnetic field and
temperature field. That is why a mathematical model of both physical fields has been created.

At first a harmonic electromagnetic simulation for determining the Joule heat
distribution is carried out. The temperature dependent material properties are applied using a
starting temperature distribution which is homogeneous or based on the temperature
distribution resulting from the preparatory bonding process. This is followed by a transient
thermal analysis with small time stepping for determining the temperature distribution using
the Joule heat distribution from the electromagnetic simulation. The so calculated temperature
distribution is used to get the material properties for the next harmonic electromagnetic
simulation which is succeeded again by transient thermal analysis using a short time step.
This loop is repeated until the process time is reached. By this approach to couple the
electromagnetic and thermal simulation the complete preheating process can be observed
precisely using the correct material properties all the time.

1.4. GMA-laser welding

According to Radaj [3], welding simulations can be divided into three parts: process,
microstructural and structural simulation. The results of these sub-simulations depend on each
other and interact to solve the global problem. The initial step of the simulation is the process
simulation, which is done in order to acquire the temperature field as input for the
microstructural and structural simulation. In the following, the assumptions and procedure of
the process simulation shall be presented.

The distribution of the heat input into the weld is very important in predicting an
accurate molten pool size and shape. The local heat input of the GMA-laser hybrid welding
process is substituted by a double ellipsoid heat source model according to Goldak and
Akhlaghi [4] in combination with a three-dimensional conical heat source model, as
mentioned by Wu, Wang and Zhang [5]. The power distribution inside the front (1) and rear
(2) quadrant of the ellipsoid source becomes

63 f MomanU! 3x* 3y* 3z°
X,V¥,2)= -eXp| ——— |-exp| ——— |-exp| ——— 1
A (xy.2) a2 bonvn P Ta T S 1)
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63 f  NeyawVY! 3x* 3y? 3z°
X,Y,2)= . -exp| —— |-exp| ——2— |-exp| —— 2
a(xy.2) a bonvn P\ Ta ) T T )P (2)

where nemaw the is thermal efficiency of the GMA welding, U is the welding voltage,
and 1 is the welding current, f; and f; are the fractional factors of the heat deposited in the front
and rear quadrant. The geometrical heat source parameters as, a;, b and c are depicted in Fig.
3(1) and are orientated on the dimensions of the molten pool surface. For the three-
dimensional conical heat source model the power density distribution at any plane
perpendicular to the z-axis may be expressed as

=9'nLaser'|:)Laser'ea . 1 ) _£ 3
alr.2) n(e’-1) (z,+2,)-(F2 +r5+17) exp( r2 ®)

where naser 1S the thermal efficiency of laser beam welding, and P iS the laser
power. Complex arc physics and fluid mechanics cannot be considered by these so called
equivalent heat sources. Fig. 3 (2) shows the geometrical heat source parameters z., zj, r and
li.
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Fig. 3. Combined heat source distributions for GMA-laser welding

Thermal material properties for specific heat, thermal conductivity and density are
defined temperature dependent. The heat transfer coefficients for convection and radiation are
assumed temperature depending as well. The continuous filling of the gap is considered by the
element birth and death functionality. The geometry of the weld appearance is orientated on
its condition before welding; assumptions for the molten pool dimensions are derived from
the dimensions of the weld end crater.

1.5. Definition of an interface

Different demands of the preheating and welding simulation on the element size make
the definition of an interface necessary. The stationary temperature field of induction
preheating in a plane 80 mm after the inductor passes has been chosen. The node temperature
is mapped by the internal ANSYS macro *MOPER to the FE mesh of the welding simulation.
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For this analysis the now pre-defined node temperatures act like an initial boundary condition.
The loss of accuracy is only small in case of transferring temperatures from a fine to a coarse
mesh. Conversely, in case of mapping results from a fine to a coarse mesh no discrepancies
can be noted for the maximum value.

3. Comparison of welding and simulation

In Fig. 4 (left), the measured temperature cycles are compared to FE simulation
results. As an example the welding test on pipeline steel X70 with a thickness of 13.2 mm has
been chosen. The induction preheating power was 20 kW, the welding velocity 2 m/min and
the power of the hybrid welding process about 14.5 kW. The temperature-time courses at
various distances to the weld show explicitly the passing of the inductor by a first peak. The
resulting preheating temperature for this test configuration is about 130 °C. The maximum
temperatures when the welding process passes show good agreement to the simulated
temperatures. The deviations are smaller than 10 %. This is the same for a comparison of the
simulated molten pool dimensions and the micro section, showed in Fig. 4 on the right.
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time (s
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Fig. 4. Comparison of measured and simulated temperatures, X70 t = 13.2 mm (left) and
measured and simulated molten pool dimensions (right)

Summary and outlook

Numerical simulations gain in importance to evaluate and improve design and
manufacturing. Both the simulation of preheating and of welding is a nonlinear, transient
simulation. By defining an interface both complex simulations can be regarded in separate
models but in the end the evaluation of the whole joining process is possible. The agreement
between measured temperatures and simulated temperatures is good. For further
investigations the simulated temperature field can be used to analyse residual stresses and
distortions, the microstructure evolution or mechanical strength properties and hardness.
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Abstract

Electromagnetic Forming (EN is a very promising high-speed forming process.
However, designing these processes remains quite intricate as it leads to deal with strongly
coupled multiphysics process and thus requires the use of computational models. We present
here the main features of the numerical model which we are currently developing to model
this process.

1. Introduction
Electromagnetic Forming (EMF) is a very promising high-speed forming process. It

consists — as shown in Figure 1 - in submitting the workpiece to a transient electromagnetic
field that will transform into body forces and ultimately cause the workpiece to deform.

This process has many advantages: improved
formability for the materials involved, reduced
s | €lastic springback after forming, no punch and thus

moe contactless application of pressure... Joining of

o

Capacitor

Bank dissimilar materials is possible. The process enables
o, LT ﬂ C]ml high controllability and repeatability of the
l‘id - outcomes. Besides, it is also an environment-friendly

process since no lubricants are used
l However, designing these processes remains

: quite intricate as it leads to deal with strongly
coupled multiphysics. The design stage can therefore
be greatly helped through the support of a
computational mechanical model.

Fig. 1. General Scheme of
electromagnetic forming & typical
forming configurations.

Some models already exist, as the one based
on ANSYS/EMAG [Ansys], or the one based on LS-
DYNA described in [L'Epplattenier], based on a
coupling between finite elements and boundary
elements for modelling the electromagnetic problem, as well as an explicit approach for
modelling the mechanical problem. We present here the main features of the numerical model
which we are currently developing to simulate this process. The model is based on a coupling
between the MATELEC tool for modelling the electromagnetic problem and FORGE for
modelling the mechanical problem.
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Another specificity of EMF forming processes lies in the modelling of the material behaviour.
EMF forming processes typically le&ul strain rates which range roughly from?16 10 s*.

Many constitutive models have been proposed to take into account dynamic effects in material
behavior, and can be basically sorted indéhriasses: the phenomenological models such as
the [Cowper-Symonds] or the [Johnson-Cook] models; the models derived from thermal
activation analysis, some of them using microstructural internal variables in addition to the
classical ones (i.e. strain, strain-rate and temperature); and the models that are more specific to
shock regimes and viscous drag.We have selected for the time being a Johnson-Cook’s model
(Eg. 1.1) to model the material behaviour.

T-T,
T.-T,

m

o=(A+BE&,").1+C In(?)).(l— ( ™. (1.1)

whereo denotes the effective Vadises stress, £, the effective plastic strain,£ the

effective strain-rate, £, a reference strain-rate, T the material temperatugg, ti€ room

temperature, and I the melttemperature. A, B, n, C and m are the material constitutive
parameters.

2. Modélling the electromagnetic problem

Computation of coupled multiphysics problems involving electromagnetic fields can
be quite consuming in terms obmputational time and resources. Moreover, design stage
which may involve both direct modelling and optimisation techniques are even more
demanding in terms of computer power requirements.

Reducing the resources needed for solving the electromagnetic problem is one way to
enable solving these problems within reasonable time and memory needs. It is therefore
important to select the most appropriate numerical methods and parameters in order to save
computational time and memory requirements for solving the electromagnetic problem.

2.1. The electromagnetic model
The model is classically based on the Maxwell equations (2.1)

curl (E) = —%—?; curl (H) = j+%—[t); div(B)=0. (2.1)

where H denotes the magnetic field, B the magnetic induction, E the electric field, D
the electric flux density, and J the electric current density.

We also have the following relations for the intrinsic material properties:
D=¢E;B=pu(H|T)H;J=0E. (2.2)

where e denotes the material permittivity, the magnetic permeability, arad the
electrical conductivity.

Several authors in literature have chosen to neglect the displacement currents in the
Maxwell-Ampere equation (magneto-quasi-static approximation). However, we have
considered here the complete Maxwell equations.
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The (A,V) formulation (see for instance [Chari]) leads us to to the following equation
for the vector potential A:

£ aaté + Uaa—? +rot (—rot(A) )=-—ograd( V) - € grad( —) (2.3)

2.2. Thefinite element approximation

The two main numerical approaches for these problems are either based on mixed
boundary elements/finite elements approaches — in which the coupling between the inductors
and the workpiece is carried out through a boundary element approach, or on global finite
element approaches.

We define a global domain which embeds all solid parts as well as a finite volume of
air. It should be stressed here that the air domain needs to be wide enough in order to model
accurately electromagnetic wave propagation. The domain is then discretised using tetrahedral
edge finite elements for determining the magnetic vector potential field A. Edge elements
have been introduced by [Nedelec]. Their main specificity is that the unknowns are the
tangential components on the edges of the magnetic vector potential field (Figure 2a); shape
functions for the finite element approximation are vectors with a specific shape as shown on
Figure 2b.

N

Fig. 2.a. 2D or 3D edge elements; Fig. 2.b. Edge element shape functions for 2D edge
elements

We get the following differential system for the weak formulation after a semi-
discretisation over space:

M} E A0 e 20+ faw) = o) X

where C and K denote capacity and rigidity matrices and B the load vector.
Regarding the solving of thenkar system, we use a conjugate gradient solver coupled
with an SSOR preconditioning which has proven to be quite efficient.
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3. Modéelling the mechanical problem

3.1. The solid mechanics model

For a detailed account of the finite element modelling of metal forming processes, the
reader is referred to [Wagoner]

We use a mixed formulation. In the domain of the part, this formulation is written for
any virtual velocity v* and pressure p* fields:

[or:é'dv —j pdiv (v’ )dv = 0
Q Q

. (3.1)
- [@ivw)+ P)pav=0
2 K

3.2. Thefinite e ement approximation

Many different finite element formulations were proposed, and developed at the
laboratory level, but it is nowealized that the discretization scheme must be compatible with
other numerical and computational constraints, among which we can quote:

. Remeshing and adaptive remeshing ;

. Unilateral contact analysis,

. Iterative solving of non-linear and linear systems;
. Domain decomposition and parallel computing;

Today a satisfactory compromise is based on a mixed velocity and pressure
formulation using tetrahedral elements, and a bubble function to stabilize the solution for
incompressible or quasi incompressible materials.

The discretized mixed integral formulation for the mechanical problem is:

RY = [N, OV + [ 2K (/38)" "¢ :B,aV - ptr (B,)dV =0
Q Q Q

. (3.2)
RP =j|v| _(div (v)+ 3a,T)dV =0
Q

3.3. Numerical issues

The non-linear equations resulting from the mechanical behaviour are linearized with
the Newton-Raphson method. Tlesulting linear systems are often solved now with iterative
methods, which appear faster and require much less CPU memory than the direct ones.

Automatic dynamic remeshing during the simulation of the whole forming process is
almost always necessary, as elements undergo very high strain that could produce degeneracy.
Before this catastrophic event, decrease of element quality must be evaluated and a remeshing
module must be launched periodically to recover a satisfactory element quality. The global
mesh can be completely regenerated, using a Delaunay or any front tracing method, but the
method of iterative improvement of the mesh, with a possible local change of element
structure and connectivity, seems to be much more effective.

Computing time can be decreased dramatically by using parallel computing techniques
over several processors. This can be achieved here using the iterative solver and defining a
partition of the domain, each sub-domain being associated with a processor. But the
parallelization is made more complex due to remeshing and the remeshing process itself must
be parallelized.
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In order to avoid the necessity for the user to perform several computations, with
different meshes to check thecaracy, error estimation can be developed using for example
the generalization of the method proposed by [Zienkiewicz and Zhu]. Then, if the rate of
convergence of the computation is known, the local mesh refinement necessary to achieve a
prescribed tolerance can be computed, and the meshing modules are improved to be able to
respect the refinement when generating the new mesh.

4. Results for magnetic forming modelling

In order to show the main fea&s of the approach used in our numerical model, we present
here an example of modelling for the case of a ring expansion. Figure 2 shows the global
three-dimensional mesh encompassing both the coil and the workpiece. Figure 3 provides
results at an intermediate stage regarding material velocities.

Fig. 3.a. Global 3-D mesh for a ring expansion case; Fig. 3.b. Mesh velocities

5. Conclusion

We have presentedere the main features of a numerical model meant to model
magnetic forming processes. Tm@del is based on finite element approximation and couples
the solving of a Maxwell electromagnetic model with a solid mechanics model.

Regarding the development of this model, the next stages of this work will deal with
the development of numerical strategies aimed at reducing computation at times and based on
an intensive use of parallel computations. Work will also be carried out on determining the
most appropriate constitutive laws for modelling dynamic behaviour, as well as the
development of identification strategies for determining the parameters of these constitutive
models.
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Abstract

An electromagnetic (EM) impact to changes in microstructures of bearing steel, which
occur during their exploitation, is investigated with a stress on white etching areas (WEA)
formation. The early WEA is an urgent problem in bearing industry as far as this phenomenon
leads to unpredictable decay of bearings. In this work a new hypothesis of impact of EM
effects on the WEA formation is proposed and analyzed by means of numerical simulation of
the processes that occure in the microstructure of the martensitic steel.

Introduction

The most wide-spread bearing material is steel in a martensite form. Martensite is
formed from carbon steel by the rapid cooling (quenching) of austenite at such a high rate that
carbon atoms do not have time to diffuse out of a crystal structure in large enough quantities
to form cementite (Fe;C). As a result, the face centred cubic austenite transforms to the highly
strained body centred cubic form of martensite that is supersaturated with carbon. Shear
deformations lead to a large number of dislocations, which is a primary strengthening
mechanism of steel. The necessary cooling rate to achieve such structure is at least 120 °C/s in
the temperature interval between 700 °C and 230 °C. Martensite has significant residual
stresses due to this reason, and it is metastable, and can decay back to austenite [1]. The
transition can be triggered by temperature (starting from 300 °C) [2], but also other factors,
mainly mechanical stresses in the material starting from approximately 100-200 MPa [3].

In addition to well-known dark etching areas and cracks, which appear due to classical
fatigue decay of the steel microstructure to amorphous matter, the white etching area (WEA)
appears in the bearings. A course of WEA is localized deformations, which initiate dynamic
recrystallization and leaves a fine equiaxed structure of grains and which have a size of the
order of 20 nm [4,5]. Such nanostructured material after an acid etching is observed as a white
area. An interface of this recrystallized region is not strong and it has been shown that cracks
are forming in these regions.

Generally, a majority of bearing steels like SAE 52100 contain few percentages of a
retained austenite and a significant number of cementite particles that concentrate mostly at
boundaries of the grains of the martensitic structure (see the microscope photo on Figure 1 a).
Martensite is in a form of thin needles with anisotropic properties as it is shown on
Figure 1 (b). The needles preferentially conduct current in a longitudinal direction and contact
resistance appears on their boundary. Opposite to good conductive martensitic matrix,
conductivity of the cementite grains is relatively low.
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(a) (b)

Fig. 1. (a) A filtered optical microscope image (the original photo is shown on the upper right
corner) of the grains of the bearing steel where the cementite particles are visualized as white
dots; few grain boundaries are marked with a white dashed line. (b) a SEM image of the
martensitic microstructure.

According to prevalent opinion, the WEA phenomenon is connected to excessive
impulse fatigue during the exploitation of the bearing [6]. Nevertheless, as it is mentioned in
ref. [7], recent experiments and industrial tests show that it is possible to observe the WEA
even within an idealized test without any impulse fatigue but with current discharge in the
bearing. Based on such tests we are investigating EM effects that may induce significant
localized stresses between the elements of bearing steel microstructure.

1. Electromagnetic effects

All effects, which can lead to mechanical stresses in microscale or macroscale are
summarized in Figure 2. Excluding a strong impulse fatigue, which can appear during
industrial usage of the bearing but is definitely excluded in rolling tests, several types of
stresses exist outside of an EM model.

Residual stresses are observed in all materials. During a hardening process the
austenite-martensite transformation results in numerous differently oriented mono crystals of
martensite, which lead to localized stresses between them. Despite a significant reduction of
these stresses during an annealing process, a noticeable level of the residual stresses is typical
for the martensitic structure and should be added to the stresses caused by mechanical and
electromagnetic impacts.

Hertzian stress is a well-known effect. The value of this stress is significant, however,
rapidly decreases as moving away from the surface. Therefore, due to the localization of this
effect in a thin layer near the surface, it can be not associated with WEA.

Thermal stresses as a result of overall heating of bearing as well as the residual
stresses are very important for definition of a reference level of the stresses in the
microstructure of steel.

Finally, the most part of our attention was spent to the study of EM influence on the
microstructure level. We believe that these effects can explain the unexpected WEA
formation rapidity in bearings. The interconnections of the EM effects are shown in the red
box on the Figure 2.
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Fig. 2. Scheme of the interconnected phenomena, which lead to the  magnetic field
stresses between the elements of the steel microstructure. distribution in the

material. It is found
that the spark
discharges can create a significant magnetic field and high local current density, but a
consequent heating is small because of a short time of the discharge. A current density is
defined as Gaussian function from a coordinate and time:
J=J,exp(=r’/R*)-exp(~t’/ At?),
where the channel radius is R=10 um and the discharge time is A/=10 ns, the peak current
density is jo=10'" A/m?, which are realistic values in case of the small scale electric discharges
in insulators. Current density decreases proportionally to 1/ inside the material. Figure 3 (a)
shows magnetic field at a moment when current is maximal. As we see for a short time very
high magnetic field above 10 T may exist. However, all phenomena related to the spark
discharge takes place on the surface or in a thin layer close to it. This effect is difficult to
model quantitatively because parameters of the spark discharge may vary at a wide range.

A total energy released by the discharge is proportional to the discharge time and the
peak current squared. Usually the time is short, thus this mechanism cannot cause significant
temperature increase. The Lorentz force can reach a high peak value as shown in Figure
3Fehler! Verweisquelle konnte nicht gefunden werden., but it exists in very small area and for
very short time. If the discharge parameters are chosen appropriately, this force can easily
cause the stress level higher than necessary for WEA initialization.
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2. Modelling of microstructure

To estimate the thermal stresses in the microstructure, a microscale numerical model is
developed. A cubic geometry is created as shown in Figure 4 (a). The thermal stresses at the
initial temperature are zero and then the material is heated by 100 K. Calculated thermal
stresses are shown in Figure 4 (b). As we can see, the maximal stress value is at the grain
boundaries. As expected the maximal stress value is above 700 MPa. This order of magnitude
also is in good agreement with an analytical estimation,

a) Magnetic flux density (T) 14 b) Lorentz force density (N/m3)
1 1 ¥ :

100pm 0

Fig. 3. Calculated magnetic flux density at current maximum (a), Lorentz force density (b)

o =E-AT(a; — o) = 300MPa,
where 47=100 K is the temperature difference, £=300 GPa is the Young's modulus and
o;=6" 10° K and ar=1.5-107 K are the thermal expansion coefficients of the cementite and
the austenite grains. This result indicates an elevated temperature may ease lead to formation
of WEA and that WEA most likely starts at a contact point between two grains.

*

N WRU O N 00 O
o

~

=

Fig. 4. A geometry for a numerical simulation (a); Joule heating caused thermal stresses (b)

We have observed the cementite particles at the boundaries of the martensitic grains as
a promising point in context of the WEA (Figure 1 a). Different electrical, thermal and
mechanical properties of the martensitic lattice and the cementite may lead to significant
stresses and deformations when impulse current conducts through the system. It should be
mentioned that other inhomogeneities of the microstructure (nanocracks, voids, non-metallic
inclusions) may also play the role like the cementite grains.

Taking into account the analysis of the microstructure of the bearing steel, an axially
symmetric model is created around the spherical cementite particle that is situated at the
boundary of the martensitic grains (see Figure 5). The conductivity of different elements is
ranged as follows: 0,<<03<<04<0, = o5 (the indexes denotes the areas numbered on Figure 5).
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Thermal conductivity follows the same range due to a coupled physical mechanism in metals.
Additional contact resistivity is applied between the needles (2) and on the interface (2-4).

J= 1e+8 A/m2 -
currant |><le Afmz2

density DQ 04 06 0.8 1 12 1.4 16 18
Fig. 5. Distribution of current density in the axially symmetric model of the microstructure
around the cementite grain (1) at the boundary of the martensite grains (3); 2 — the
monocrystals of martensite, 4 — the area of the differently oriented monocrystals, 5 — the
interior zone of the martensitic grain.

Mechanical boundary conditions are physically indefinite due to a lack of the proper
data. However, two extreme cases are considered: free boundary conditions and fixed
constraint. In fact, the real conditions are somewhere between the already mentioned
conditions. Figure 6 demonstrates the significant strain in the both cases. As far as the
cementite particles are poor conductive, dense distribution of them at the boundary between
the grainsforcesthe current to flow around the cementite and, consequently, the current
concentrates there. The oriented martensite needles even enforce the effect.

1st principal free boundary
strain

fixed constraint
[
|

fixed constraint

fixed constraint
EEESeEmE—— LK
2 a 6 8 10 12 14 16
Fig. 6. Distribution of the 1% principal strain in the axially symmetric model after 100 ps long
current impulse for two different boundary conditions: free boundary (the upper image) and
fixed constraint (the lower image).

Due to thermal expansion the crystals of martensite around the cementite “open” like
wings and uncover the cementite particle in the case of free boundary and, alternatively,
deform the cementite particle in the case of fixed constraint condition. As it is shown on
Figure 5 the both cases result in the localized strain between these “wings” and lead even to
formation of a very tiny void. Apparently, the void and magnitude of the strain depend on the
parameters of the model, such as the ration of conductivity of the area, the incoming current
density, etc.

Conclusions

Several EM effects are described and analyzed in our work in order to evaluate the
level of mechanical stress produced by these EM effects. However, it is found that mechanical
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stress caused by the most of these effects is small. Only resistivity heating and spark
discharge can reach necessary value of few hundred MPa, which is sufficient to initiate WEA
formation.

The created model of electro-thermal expansion of elements of steel microstructure
demonstrated that different properties of cementite grains can provoke the significant
deformations in microstructure of bearing steel up to appearance of nano-voids that can lead
finally to white etching cracks under the rolling presure.
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Abstract

This paper focuses on the interest of integral method for 3D electromagnetic
modelling of inductive processes. This method avoids difficulties encountered with the Finite
Element Method (FEM) because only active parts of the installations are meshed. Indeed, the
integral method is well adapted to model thin skin depth and thin air gap between the different
parts of the installation. Moreover, it is possible to model devices in which coexist regions
with thin and large skin depth. Consequently, it can be used for a very large scale of frequency
domain. This method gives good results for local and global quantities. Furthermore, the
model of the inductor coil permits to get informations for the design of the power supply. To
illustrate the possibilities of the integral method for electromagnetic modelling, we present
numerical modelling of different configurations.

Introduction

In the context of the energy savings, optimisation of inductive processes is an essential
phase. According to the application, configurations of the installation in terms of geometry
and of frequency of the power supply can be really various (cold crucibles, Litz inductors,
electromagnetic levitation...). To be able to treat this variety, it is necessary to take into
account many physical effects like proximity effect and skin effect. Moreover, some devices
as cold crucibles and Litz wires present a geometry of high complexity constituted by an
important number of objects with different scales and separated by small air gaps.

Usually, the finite element method is used to model electromagnetic phenomenon.
Various 3D potential formulations are available [1]. Different kinds of elements can be used :
node elements or edge elements. To take into account thin skin depth, many boundary
impedance formulations exist [2-3].

This paper focuses on the interest of integral method for 3D electromagnetic
modelling of inductive processes which permits to avoid some difficulties encountered with
the Finite Element Method (FEM). Firstly, we display the principle of the integral method.
Secondly, to illustrate the possibilities of the integral method for electromagnetic modelling,
we present numerical modelling of different configurations. In the third part, we discuss about
advantages and drawbacks of this method.

1. Principle of the integral method

The integral method is based on the two following equations : the local Ohm's law
(1.1) and the equation of current conservation (1.2). In the context of inductive processes, the
power source supplies an alternative sinusoidal current in the inductor coil. So, these

equations are written in their complex form:
f = —gPV — icawff (1.1)
7-J=0 (1.2)
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with f is the complex current density, o is the electrical conductivity of the material, V' the

complex electrical potential, i, the imaginary number, w the pulsation and A the magnetic
vector potential.

To express the magnetic vector potential, we use the Biot and Savart
law (1.3).

A=t Ly (1.3)
4T o7

where (2 is the volume of electrical conductors. The relation (1.3) takes into account the
boundary condition at the infinity and is introduced into the relation (1.1). So, we obtain the
following integral relation :

f= —aVV — icawf:—;fy gdv (1.4)

At the boundaries of the inductor coil, we imposed potential difference. Consequently,
for the inductor region, the boundary conditions are Dirichlet conditions for the electrical
potential at the extremities and normal direction for the current density. As the most of the
boundary conditions are intrinsic, the description of a simulation is easier than in FEM.

The two equations (1.4) and (1.2) are defined in the conductive regions. The

unknowns of this method are J and V. For each region, we define the electromagnetic skin
depth as § = V(2/(u_0 ow)).

This method is developed for 3D configurations. We only mesh the conductive
regions. We distinguish two cases : the case of small skin depth and the case of large skin
depth. For region where the electromagnetic skin depth is small, the mesh is limited to the
surface of the region [4], [5]. In the case of large skin depth region, we construct a volume
mesh [6].

The equations are written on each node of the mesh. We use same numerical
techniques which are used in finite element method : Gauss integration method on the
reference element and Lagrange polynomial interpolation on the reference element. We obtain
a linear system with full and non-symmetric complex matrix. To solve it, we apply a Gauss
pivot algorithm with research of the maximal pivot.

After resolution of this system, we obtain the electrical potential, the current density
and the Joule power density on each nodes of the mesh. By integration, we calculate the
current in the inductor and the Joule power dissipated in each region. The electrical
impedance of the device is deduced from the inductor's current. 3D visualisations are realized
thanks to Paraview®.

Actually, we have two implementations of this 3D integral method :

- a sequential software MIGEN [7], which can be used for classic inductive installations like
cold crucibles. With this software, thin and large skin depths can be modelled.

- a parallel software ModeLitz [8], which can be used for multi strand inductors modelling.
This code has a specific tool for the construction of Litz coil with different arrangements.
Only large skin depth is simulated. Building and solving of the linear system are computed in
parallel.
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2. Results obtained with the integral method

In a first application, we present a result obtained with the code MIGEN. We consider
a copper cold crucible configuration with 12 sectors. The external radius of crucible is equal
to 4.2 cm, its height is equal to 20 cm. The cold crucible is surrounded with a 4 turns helical
inductor coil, the radius of the section of the coil is equal to 3 mm. In the crucible, we
introduce a stainless steel load. The radius of the load is equal to 3 cm and its height is equal
to 15 cm. We present the repartition of the Joule power in the different parts of the installation
at two frequencies in the Tab. 1. The percentage of power injected in the crucible is around
32.5 %. The efficiency of this device increases with the frequency. All parts of this installation
are modelled with thin skin depth. On the Fig. 1, we present a view of the repartition of the
current density at the surface of the installation. We see the 3D effect of the coil : the power
density varies between the sectors of the cold crucible.

Frequency =20 kHz

Frequency = 100 kHz

Load 41.45 % 43.40 %
Crucible 12 sectors 32.58 % 32.53%
Inductor 2597 % 24.07%

Tab. 1: Repartition of Joule power in the different parts of a inductive melting installation
with cold crucible at two frequencies.

Joule power density (W.m™)

2e+8 Ae+d

5.78e+08

2

Fig. 1 : Repartition of Joule power density at the surface of cold crucible and inductor coil at
100 kHz.

In a second application, we present the modelling of a multi stand cable (18 strands)
computed with the parallel software ModeLitz. The radius of one strand is equal to 25 mm.
The diameter of the cable is 711 mm and the length is 5 cm. For this configuration, we use a
volume mesh. The Fig. 2 presents a view of the repartition of the Joule power density on the
cable, when frequency is 200 kHz. We notice that the distribution of Joule power density is
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not homogeneous in all strands of the cable. Indeed, it appears to be higher on the external
surface of the cable. The current is not the same in all strands, unlike the current admitted
hypothesis [9-11], so proximity effects must be taken into account in this kind of cables. The
Fig. 3 shows the variation of the resistance and inductance depending on the frequency of the
power supply. The resistance increases with the frequency and the inductance is quasi
constant.

Joule power density (W.m™)
2.8e+7 | |2|.99+7 3e+7

27048146.591 31770249.955

3.1e+7

Fig. 2: Repartition of Joule power density at the surface of 18-strands at 200 kHz.
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Fig. 3 : Variation of resistance and inductance of the 18-strands cable in function of the of
frequency of the power supply.

To test the efficiency of the parallel software, we study the time of computation for a
configuration counting 19866 degrees of freedom (dof) running on various numbers of
processes. This study had been executed on a cluster of 8 CPU Intel® Xeon® E5-2620 v2
connected thanks to an Ethernet network.

The Fig. 4 shows the excellent acceleration of the computation due to the parallelism
between 1 process (sequential) and 75 processes. We observed that the acceleration is linear
for the building of the system. The solving is less efficient due to communications between
processes. As a result, the acceleration law for the total computation has a power 0.97. The
sequential computation takes around 32.5 hours and the parallel computation on 75 processes
takes 0.5 hours.
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Fig. 4 : Acceleration of computation with ModeLitz parallel code depending on the number of
parallel processes.

3. Advantages and drawbacks

As only active parts of the installations need to be meshed, this method is easier to use
instead of FEM. Thus, when air gaps are small and/or if the sizes of the objects of the
geometry are really different, the size of the integral method's mesh is smaller compare to the
FEM's mesh and has a higher quality. Moreover, if the skin depth is thin, the mesh is limited
to the surface. So, it is really easy to simulate the presence of both thin and large skin depth
regions in the same configuration. This is the main advantage of the method.

The impedance and the Joule power's repartition are important results for the
definition and optimisation of inductive processes. With this method, the inductor coil can be
modelled, thus, the impedance value of the inductive system is directly obtained. So, it is well
adapted to compute the parameters of the power supply of the system. This method has been
tested in a large range of frequencies with good results.

The main drawbacks of this method is that, actually, it cannot support the modelling of
magnetic material with non-linear properties, but this materials are rarely used in the most of
inductive processes. However, it is possible to make computations with magnetic materials
with linear properties to simulate some processes. Unlike FEM, in this method, the linear
system is stored in a full and non-symmetric matrix. This constitutes a significant limitation of
the method. Firstly, the RAM memory size required to store the numerical system matrix
varies as the square of the number of dof. Secondly, the time of system building and solving
can be con-sequent. The number of operations varies as the square of the number of dof. Due
to the Gauss algorithm used to solve the system, the solving time varies as the cube of the
number of dof.

Conclusions

We have presented an integral method well adapted to model inductive processes. This
method is very useful for modelling systems with thin regions (material with thin skin depth,
small air gaps,...) and with objects presenting really various sizes. We have shown results
obtained for two types of applications computed with two softwares for a large domain of
frequency. The parallel implementation of this method is essential for modelling complex
devices like Litz inductors. Performances of this version are really encouraging.
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Electric impulsive technology of producing of ultradispersive
material coating

V. Goncharov, D. Samsonov, E. Fiskin, S. Kalinin

For today we have developed a new method of creating ultradispersive materials using
powerful impulsive arc discharge moving along the extended electrodes. The motion is caused
by interacting of the magnetic fields of the currents flowing in the electrodes and the ones in
the discharge. The represented method became the basis for the experimental device.
Experimental researches of the working modes of the device revealed that the surface of the
electrodes is impacted by the powerful energy rush with power density equaling 10® W/cm?.
In consequence of this impact the electrodes surface heats, melts, partly evaporates and
disperses. In the result we get particles flow with sizes amount 10-1000nm (depending on the
conditions in the system). Particles velocity is about hundreds of meters per second. The
particles move in the discharge plasma consisting of the electrodes material steam. Most of
the particles during their motion reduce their sizes many times in consequence of the Rayleigh
instability. It the result the surface of the substrate situated at a distance of 7 centimetres gets
covered by the particles of size of 20-50nm. The results of AFM surface measuring are shown
in Fig. 1.
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Fig. 1. The results of AFM surface measuring

In this experiment the substratum was situated at the 7.5 cm apart from the electrodes
surface. More discussion about the processes in the system could be found in [1]. Shortly the
principles of the system operation might be described like that. The previously stored energy
in the capacitive battery (from 500 J up to 1500 J) releases in the plasma of the main
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discharge during 10™ sec. During this time the discharge moves along the electrodes surface
and melts the area with square of 1 - 0.5 cm?. The ignition processes of the main discharge are
caused by the secondary electrodes system connected to a high-voltage impulsive source (see
Fig. 2).
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electrodes

Initializing tip electrodes

. voltag
unit | @'

Impulsive high voltage unit
The substrate on the height H from rails

Main discharge (arc)

OPO®® OO

The battery with the capacitance
C previously charged up to U
volts.

Fig. 2. The secondary electrodes system

Having in mind the subject of the conference we focused our paper only on several
problems which we solved during the experimental device developing, in particular the
mathematical modeling of the processes of the secondary discharge. The results achieved
using the suggested model allowed to research the way and the reason of the discharge
appearing. This might be realized after very accurate researches of the nearby of the in-
electrode inset; after plenty of numeric experiments, which results should be compared by
integral parameters (the voltage on the electrodes, the breakdown time) to the experimental
data.

The processes occurring in the plasma of the impulsive discharge on condition of the
breaking of the term of the local thermodynamic balance are very complicated for the
experimental researches, especially talking of the limited area (several millimeters), higher
power, and as the result high plasma temperature. That’s why the describing the processes of
the ignition of the discharge needed the developed mathematical model. This model allowed
matching the discharge input power with the temperature distribution in each researched point
of the discharge area. While developing the model, the below assumptions were adopted,
which reliability was proved by the physical experiments or either the results of another
authors.

1. The energy input takes place only in the initiating discharge zone representing the
cone (diameter of 1 mm, height of 2 mm) with the bottom of the surface of the main
electrode and the top at the tip of the secondary pointed electrode.

2. The power input into the discharge is evenly spread throughout the whole volume.
This assumption is similar to the one that was used in “channeled” model of the arc
discharge of Steenbeck.

278



3. The sum is two-dimensional. This assumption allows to reduce the calculation time
several order of time and the maximal temperature difference is less than 10%
comparing to the three dimensional sum.

4. The sum is axisymmetric. That’s why only one secondary and one main electrode
were used for the calculations.

5. While researching the thermal spreading processes the so called radiant component
must be calculated. The evaluations of different authors show that for the reliable
mathematical description of physical processes, the coefficient of thermal conductivity
must be increased in an order.

The accepted assumptions allow simplifying the task significantly and leading it to the
solution of the thermal conductivity equation with a convective member

divAgradT = —c, %—f+ 0

Where 4 is thermal conductivity of plasma, T- temperature, ¢, is the specific heat of
plasma; Q - sided energy sources.

The solution of this equation was provided in ANSYS environment [4]. The
researched area is shown in Fig. 3, where the geometry of the areas with different parameters
is presented. The numbers mean the restricting lines of the area, where different boundary
conditions are applied; 1, 2 — convective gas takeaway, 3 - convective heat flow missing, 4 —
constant temperature.
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Fig. 3. Geometry of the researched area

In order to determine the energy input into the secondary discharge, the experiments of
the discharge initializing have been carried out using one real physical model. The parameters
that were changed in these experiments are: the gap D3, the electrode inset height D1, the
voltage and the capacity of the batteries. The waveforms of the voltage dynamics on the main
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electrodes received experimentally allowed determining the discharge input power and the
time gap between the initializing of the secondary and the main discharges.

The results of calculating the dynamics of the gas heat distribution have been received
considering the nonlinear character of the temperature dependence and its heat properties. The
results of calculating of the temperature distribution for different moments of time with the
discharge energy input of 0.5-10°W are shown in Fig. 4.
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Fig. 4. Evolution of the simulated temperature distribution with the discharge energy
input of 0.5-10° W
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Discussions

The developed model allowed holding a number of researches to simulate the
temperature distribution. In these researches the input power, the gap D3, the height if
electrode inset have been varied. Comparing the integral parameters of the numeric
experiments and the physical ones allows claiming the following:

1. The main discharge is always initiated in the cases when the gas temperature in the
point C (Fig. 3) reaches the value of 4-10°K. Such result testifies that the suggested
mathematical model is reliable and, from the other side, allows claiming that the main
discharge initializing is related by a gap breakdown between the heated up to high
temperature conductive gas clouds.

2. The main discharge initializing conditions are performed at D1 <6 mm, al <4 mm,
D3 <15 mm, a3 <8 mm.

3. The special irregularity of the energy input almost doesn’t affect the temperature
distribution in the area of the electrode inset.
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energy efficient forging process chain
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Abstract

In the metal forging industry the pressure of competition due to a globalized world is
constantly increasing. In modern business, the efficient use of resources, the optimization of
processes and managing costs are key competitive factors. The implementation of these
competitive factors is important for staying in business, especially for SME’s. Main
components of the production costs include material costs and energy costs. The material
costs represent up to 50 % of the total production costs. By decreasing the flash ratio the
material usage and production costs in forging operations can be reduced. For complicated
forging parts the development of a new forging sequence is necessary to achieve a
flashreduced forging sequence. This development was performed for a two-cylinder
crankshaft. The new flashreduced forging sequence is using flashless preforming operations,
an induction reheating of the preformed complicated work piece and a flashreduced final
forging. With the reduction of the flash ratio from 54 % down to 10 % the total energy
consumption was reduced and the competitive capacity of forging SME’s is increasing.

Introduction

Many automobile components, e. g. for engine, power train and chassis, are high duty
parts with high requirements concerning mechanical properties and quality. They are mostly
produced by forging with flash. In 2012 more than 18 million tons of closed die forging parts
were produced by over 2700 forge plants world-wide [1]. To remain competitive, it is
necessary to reduce the production costs. Main components of the production costs include
material costs and energy costs. The material costs represent up to 50 % of the total
production costs [2]. Therefore a reduction of the raw material reduces the production costs in
two ways, on the one hand by decreasing the material costs and on the other hand by
decreasing the needed energy for the whole forging process. The flash ratio for complicated
geometries like crankshafts can reach up to 50 % and more. Therefore, there is a huge
potential for cost reduction by material savings [3].

In the collaborative research project (SFB 489 B2) “Process chain of producing
precision forged high duty parts” flashless precision forging technologies for complicated
long pieces were developed [4]. Based on the results of the simulations and the trials on the
new developed forging sequence, which were gained during the project, this process chain
will be adapted to a serial production of a two-cylinder crankshaft within the project
“Resource efficient forging of complicated high duty parts” (REForCh). Therefore enterprises
from Germany, Romania, Spain and Turkey are working together in a project supported by
funding under the Seventh Framework Programme of the European Union [5].
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1. State of the art of forging

1.1. Forging of complicated high duty parts

Die Forging is an important manufacturing process. For hot forging of steel, the billet
is heated up above re-crystallization temperature (850 °C to 1250 °C). After initial heating,
the billet is forged in one step or in a multi step forging process to the final geometry. The
number of necessary steps for reaching the final geometry depends on the complexity of the
part’s geometry [6]. In the last years, several developments in forming technology have
changed the hot forging of steel importantly. These developments include improvements of
the tool and press technology. For example, the design of the flash gap has a big influence on
the material flow within the die. A new tool concept, which allows altering the material flow
within the forming process by use of a moveable flash break, has been developed. [7]
Additionally, improved process developments and designs increase the profitability and
quality of forging processes [8]. In the past, flashless precision forging processes have been
industrially established for rotation-symmetric parts e. g. gearwheels and simple long flat
parts e. g. connecting rods [9]. Furthermore a flashless forging sequence for forging a simple
two-cylinder crankshaft was developed in laboratory conditions [11].

1.2. Closed die forging with completely enclosed work piece (flashless forging)

In flashless closed die forging the work piece is completely enclosed in the die and no
flash is generated. Therefore die design and process variables must be carefully controlled.
The advantages of flashless forging (completely enclosed work piece) compared to forging
with flash (partially enclosed work piece) are material savings and elimination of post-
processing clipping operations. The disadvantages are the inflexibility on fluctuations in
volume of the billet, which can either lead to an overload of the dies and the press or a
missing form filling. Also the billet must be positioned exactly in the die to avoid loading out-
of-position and so defects of shape. In addition the forming forces increase [3, 8].

2. Flashreduced forging of crankshafts

In conventional forging, a surplus of material is needed to achieve a complete filling
of the die gravure. This flash ratio is between 0 % for simple geometries and can reach up to
50 % and more for complicated geometries like crankshafts. A reduction of the flash ratio is
necessary the lower the production costs, but for complicated parts this is a challenging goal
for SME’s. The aim of the project REForCh is the development of a new resource efficient
process chain for high duty parts based on flashreduced forging. It includes flashless
preforming in closed dies, a multidirectional working die and a conventional, but
flashreduced, final forging operation.

2.1. Conventional forging process chain for forging a two-cylinder crankshaft

In the project REForCh a crankshaft was chosen as a sample part for a complicated
high duty part. The conventional forging sequence for this two-cylinder crankshaft consists of
five forging steps (see Figure 1).The sequence starts with an upsetting operation, in which the
raw billet gets bulged. To achieve a better mass distribution, the next two preforming steps
are used to obtain more material in the areas of the crank web and the crank arms. Open die
forging is used for these forming steps. With this exact mass distribution the billet gets close
to the final form in the third preforming step. The final tolerances of the crankshaft were
achieved in the final forming step in which the total height of the work piece gets reduced by
5%. Further the surface quality gets improved by the final forging step.
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Figure 1: Conventional process chain for forging a two-cylinder crankshaft with flash

2.2. New process chain for flashreduced forging of a crankshaft

The geometry of the chosen crankshaft is very complicated, which is difficult to forge
with reduced flash. Therefore the new developed process chain for the two-cylinder
crankshaft consists of two flashless preforming steps followed by a flashless multidirectional
forming step and a flashreduced final forming (see Figure 2). After the 2nd preforming step
the work piece gets reheated to reduce the needed press forces and to ease the material flow in
the following multidirectional forging tool. To achieve an optimal mass distribution in the
preforming operation, which is required for forging the final form with reduced flash, the
focus lies on performing flashless preforming operations. By the use of the new mass
distribution the flash was supposed to be reduced from 54 % to less than 15 % at least, which
was the scheduled result of the project. To be able to realize the reduced initial material, the
multidirectional forming step is necessary to get a better mass distribution and to reduce the
die wear in the final forging die. Without the multidirectional forming step the aim to reduce
the flash cannot be achieved due to the non-linear axis of mass distribution of the crankshatft.
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Figure 2: New process chain for the flashreduced forging of a two-cylinder crankshaft

In flashless closed die forging the work piece is completely enclosed and variation of
the mass of billet cannot be compensated within the flash. Therefore the die design and the
process variables must be carefully controlled. Also the billet must be positioned exactly in
the die to avoid loading out-of-position and so defects of shape.. In addition the forming
forces increase. Flashreduced forging of complicated high duty parts is only possible with a
good mass distribution especially for the crank web and the crank arm seat, therefore a
multidirectional forming step is necessary [5]. Multidirectional forming is forming of a work
piece in a single step in several directions. The multidirectional forming takes place through
constructive measures of the tool. The ram movement of the press is redirected by wedges and
that distributes and deflects the pressing force.
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Keeping the tool costs as low as possible was one aim of the development of the new
process chain. To achieve this aim and guarantee the exact geometric dimensions and
tolerances, the existing dies of the final forming step of the conventional forging process were
not changed and used for the new forging sequence. With this the downstream operations like
clipping and calibrating of the conventional process can be used without any further
adjustments. The comparison of the forging sequence of the conventional and new
flashreduced process chain is shown in Figure 3.
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Figure 3: Comparison of the simulated geometry of old and new forging sequence

In the first preforming more material is pressed in the areas of the crank webs
compared to the upsetting operation of the conventional forging sequence. In the next forging
step the crank webs and the crank arms are formed further. The following multidirectional
forming step realizes the arm displacement and the crank webs. The final crankshaft geometry
gets formed in the final forming step with a significantly decreased flash ratio.

3. Increasing energy efficiency by development of an induction reheating

The aim is to lower the required press forces and to ease the material flow in the
following multidirectional forging tool. Further an increased homogeneous distribution of the
temperature will decrease the loads on the tool and with this die wear. Without the induction
reheating the multidirectional forging will be impossible, because a high homogeneous
temperature distribution is necessary to minimize the forces for the multidirectional forging
and get the tool working properly. For the reheating process a new induction heater was
developed, which is able to reheat workpieces with a complicated and non-symmetric shape
and a varying mass distribution along its longitudinal axis. The shape of the induction coils
was designed by ETP Hannover for an easy and quick loading and unloading of the billet into
the induction reheating system. Therefore different challenges were solved. On the one hand a
contour fitting shape of the coils was necessary to get the electromagnetic field and finally
achieve the homogeneous temperature distribution in the preformed work piece. On the other
hand it was essential to design the reheating system reasonable in order to fit the requirements
of a stable, reliable and economic production procedure.
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Figure 4: Reheating inductor for preformed two-cylinder crankshafts build by EMA-Tec

With this new induction reheater a further energy consumption of 140 kWh/t for
reheating the work piece is required. The crankshaft of the new flashreduced forging
sequence has a weight of 8.2 kg, so the energy consumption for reheating the work piece from
1040 °C up to 1250 °C is 1.25 kWh/part. Due to the reduction of the material from 11.04 kg
of the conventional process chain down to 8.2 kg less energy for initial heating of the billet is
required. With an energy consumtion of 440 kWh/t for initial heating for the old process
chain 4.85 kWh/part were required. With the new flashreduced process chain 3.6 kWh/part is
required to heat up the billet to 1250 °C. Together with the energy consumption of the
induction reheating the new process chain has an energy consumption of 4.74 kWh/part. With
an optimization of the initial induction reheating further energy savings are possible, which
were developed and evaluated by ETP Hannover.

4. Conclusions

In modern business, the efficient use of resources, the optimization of processes and
managing costs are key competitive factors. In the metal forming industry the pressure of
competition due to a globalized world is constantly increasing. The implementation of these
competitive factors is important for staying in business, especially for SME’s. The increasing
prices for energy and steel force the manufacturers to reduce these cost factors. With public
founded research activities even SME’s are able to improve their quality, for example by
changing the process chains and using innovative tool technologies. To keep the costs at the
least possible costs a reduction of the used material is necessary. To achieve this aim a new
process chain with flashless preforming operations for a two cylinder crankshaft was
developed. The flash ratio of the new forging sequence currently was reduced from the
conventional process chain of 54 % down to 10 % by achieving a better mass distribution
during the preforming steps. With this new process chain about 3.5 kg material per crankshaft
can be saved. Due to the decreased flash ratio less material has to be heated up and further
energy savings concerning the initial heating process are possible. Even with the reheating
process between the third preforming and the multidirectional forging, the energy
consumption of the new developed process is decreased. The challenges especially for SME’s
are very long time for simulation, development and design of the complicated preforming
dies. Participating in public founded research activities, like the project REForCh, SME’s get
the ability to overcome in these challenges.

287



Funding

The research leading to these results has received funding from the European Union’s
Seventh Framework Programme managed by REA-Research Executive Agency
http://ec.europa.eu/research/rea (FP7/2007-2013) under grant agreement n° 315106 FP7-
SME-2012-SME.

References

[1] EuroFORGE (2014) 2012 world-wide survey. http://www.euroforge.org/fileadmin/user _upload/
Downloads/World-tons-2012.pdf Accessed 10 June 2014

[2] Ritter C Impulsprogramm Materialeffiienz macht Unternehmen fit fir den Wettbewerb. Intelligenter
Produzieren, o0.Jg. , H.4, S.40, 2009.

[3] Doege E, Behrens B-A Handbuch Umformtechnik. 2. Aufl. Springer Verlag, Berlin u.a.; 2010.

[4] Bach F-W (2006) Deutsche Forschungsgemeinschaft, Sonderforschungsbereich 489: Prozesskette zur
Herstellung prézisionsgeschmiedeter Hochleistungsbauteile, Leibniz Universitit Hannover, Férderzeitraum
2006-2008. http://www.sfb489.uni-hannover.de/. Accessed 03 July 2014

[5] Riither, T (2012) REForCh. http://www.reforch.eu/. Accessed 03 July 2014

[6] Lange K, Meyer-Nolkemper H (1977) Gesenkschmieden. 2. Aufl. Springer Verlag, Berlin u.a., 1977.

[7] Langner, J.; Riither, T.; Stonis, M.; Behrens, B.-A.: Schmiedestahl den Weg weisen. Konstruktion, Springer
VDI-Verlag, Vol 66, Iss. 6, pp. IW8 —IW, 2014..

[8] Klocke F, Konig W Fertigungsverfahren 4 — Umformen. 5. Aufl., Springer Verlag, Berlin u.a., 2006.

[9] Altmann H-C Beitrag zum Pré&zisionsschmieden von Kurbelwellen. Dissertation, Leibniz Universitét
Hannover, 2006.

[10] Specker A Untersuchungen zum gratlosen Gesenkschmieden von Kurbelwellen. Dissertation, Leibniz
Universitdt Hannover, 2009.

[11] Behrens B-A, Nickel R, Miiller, S Flashless precision forging of a two-cylinder crankshaft. Production
Engineering, Springer Verlag Berlin, vol. 3, no. 4. 2009.

Authors

Prof. Dr.-Ing. Bernd-Arno Behrens

IPH — Institut fiir Integrierte Produktion Hannover gGmbH
Hollerithallee 6

D-30451 Hannover, GERMANY

E-mail: behrens@iph-hannover.de

Dipl.-Ing. Tilmann Riither

IPH — Institut fiir Integrierte Produktion Hannover gGmbH
Hollerithallee 6

D-30451 Hannover, GERMANY

E-mail: ruether@iph-hannover.de

Dipl.-Ing. Jan Langner

IPH — Institut fiir Integrierte Produktion Hannover gGmbH
Hollerithallee 6

D-30451 Hannover, GERMANY

E-mail: langner@iph-hannover.de

Dr.-Ing. Malte Stonis

IPH — Institut fiir Integrierte Produktion Hannover gGmbH
Hollerithallee 6

D-30451 Hannover, GERMANY

E-mail: stonis@iph-hannover.de

Giirbiiz Giizey

Omtas Otomotiv Transmisyon Aksami San. ve Tic. A.S.
E5 Karayolu Uzeri

TR-41400 Gebze, TURKIYE

E-mail: g.guzey@omtas.com.tr

288



International Scientific Colloquium
Modelling for Electromagnetic Processing
Hannover, September 16-19, 2014

Electro-pulse processing metal containing raw materials for
extraction of valuable components

K. Kussaiynov, S. Sakipova, B. Nussupbekov, A. Khassenov, K. Akhmerova
Abstract

In paper the results of use of electric pulse technology for processing metal-containing
raw materials were considered. The results of the analysis of the elemental composition of ore
samples from Annensky deposit in Kazakhstan before and after electric pulse processing are
discussed. The authors obtained data on changes in properties of the samples and on increase
in weight concentration of some elements, including rare and value metals after the electric
pulse processing. Application of electro pulse processing of metal-containing and technogenic
raw materials makes it possible to obtain new dispersion materials with preset parameters
since it facilitates efficient extraction of valuable components.

Introduction

The impulse pressure that formed at electric discharge in fluid medium has wide
application in many technological processes. Relevance and applied significance of the
investigation of regularities of an electric pulse development of discharges in heterogeneous
fluid are substantiated by the necessity of determination of the most optimal conditions for
crushing and processing of various natural minerals. Improvement of the technique and
technology of enrichment of raw materials has make it possible to significantly expand the
raw material supplies base for industry and to implicate into processing the stocks of new
deposits [1-3]. The content of valuable components in the ores or in the raw materials often is
low. So the extraction of precious metals from the ore cannot be realized without the use of
modern methods of enrichment, which is the main base in the production of non-ferrous
metals and determines the effectiveness of processing of metal-containing raw material. It is
necessary not only to increase metal extraction, but also to ensure the comprehensive
utilization of technogenic raw materials. Therefore, improvement of the new innovative
technologies level of processing in sector of non-ferrous metallurgy is of strategic importance
for our country.

The analytical review showed that in the scientific publications there are studies on
the use of electric hydro-pulse effect to improve the physical and chemical properties of
highly viscous oil, those of uranium ore to extract uranium, as well as many rare and scattered
elements from rocks. However, there are no published data on application of electric pulse
effect during the enrichment process of mineral ores, metal-containing and technogenic raw
materials. This article presents the results of a study of the effect of the electric pulse
processing on the element composition and properties of technogenic raw materials from
Annensk deposit in Central Kazakhstan. These studies are a continuation of research on the
changes in the properties of processed technogenic raw materials as a result of electric pulse
effects presented in [4, 5] .
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1. Electropulse phenomena in inhomogeneous liquid medium

The essence and distinctive feature of the proposed technology is that processing of
the ore and technogenic raw materials is performed by means of electro-hydraulic effect using
pressure energy released when an electric discharge takes place in water. This makes it
possible to get from technogenic raw milled and free of impurities material with a preset
degree of dispersion, which can be used directly for further processing. The electric discharge
parameters and properties of the liquids are the factors that affect the rate and amount of
released kinetic and thermal energy in the electric discharge zone. At the same time, due to
the intensive evaporation of the fluid in the electric discharge zone and steam expansion, a
fluid compression wave arises in the electric arc gap. The fluid compression wave can be
caused both by a single powerful electric discharge pulse, and by a series of successive
pulses.

The power of the electric discharge is increased by electric energy storage devices.
The processing medium in electro-hydraulic crushers can be any fluid, mainly it is service
water. The physical processes accompanying the electrical discharge in aqueous solutions of
disperse media, are described in [1, 2]. When passing through a liquid medium that is a
moistened ore material, a powerful impulse causes an electrical breakdown, followed by
hydraulic shock of great destructive power. The technical result is achieved due to the
formation of a powerful shock wave between working electrodes which dipped into the liquid
in the chamber.

At a powerful pulsed electric discharge there takes place an electric pulse effect, i.e.
the rapid release of energy in the discharge channel increases the pressure in it and its further
expansion causes a shock wave and fluid flows. The shock wave propagates along the grain
boundaries and natural fissures of the rock at high speed, facilitating the efficient disclosure
of grains of the mineral useful component [3]. It was an intense force impact on the processed
raw materials. The fluid flows are propagating at a high velocity, the transformation the
kinetic energy to the energy of the shock wave - all processes are causing mechanical changes
in it. After the intense fragmenting all fines in the form of high-dispersion rock particles are
swept away in the drain, and heavy particles of rare metals remain in a set-in case. In the
process of destruction and targeted disposal of gangue through the drain there is an increase
in mass of valuable component in the circulating product. After the selective grinding, the
shutter opens and the circulating product is let out in the concentrate through a branch pipe.

2. Electro-pulse processing metal containing raw materials
2.1. Experimental conditions

The processing of raw materials was carried out on electro-pulse installation, Fig.1.
The installation schema consists next blocks: 1 - control panel; 2 - pulse current generator; 3 -
capacitive energy storage unit; 4 - arrestor 5 - protection system; 6 - container filled by
processed raw materials. The electric pulse processing was performed with the samples of

dispersed particles with a diameter (d ;) 7-107m, 14-10° m and 21-107 m. The capacity
ranged within C =(0,25;0,5;0,75)-10° F. In the experiments at fixed values of inter-
electrode distance [, =3+14-107 m the value of the supplied pulse voltage ranged within

(U =810’V +40-10°V). Tests at the laboratory setup were performed repeatedly (10-
15times) so as to ensure the reliability of the results. When the voltage at the spark discharger
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rises up to 30kV, for this sample the fineness degree of fine fractions to the size of the
diameter within the range (0,1-10™ <0,9-107m ) grows to 48 % of the total amount of the ore.

TG _TCa

) — E®:+Cz}|@r_5 W_L_l;l_wi

Fig.1. Schema of electro-pulse installation

At a fixed value of the inter-electrode distance of the spark discharger 7, =107 m , the

fineness degree of the metal-containing ore uniformly changes, and the required weight
fraction of the product increases to 70%. Therefore, this value of the inter-electrode distance
of the spark discharger at the used setup is the most effective.

2.2. Discussion of Experimental Results

We investigated the microstructure of ore samples from Annensk deposit before and
after processing using the electric pulse method. The results of energy spectra measurement
and element analysis of technogenic raw material samples had been obtained using a scanning
electron microscope Philips SEM 515, performed on the basis "National Research Tomsk
State University", Russia. The studies were performed according to standard procedures STO
TSU Ne 041-2009. At the results measurements of mass concentration W, %, the atomic
concentration A,% the data on the elemental composition had been defined. On Figures 2 and
3 are the results of spectral analyses and element content of metal-containing raw material
samples from the Annensk deposit before and after the electric pulse processing. On the
vertical axis is a coefficient which defined as the ratio of weight concentration after
electropulse processing to its initial value K:VVheﬁ)re’(y , Fig.3. Data of the elemental

0,
after > o

composition in Annensk ore samples after the electro-pulse processing showed the increase of
mass concentration: copper (Cu), tungsten (W), rhenium (Re), gold (Au). Conversely, we can
see decreasing of some elements: iron (Fe) and platinum (Pt). Subsequent electric pulse
processing tests of samples of metal-containing and technogenic raw materials from the
Annensk deposits were performed at the same discharge energy level (W =65+200J) and the
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value of capacitance C =(0,25;0,5;0,75)-10"° F . It was established that with the increase in

the capacitance of the capacitor bank, the fineness degree grows. In these experiments, the
optimal capacitance value was C =0,5-10"° F since the output of the final product, ground to

the fraction size of 0.2 mm from the Annensk deposit was 26.7 %.
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Fig.2. Energy spectra of metal-containing raw materials samples from Annensk deposit:

a) before and b) after the electric pulse processing

Thus, the electric pulse processing allows not only to grind technogenic raw materials
into particles of a given size, but also to change its composition, i.e. to enrich it. Similar
results were obtained by the authors for Akshatau deposit samples [4].
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Fig.3. Changes of mass concentration of elements in metal-containing raw materials

samples after the electric pulse processing

To identify the most effective regime we performed electropulse processing of
technogenic raw material samples from the same Annensky deposit with different number of
electrical discharges n = 500,750, 1000, 1250. Results of energy spectra measurement and
element analysis of technogenic raw material samples had been obtained using a scanning
electron microscope JEOL from JED -2300 Analysis Station, Almaty. Data were obtained
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using a ZAF method. It is quite accurate method, because the method involves three kinds of
ZAF corrections to our data sample: Z is the so called atomic number correction — is made up
of stopping power and backscatter terms; A means the absorption correction — takes into
account that some of the X-rays produced in sample volume don’t make it out of the sample;
F is the fluorescence correction — corrects for X-ray induced excitation in the sample. In Fig.
4 photographs of the samples microstructure after grinding by a mechanical vibrating mill and
after processing with 500 electric pulses are shown.

v ig

Fig.4. Samples after processing by: a) mechanical vibrating mill; b) electric pulses.

Tab. 1. Changes of mass concentration of elements in metal-containing raw materials
samples after processing

Mass, % after :
Mechan.
Element | processin | Electro-pulse | Electro-pulse | Electro-pulse | Electro-pulse
g proc., =500 | proc., n=750 | proc., n=1000 | proc., n=1250
C 3.76 6.69 7.8 9.82 19.89
Na 2.07 4,15 5.92 3.17 4.65
Mg 2.38 0.82 1.16 1.07 1.43
Al 12.53 8.33 12.09 6.86 7.43
Si 39.06 40.23 30.47 25.68 25.61
Cu 1.02 2.31 4.06 5.27 3.71
Mo 1.16 1.87 2.45 2.15 3.85
K 4.84 3.77 1.39 2.19 6.57
S 2.33 2.28 1.86 9.25 1.13
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Table 1 shows the values of mass
concentrations of the elements of
technogenic raw material samples
after electro-pulse processing with
different number of electrical
discharges. It is seen that after each
processing the properties of the
treated material are changing. We
were interested in the possibility to
increase extracting copper,
particularly.  Figure 5 shows the
change of the mass concentration of
elements as a result of electro-pulse
processing compared to result of
mechanical crushing. Maximum copper content was detected when sample was exposed by
1000 pulses (increase of concentration is more than 5 times). A similar result was obtained by
the authors earlier [5]. Data analysis of the energy spectra and elemental composition of
Annenks samples which were obtained using microscope Philips SEM 515 in Tomsk
Scientific Center and in Almaty using a microscope JEOL, confirm that electric pulse
processing allows you to modify the properties and structure of raw materials.

C Na Mg Al Si Cu Mo K S

Fig.5. Changes of element mass concentration in
raw materials after electro-pulse processing.

Conclusions

We analyzed electric pulse method of ore and technogenic raw materials processing is
based on use of energy of pulse shock wave initiated by an electric spark discharge in a
liquid. It is experimentally shown that this method of electric pulse processing is efficient,
economical, environmentally friendly and can be automated. The electric pulse effect of
underwater spark electric discharge results in destruction and grinding of minerals and
contribute to more efficient extraction of valuable components, including rare metals. As a
result of studies the authors prepared recommendations for determining optimal technical
parameters of the equipment, the values of the inter-electrode distance and discharge energy
at the switching device and other technical parameters of the equipment taking into account
peculiarities of the processed raw materials. At first glance, the experimentalists obtained a
slight increase in the percentage of elements mentioned above. However, in terms of the
equivalent amount of tons of processed metal-containing and technogenic raw materials on
practice, it will significantly increase extraction of required elements. All this makes it
possible to create a new, knowledge-based, competitive technology and to apply it in the
processing industry in future.

This research is done with financial support of Ministry of Education and Science of
Kazakhstan Republic, grant 055 (101), project No. 508 (2012-2014), realized by Karaganda State
University named after E.A.Buketov
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