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Abstract

Within the Collaborative Research Centre SFB/TRR 30 a stub shaft is produced by applying the highly innovative
metal forming technology of the simultaneous hot and cold forging in combination with a hardening process performed
directly in the closed forging dies after the forging step. This complex forging process is completely simulated with the
finite element code LS-DYNA including the local inductive heating phase of the workpiece as well as the rapid cooling
process under pressure of the final stub shaft inside the forging dies. A new meshless element formulation denoted as
clement-free Galerkin method (EFG) is successfully applied to the forging process in addition to the simulation with stan-
dard finite elements. The process of the inductive heating is modelled in a simplified way. The simulation results are vali-
dated by means of experimentally measured data, showing good agreement.

Key words: simultaneous hot/cold forging, thermo-mechanically coupled FEM, meshless methods, element-free Galerkin

method (EFG)

1. INTRODUCTION

Innovative and efficient production technologies
must be continuously developed and advanced. For
this purpose simultaneous hot/cold forging is applied
in bulk metal forming and the occurring thermo-
mechanically coupled phenomena are investigated
within the Collaborative Research Centre Transregio
30 (SFB/TRR 30). A shaft is inductively heated only
locally for forging a flange with a large diameter in
the centre of the workpiece, besides the cold forging
of the conical ends of the shaft (Weidig et al., 2008).
Due to the inductive heating, a local austenitisation
takes place in the centre of the shaft. This fact is
utilised in the successive hardening process, which
is performed directly within the forging dies under
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pressure. The possibilities and limitations of adjust-
ing locally graded material properties in the work-
piece are investigated at this forging process with
differentiated cooling. The idea of this new forming
strategy with simultaneous hot and cold forging has
been outlined by Weidig et al. (2000) and Weidig et
al. (2001). Further investigations with locally heated
specimens with different heating procedures are
performed e.g. by Ozmen et al. (2005) and Okman et
al. (2007).

For gaining a deeper understanding of the form-
ing technology at hand and for predicting such proc-
ess behaviour in advance, especially the temperature
evolution in the workpiece, the entire process is
investigated by means of numerical simulations. A
detailed thermo-mechanically coupled finite element
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analysis is carried out with the commercial code LS-
DYNA (Hallquist, 2007) including all process steps,
i.e. heating, forging and cooling of the workpiece.
Until now, the phase transformations during the
cooling step can not yet be predicted by the simula-
tion, however, if the temperature field evolution in
the workpiece is known, the resulting microstructure
of the material may be forecast.

When the finite element method is applied to
forming processes with very large deformations,
often difficulties occur due to badly distorted ele-
ment meshes which can lead to inaccurate theoreti-
cal results or to an abrupt early break down of the
simulation. Remeshing during the calculation can be
one way to overcome these problems. However, it
can be also quite difficult to create an adequate new
mesh and further the remapping of the results from
the old to the new mesh can lead to significant inac-
curacies and artificial smoothing of the gradients of
the spatial fields for the mechanical variables.

Nowadays, novel meshfree element technologies
are available like the element-free Galerkin (EFG)
method, which only needs discrete nodal values for
the approximation of the displacement field, how-
ever, these nodes are completely independent of
a finite element mesh. The EFG method was deci-
sively developed in Belytschko et al. (1994) and
Belytschko et al. (1996). An overview of element-
free methods is given in Huerta et al. (2004).

By means of the EFG formulation a local adap-
tive refinement step is possible in principle by just
introducing new nodes or eliminating old nodes,
respectively, because no compatible finite element
mesh is required for the nodal interpolation. The
EFG method can be embedded into the standard
finite element scheme, however, the handling of
boundary conditions and contact is more compli-
cated than with the FEM — see Krongauz and Be-
lytschko (1996).

The EFG method has been recently applied to
other metal forming processes — see e.g. Alfaro et al.
(2006), Shangwu et al. (2005), Rossi et al. (2007),
Yanjin et al. (2008). Also LS-DYNA provides an
EFG element formulation (Hallquist, 2006) and it
has been already used for forging analysis (Lu &
Wu, 2006). The EFG method is applied also to the
forging process at hand in addition to the FEM,
since very large deformations occur in the centre of
the flange.

In the following sections the experimental manu-
facturing procedure of the stub shaft is described at
first. Thereupon, the constitutive model and the

analysis strategy for LS-DYNA are presented
shortly besides the model for the inductive heating.
The next section summarises fundamental principles
of the EFG method and points out its differences
with respect to the FEM. Afterwards results of the
FE analysis for the temperature field and the equiva-
lent stress are visualised. Finally, the simulation
results of both the FEM and EFG method are com-
pared to each other as well as to the experimentally
measured data.

2. HOT/COLD FORGING PROCESS

A cylindrical workpiece with a length of 200mm
and a diameter of 30mm is made of the low alloyed
steel 51CrV4 in a soft annealed state — see Weidig et
al. (2008). It is heated inductively in the middle part
of the shaft, see figure 1. Since the heat production
concentrates in the surfaces' near zone due to the
skin effect, a heat conduction phase follows with
a strongly reduced heating power (35% of initial
value) in order to achieve a more homogeneous
temperature distribution throughout the cross-section
from the boundary up to the centre of the workpiece.
The maximum temperature reached during the heat-
ing process amounts to 1350°C.

Fig. 1. Inductive heating of shaft.

Afterwards the workpiece is automatically trans-
ported from the induction coil into the lower forging
die, followed by the downward motion of the upper
die. When forging starts the maximum temperature
has dropped to 1120°C. Initially, free forging of the
shaft causes a uniform bulge in the heated zone, see
figure 2. At the same time, the conical endings of the
workpiece are formed by cold forging under the
influence of a lubricant for reducing the friction. The
free forming turns into tool shape determined forg-
ing with contact between the bulged material in the
middle part of the shaft and the dies, where the
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flange area develops. Finally, the forming process
slows down when the pressing force reaches its
achievable maximum of 1000kN.

Fig. 2. Forging of stub shaft.

However, during the cooling process of the
workpiece, the forging dies remain closed under
pressure to ensure a sufficiently high heat transfer
coefficient during the forced contact between the
workpiece and the dies. Thus, a high cooling rate is
achieved which causes an advantageous phase trans-
formation of the austenitised material into the mart-
ensitic microstructure, where a very high strength in
the flange area of up to 750H V1 (VICKERS hardness)
is measured (Weidig et al., 2008). Table 1 summa-
rises the temporal course of the entire process.

Table 1. Temporal course of process.

Main heating time 12s
Heat conduction phase Ss
Transport of workpiece 6.8s
Forging 3.2s
Cooling under pressure 28s
Process time 55s

3. CONSTITUTIVE MODEL AND ANALYSIS
STRATEGY

After a short introduction of the basic equations
of thermoplasticity, the simulation model is dis-
cussed briefly. The coupled thermo-mechanical ini-
tial boundary value problem consists of the well-
known moment balance equation with displacement
and force boundary conditions and the simplified
heat conduction equation on the basis of FOURIER's
assumption for the heat flow vector:

peqT = kdiv (grad T) + ¢™ (1)

with the source term:
q" = pr+yoigEl; 2)

and the thermal boundary conditions for free con-
vection and radiation:

gs =505 (T" =18, qp = ap (T —Tx). (3)

It is p the mass density, c; the specific heat ca-
pacity, T the temperature and k the thermal conduc-
tivity. The heat source term g, includes a spatial,
specific heat source 7, for example due to inductive

heating, and the plastic stress power O'ijé‘if multi-

plied with the so-called Taylor-Quinney coefficient
y, which limits the portion of the plastic stress
power, dissipated into heat. Further, o; is the

CAUCHY stress tensor, 6‘; is the plastic strain rate

and in the equations for the thermal boundary condi-
tions az is the convective heat transfer coefficient,
T is a reference temperature, €5 is the emissivity
and oy the Stefan-Boltzmann constant.

The entire process is simulated completely in a
single thermo-mechanically coupled analysis, com-
prising the three process parts: electro-magnetic
heating with a simple heat source model, free and
tool shape determined forging and finally rapid cool-
ing in the closed dies.

Due to the axial symmetry of the entire process,
it suffices to generate a quarter of the workpiece and
the forging dies as a 3D model. In order to account
for the cooling effect of the workpiece due to the
heat transport into the forging dies, a thermo-
mechanical contact is defined between the work-
piece and the forging dies based on the penalty
method. The dies are also modelled three-
dimensionally but mechanically treated as rigid bod-
ies. A simple plasticity model with isotropic harden-
ing is chosen, where the yield stress is input by
means of an experimental flow curve at a reference
temperature and downscaled by the specific multi-
plier for every temperature level of the experimental
flow curves with linear interpolation between two
temperature levels. The flow curves are taken from
Meyer-Nolkemper (1978). It is assumed that 95% of
the plastic work are converted into heat. Thermal
strains due to temperature changes are included in
the constitutive model and of course, it is accounted
for the thermal boundary conditions due to free con-
vection and radiation. The simulation parameter are
summarised in table 2.
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Table 2. Simulation parameters.

YOUNG’s modulus £ 2.1ell N/m?
POISSON’s ratio v 0.3

Thermal expansion coeff. a 1.3e-5 I/K
Mass density p 7850 kg/m?
Specific heat capacity ¢, 450 J/(kg K)
Thermal conductivity (workpiece) ky 45 W/(m K)
Thermal conductivity (dies) kp 25 W/(m K)

Contact heat transfer coeff. / 3000 W/(m*K)

Contact friction coeff. uc 0.08
Convective heat transfer coeff. a; 25 W/(m’K)
Emissivity ¢ 0.3
Reference temperature 7, 300 K
Taylor-Quinney coeff. y 0.95

The forging of the process is carried out under
displacement control by prescribing the experimen-
tally measured motion of the upper forging die for
the simulation model. When reaching a total press-
ing force of 1000kN, the external load agency is
switched to force control like in the experiment, and
the pressing force is held constant until the end of
the hardening process.

An implicit time integration method is applied
for calculating the displacement field during the
heating and cooling phase. However, for the forging
process a changeover to explicit time integration
with mass scaling is performed. The temperature
field is computed exclusively by implicit time inte-
gration. For the spatial discretisation in the FE simu-
lation an 8-node element with tri-linear shape func-
tions is employed with reduced integration and
a stiffness based stabilisation method for the hour-
glass control — see Hallquist (2006). In the EFG
formulation a Lagrangian kernel with cubic spline
functions is used with a spatial full integration pro-
cedure and a treatment for essential boundary condi-
tions based on the modified maximum entropy
method — see Guo et al. (2008).

4. MODELLING OF INDUCTIVE HEATING

As already mentioned, the heat production,
caused by the eddy currents during the inductive
heating, takes place in a thin surface layer of the
workpiece with a penetration depth £ for the cylin-
drical bodies according to Brokmeier (1966), Fleck
and Schonbohm (2004) or EFD Hérterei (2006) of:

¢ = \fiﬁ 4
Tfopr )

where [ is the specific electrical resistance of the
workpiece which rises with the increasing tempera-
ture. f'is the frequency of the electrical current in the
induction coil and p, is the magnetic field constant.
Further, £ is the relative permeability of the work-
piece which decreases in ferromagnetic substances,
e.g. in the steel 51CrV4 used here, when the tem-
perature increases. Finally, when exceeding the
CURIE-temperature at approximately 770°C, .
drops to nearly one (Gottstein, 1998). With estima-
tions for £ and g, according to the proposals in
Richter (1983) and Hiinicke and Moller (2003), the
penetration depth is calculated for example at three
typical temperature levels of this process — see also

EFD Harterei (2006) — to:
c(20°C) = 0.075mm , ¢(770°C) = 4.1mm ,

¢(1100°C) ~ 5.2mm .

However, for the finite element model it is as-
sumed that the inductive heat production takes place
only within a layer of 1mm thickness underneath the
surface in the middle part of the workpiece with a
height according to the length of the inductance coil
of 60mm. A volumetric heat source density pr — see
eq. (3) — is prescribed for the main heating in this
surface layer with a value of pr = 2600MW/m?
found by parameter studies and their comparison to
experimental temperature measurements. During the
heat conduction phase, only 35% of this value are
applied according to the experimental setting.

5. ELEMENT-FREE GALERKIN METHOD
(EFG)

The fundamental principles of the EFG method
are shortly introduced and important differences to
the FEM will be discussed.

The EFG method is based on the moving least
square approximation — see Belytschko et al. (1994),
Zienkiewicz and Taylor (2000), where the weight
function is defined not only for one fixed point but
for every location x of the complete interpolation
domain.

An approximation function is given as:

W) =3 pa;=p'(a, (5
j=1

with pj(x) as linearly independent polynomial func-
tions and a as the polynomial coefficients, which
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will become a function of the spatial position x in
the following steps. With the definition of the
weighted L,-norm

ki3
2
Je) = w0 (pTxa—w)”  (6)
k=1
the function u(xx) can be fitted to the values of
Uy by minimising J with respect to the unknown
coefficients a according to:

) 3 w0 PO (P a—w) =0, ()
k=1

da
where x; are the coordinates of the point with the
value u;. The weight function has the property of
being equal to one at the point x; and diminishes
monotonically to zero with a growing distance in
a defined neighbourhood about x;. Outside of this
domain, it is zero. Such a typical weighting function
is
—cr?_ o2,
w(r) = { ﬁmr for 0<r<rm,c>0 ®)
0 for r>mrm

where r = |x - X4 is the radius and r,, is the sup-
port size of the weighting function, i.e. all nodes
within the sphere of radius 7 about the point x; con-
tribute to the calculation of the value from the func-
tion u(x) at the location x;. The introduction of

'ﬂ,

HGO = 3 w00 pOwPTOk) )
and R
g = kil wp () POy = h(x)u (10)
with

h(x) = [w1(x)p(x1) wa(x)p(x2) ... wn(x)p(xn)]
(1)

u' = [ug up ... up]
leads equation (8) into

H(x)a=g(x). (12)

Thus, the unknown polynomial coefficients a
can be determined according to:

a=H"(x)g(x) (13)

and, hlence, to the approximation of the func-
tion u(x) of equation (5) results to:

u(x) =p () H () h(x)u. (14

The function u(x) is an optimal approximation

~ for the nodal values u; with respect to the chosen

norm and the weight function — on the other hand, it
holds that a specified function u(x) is best repre-
sented by the nodal values u; and the interpolation
given in equation (14). This equation can be rewrit-
ten as:

u(x) = N(x)u, (15)

where

N(x)=p x)H ' ®)hx) (16

are the EFG shape functions obtained from the mov-
ing least square method. Thus, compared to the FEM
a formally similar form for the approximation of the
displacement functions is obtained. The EFG
method approximates the displacement field analo-
gous as in the FE-method for discretising the weak
formulation of the momentum balance equations.
Note, the EFG method as well as the FEM satisfy
the partition of unity, i.e.

i Nj(X):l.

=1

)

This is an important property for the numerical
integration of the EFG weak formulation, which is
performed slightly differently compared to the FEM
— see Beissel and Belytschko (1996). Further, con-
siderable differences exist with the EFG method in
contrast to the FEM. There is much more computa-
tional effort needed for the calculation of the EFG
shape functions, which are defined not only locally
for every single element, as in the case of the FEM,
but have a value between zero and one at several
nodal positions in the vicinity of the test point xy.
The FEM enforces Ni(x;) = 6;;, which leads to u(x;) =
u;. This enables an easy way of prescribing the es-
sential boundary conditions. However, for the EFG
it is Ny(x;) # 9y, and, thus, in general: u(x;) # u;.
Further, the sum of all shape functions is less than
one at the boundaries. Hence, Lagrange multipliers
or special, new methods must be applied to enforce
the essential boundary conditions, see Krongauz and
Belytschko (1996).

LS-DYNA provides different options for e.g. the
boundary treatment or the definition of the kernel
functions — see Hallquist (2007). For instance, even
an Eulerian formulation — see Ponthot and Be-
lytschko (1998) — for the EFG kernel function is
available.
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Fringe Levels Fringe Levels

1.055¢+03 1.395e+03
9.293+02 1.213e+03

8.035e+02 1.031e+03

6.776e+02 | 8.406e+02 |
5.517e+02 _ 6.66e+02 _
4.2590+02 _ 48418402 _
3.000e+02 _ 3.018e+02 _

Fringe Levels Fringe: Levels

1.324e+03 6.003e+02
1.155e+03 5.503e+02
9.8628+02 5.003e+02
8.174e+02 | 45026402 |
6.407e+02 _ 2.002e+02 _
4.799e+02 _ 3.501e+02 _
3411es02 _ 3.001e+02 _

Fig. 3. Temperature field (in Kelvin) during heating (picture 1), at beginning of forging (picture 2), at end of forging (picture 3), at end

of cooling process (picture 4).

Fringe Levels
7.055e+08
5.943e+08
4.831e+08

3.719e+08 _
2.607e+08 _
1.495e+08 _

3.829e+07 _

Fringe Levels Fringe Levels

7.099e+08 7.121e+08
8.947e+08 8.977e+08
4.794e+08 4.834e+08

3.642e+08 _ 3.690e+08 _

2.488e+08 _ ?2.547e+08 _

1.337e+08 _ 1.404e+08 _

1.842e+07 _ 2.600e+07 _

Fig. 4. Equivalent stress according to von Mises during forging (picture 1), at end of forging (picture 2), at end of cooling process

(picture 3).

6. RESULTS OF FEM

The temperature field, calculated in the FE-
simulation, is shown for the workpiece in figure 3.
The first picture presents the temperature distribu-
tion at the beginning of the heating process. The
surfaces’ near zone is already heated up strongly,
whereas the interior of the shaft is still much colder.
When forging starts (picture 2), a fairly homogene-

ous temperature field with a maximum of approxi-
mately 1100°C is found over the cross-section.
However, a strong temperature gradient may be
stated in the axial direction. According to the high
temperatures in the centre of the shaft, the initial
yield stress is strongly reduced there. The hot mate-
rial is squeezed outwards during forging and forms
the flange. Thus, at the end of forming (picture 3),
the temperature in the centre is quite lower than in
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the outer flange region. Due to the contact of the hot
workpiece with the cold dies, the heat is transported
massively out of the workpiece into the forging dies
which causes a high cooling rate in the workpiece.
Picture 4 shows the temperature distribution in the
workpiece and in the forging die at the end of the
simulation at £ = 555, where only the lower forging
die is sketched for the reason of clarity.

Figure 4 presents the distribution of equivalent
stresses in the workpiece during forging and at the
end of the cooling process. Picture 1 and 2 show
that the highest stresses evolve when the conical
endings of the shaft are formed by cold forging at
a high hydrostatic pressure. Despite large straining
during the deformation of the flange, the stress level
is relatively low due to the high temperatures in the
forging zone. However, the eigen stresses in the
flange area augment during the forced cooling of the
workpiece (picture 3).

7. FORGING SIMULATION WITH EFG

The EFG element formulation is applied to the
process simulation at hand for the calculation of the
displacement field. Adaptivity of the nodal values is
not yet accounted for in this early EFG study, and
postponed to future work. The computational costs
are much higher, but accurate results are ensured in
the simulation with the EFG method, whereas in the
FE analysis locally large deformations with distorted
elements occur in the centre of the flange. However,
the simulation results of both methods are quite
close and agree well with the measured data from
the experiment.

Figure 5 and 6 show the temperature and equiva-
lent stress distribution at the end of the forging proc-
ess in the EFG simulation, where the nodal values
are illustrated as coloured spheres.

Figure 7 shows the comparison of the pressing
force and the displacement of the upper die, meas-
ured in the experiment and calculated from the simu-
lation with both the FE and EFG method. At a point
in time of approximately 20s, the upper die of the
forging press starts to move down in the experiment.
However, a significant nonzero pressing force is
already recorded by the measuring devices, although
there is no contact to the workpiece yet, since the
upper forging die reaches the workpiece first at time
t = 23.8s. The subsequently evolving force in the
test agrees reasonably well with the pressing load,
calculated in the simulations.

Fringe Levels
1.282e+03
1.120e+03
9.586e+02
7.971e+02 |
6.3568+02 _
474e+02 _

3.127e+02 _

Fig. 5. Results of EFG simulation: nodal values of temperature
at end of forging.

Fringe Levels
6.9120+08
5.8030+08
2.6950+08
3.506e+08 _
2.476e+08 _
1.369¢+08 _
2.609e+07 _

Fig. 6. Results of EFG simulation: nodal values of equivalent
stress according to von Mises at end of forging. Temperature
measuring positions of experiment are marked.

During the forging and cooling process, the tem-
perature is recorded by means of thermocouples in
the forging die (see figure 6, position 1) as well as
contactlessly on the flange surface of the shaft with a
spatial fixed pyrometer (figure 6, position 2). The
results of the temperature measurement are pre-
sented in figure 8 and compared to the simulation
results. Since the pyrometer is fixed just above the
lower die (see figure 6, position 2), the recorded
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temperature can be interpreted initially at that time
when the flange forming is nearly finished. The
lower limit for the measurement range of the py-
rometer is at least 400°C, thus, no further tempera-
ture drop can be reported after it passes this limit.
Over all, the calculated temperatures at the flange
are in excellent accordance with the pyrometer tem-
perature data. The experimental recorded tempera-
ture in the die agrees qualitatively well with the
simulated temperature evolution in time. However,
the temperature values, determined in the simula-
tion, are lower then the ones received from the ex-
periment.

1000

FEM: force —8—
EFG: force ——
exp: force a
exp: displacement of die —=—
sim: displacement of die —o—

exp: force /

800
600

400

force [kN], displacement [mm]

a: start of die motion
b: free forming

c: tool bounded forming |
d: cooling phase

_200 f . 1 1 1 1
0
time [s]

Fig. 7. Comparison of forming force for FEM, EFG and ex-
periment,; additionally displacement of upper die is plotted.

T T T T T

1000 -

\ FEM: temperature on flange —s—
| ,?\ EFG: temperature on flange
800 F | | N exp:_temperature on flange

FEM: temperature indie —=—|
EFG: temperature in die —%—
exp: temperature in die —+—
500 sim: displacement of die —¢—

temperature [°C], displacement [mm)]

a: start of die motion
b free forming

¢ tool bounded ferming
d: cooling phase

~200 1 L 1 1 1 1

time [s]

Fig. 8. Comparison of temperature on flange and in die for
FEM, EFG and experiment; additionally displacement of upper
die is plotted.

Table 3 presents the geometrical data, sketched
in figure 9 of the final stub shaft and its percental
deviation, which also states that the results between
the FEM and the EFG method are quite close and
that the agreement between simulation and experi-
ment is satisfactory.

h2
|t

Fig. 9. Sketch of final stub shaft.

Table 3. Comparison of geometrical data.

Experiment Simulation Disagreement
[mm] [mm] (%]
FEM EFG FEM EFG
hl 12.0 13.8 11.9 15.0 -0.8
h2 14.0 13.7 11.8 -2.1 -15.7
h3 13.6 14.2 14.3 44 5.1
d 76.8 77.5 78.4 0.9 2.1
1 130.6 131.7 127.9 0.8 2.1

8. SUMMARY AND CONCLUSIONS

The simultaneous hot/cold forging is applied to
the production of a stub shaft with a subsequent
hardening process in the forging press. This com-
plete forming procedure is numerically analysed
with the finite element code LS-DYNA including
the heating, forging and cooling step. Besides the
FE-analysis, another novel meshless element ap-
proach, denoted as element-free Galerkin (EFG)
method, is used, whose theoretical background is
explained briefly. The simulation results are pre-
sented and both FE and EFG methods are compared
to each other, showing similar results. Further,
a good or even excellent agreement can be observed
in the final comparison to the experimental data.

The FEM is generally applicable and efficient
for metal forming analyses. However, difficulties
appear when very large deformations occur and ele-
ments become badly distorted during the simulation
of the process, which makes remeshing necessary.
The EFG method is always more accurate at a higher
numerical cost compared to the FEM, since no com-
patible mesh with a regular element geometry is
required for this method and, moreover, higher order
polynomials may be used for the kernel functions.
Thus, stiffening due to badly distorted elements is
circumvented and there is no need for remeshing due
to the loss of accuracy in distorted elements. Fur-
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thermore, local adaptivity is possible by just intro-
ducing new nodes or eliminating old ones, which is,
however, not yet applied in this study.

For this special process of simultaneous hot/cold
forging it is shown that the global results of both
methods agree quite well with each other, which
confirms the results and the applicability of the finite
element simulation in this case. However, besides
the much larger computation time with EFG, there is
in fact a difference in the centre of the workpiece,
where the elements in the FE simulation suffer under
a very small thickness to length aspect ratio. The
EFG simulation shows in close agreement with the
experiment the excessive compression of the ini-
tially heated part of the shaft, whereas the finite
element result underestimates the strong longitudinal
distortion. That means, the finite element response
stiffens in this area due to the poor element geome-
try. However, this difference between the EFG and
FEM results has only a local influence on the flow
process and does nearly not effect the global form-
ing result, like the final geometry of the flange or the
total force in the press.
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POROWNANIE MODELI ZNISZCZENIA DLA
PRZEWIDYWANIA PLASTYCZNEGO PEKANIA
W PROCESACH KUCIA

Streszczenie

Mozliwo$¢ przewidywania plastycznego pgkania odgrywa
wazna role w projektowaniu wyrobéw kutych. Badania do-
$wiadczalne pokazuja, ze zarodkowanie, wzrost i taczenie sig
pustek sa mechanizmami kontrolujacymi powstawanie i roz-
przestrzenianie si¢ peknigé. Na te mechanizmy oddzialuja,
w roéznym stopniu, takie parametry jak cisnienie hydrostatyczne,
intensywno$¢ naprgzenia i maksymalne napregzenie gldwne.
Znanych i1 uzywanych w praktyce jest wiele kryteriow pgkania
plastycznego opartych na tych parametrach. W niniejszej pracy
te kryteria sa porownywane. Sposrod najbardziej popularnych
wybrano kryteria pgkania przynalezne do réznych grup, klasyfi-
kowane wedlug podstaw danego kryterium, a wigc kryteria
oparte na mikrostrukturze materiatu, ksztalcie pustek lub me-
chanizmie ich wzrostu. Kryteria oparte na mechanizmie konti-
nuum pegkania, w ktorych bierze si¢ pod uwage sprzgzenie mig-
dzy odksztalceniem plastycznym i degradacja materiatu poprzez
analiz¢ r6znych mozliwosci rozwoju zniszczenia dla rozciagaja-
cego i Sciskajacego stanu napr¢zenia, daja bardziej poprawna
lokalizacjg obszarow, w ktorych nastgpuje inicjacja pgknigcia.
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