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Abstract. In this paper, the analysis of the three-dimensional strain state for the hot cogging
process of a steel tool with the application of the finite element method is presented.
The results of work connected with the simulation of metal flow scheme, and fields of
stress, strain and temperature in the material deformation process in the hot forging condi-
tions are presented. The distribution of the effective strain, the effective stress, mean stresses
and temperature on the surface of forging cross sections are determined. The numerical
analysis was performed with the application of the programme DEFORM-3D. The theoreti-
cal results are subjected to experimental verification.

MSC 2010: 97N40, 80M10, 74410
Keywords: numerical analysis, FEM, strains, stresses, temperature, hot cogging

1. Introduction

The objective of contemporary forging technologies is to obtain forgings having
very high quality, i.e. such that have a required shape and dimensional tolerance,
and also obtain properties which are optimal from the point of view of product
functional characteristics [1, 2]. The complexity of physical-mechanical phenomena
accompanying the plastic strain process at elevated temperatures makes it necessary
to apply numerical modelling, which provides a large quantity of information for
the purpose of process optimizing, which would be impossible to obtain in a labo-
ratory [3, 4]. An additional setback is the diversity and non-stationary character of
the kinematic conditions of deformation, and also the complexity of the stress state
and strain state in the course of forging. What is particularly important is the state
of strain and stress in the axis of a forged material determined, first and foremost,
by the shape of a tool, and also values of the applied technological parameters [5, 6].
The knowledge of the strain and stress state in the course of the forging process
makes it possible to determine the areas of the greatest plastic deformations and
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the places of possible material fractures [7, §]. Determining the temperature distri-
bution inside the strain zone in the course of the forging process of alloy tool steels
is important due to the influence of temperature on the properties of deformed
metal [9, 10]. Therefore, by means of controlling changes in the thermal-mechani-
cal state of deformation in the course of the forging process, it is possible to exert
significant influence on the mechanical and functional characteristics of products
[11, 12]. Based on DEFORM 3D-software, the thermal-mechanical coupled model
of the cogging process was established to investigate the effect of cogging parame-
ters and tool shape. Based on the rigid-plastic FEM model, the evolution of mean
stress, effective stress, effective strain and the deformation temperature distribution
in the cogging process was presented for the selected trapezoid anvils, and also
the skewed. The influence of the tool shape on the uniformity of the stress and
strain distribution and resizing during cogging process has not been fully studied
in the previous known publications.

2. Numerical model

This study a three-dimensional rigid-plastic finite element method was used
in the simulation of metal flow and heat transfer during the process of forging of
the 55NiCrMoV7 steel. The basis equations of the rigid - plastic FEM are
as follows:

The equilibrium equation:
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Boundary conditions:
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where g, 0,, ¢, are the effective strain, effective stress and effective strain rate,
respectively, o; and &, are the components of the stress tensor and the compo-
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nents of strain rate tensor, respectively, F; is the force on the boundary surface
of Sy, and V; is the deformation velocity on the boundary surface of S.

The weak form of the rigid - plastic finite element method can be determined
by applying the variational method to Egs. (1)-(5), i.e.

8.J=[0,66,dv+|Ké, 68,dV—[F 6v,dS=0 (6)
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where &, is the volume strain rate, K the penalty constant (here is set to be 10°),
V and § are the volume and the surface area of a deformed workpiece, respectively,
Sv, is the virtual velocity, Jz, is the virtual effective strain rate, J¢, is the virtual
volumetric strain rate.

The analysis of heat transfer can be obtained by solving the following energy
balance equation:

VKT)VT+0() - p(T)e, (N 2-=0 ™

where O(T) is the heat generation rate, k(7) is the thermal conductivity, T is the
temperature, p(7) is specific density, ¢, (T’) is specific heat, and T is temperature.
The first term represents the heat transfer rate and the third term is the heat genera-

tion rate. Due to plastic deformation, the rate of the heat generation in the deformed
material is given as:

AT)=po,é, ®)

where £ is the heat generation efficiency and represents the fraction of mechanical
energy converted into heat (here assumed to be 0.90).

The energy equation, Eq. (7), can be rewritten using the weighted residual
method as:
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where g, is the heat flux normal to the boundary surface. The temperature distribu-
tion of the workpieces can be obtained by solving the above energy balance equa-
tion. Equations (6) and (9) can be converted into a system of algebraic equations.
The Newton-Raphson iteration method is applied to obtain the solution of the equa-
tions. The solutions of mechanical and thermal problems are coupled in a staggered
manner.

The frictional boundary condition is defined as:

fz—zmrkarctgmt (10)
z

Uy



48 M. Kukuryk

where m is the friction factor, 7; is the local flow stress in shear, v is the velocity
vector of the workpiece relative to the anvil, ¢ is the unit vector in the direction
of v, and u, is a constant of magnitude 10°°.

3. Numerical simulation

For the 3D modeling of metal plastic flow in the course of cogging, the profes-
sional computer program DEFORM-3D was applied; this program made it possible
to simulate the researched forging process in thermal and mechanical terms.
In numerical calculations and the experimental study, the following charge was
assumed: diameter - 80 mm, length - 200 mm, material 55NiCrMoV7 steel.
The simulation of hot cogging has been performed under the same condition of the
experiment. The forging was conducted on a hydraulic press with a force 2.5 MN,
in two consecutive passes, with the turning angle of 90° (the reduction ratio
&, =0.70). The speed of the hydraulic press amounted to 20 mm/s. The initial
temperature of the deformed material was 1100°C, and that of the anvils to 300°C.
In the simulation, the friction factor between forging and the anvil was assumed
as 0.7, the billet surface emissivity was 0.7, and the Poisson’s ratio was 0.3.
The gravitational effects were neglected. The simulation was carried out under
non-isothermal conditions. In every pass, forging in the trapezoid anvils (Fig. 1a)
was conducted in two stages: the first stage was that of deformation on trapezoid
anvils and the second of removing the formed concavity on flat-surface anvils.
Forging on skew anvils (Fig. 1b) was conducted with the application of the tradi-
tional method taking into account interoperational turning.

(a) (b) 160

L

Fig. 1. (a) The trapezoid anvils: #, = 10 mm, b =40 mm, // = 40 mm, B = 80 mm,
(b) The skew anvils (a = 30°)

The results of the numerical calculations of forging on trapezoid anvils after
the second pass are presented in Figure 2. The area with the maximum values of
the effective strain was that of the central part of the deformation valley, and
it amounted to &; = 0.90+1.00 (Fig. 2a). In the corners, and on the contact surfaces
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of the forging with the tool, somewhat smaller values of the distribution of the
effective strain were obtained, namely &, = 0.60+0.80. The even distribution of the
effective strain was accompanied by the even distribution of the effective stresses
on the surface of the cross-section of a forging, namely ¢, =120+140 MPa (Fig. 2b).
Virtually on the entire surface of the cross-section, favourable compressive stresses
were observed; the only exception was that on small areas in the corners of forging
it was possible to observe small values of the tensile stress (Fig. 2c). Large values
of the effective strain on the best part of the surface of the cross-section shaped
on trapezoid anvils was conducive to generating significant values of plastic
deformation work converted into thermal energy, which was conducive to thermal
stability in the course of deformation in the internal zones of forging (Fig. 2d).
It was only on the contact surfaces between hot metal and cooler anvils that
a decrease in temperature by A7 = 90+130°C was observed (Fig. 2d).
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Fig. 2. Distribution of effective strain (a), effective stress (b), mean stress (c)
and temperature (d) in the middle cross-section of the specimens after the
cogging process on trapezoid anvils with a reduction ratio ¢, = 0.70

The results of numerical calculations on skew anvils after the second pass
are presented in Figure 3. The largest deformation occurred in the central part of
a forging and amounted to &, = 0.60+0.80 (Fig. 3a). In the corners, and on the con-
tact surfaces of the forging with the application of a tool, much smaller values of
the distribution of the effective strain, namely &, = 0.40+0.50, were obtained. Such
a distribution of the effective strain on the surface of the cross-section of a forging
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was accompanied by a distribution of the effective stresses similar to that obtained
on trapezoid anvils, namely o¢,=117+149 MPa (Fig. 3b). The analysis of the
diagrams shows significantly greater diversity of the effective strain, and also
displays mean stresses, in particular in the areas of the zone of deformation in
comparison with those obtained on trapezoid anvils. However, the mean stresses g,
in the central part of the deformation valley were compressive, which has a signifi-
cant influence on the internal quality of the forgings. It is only in the lateral zones
of the forging that it is possible to expect the presence of small tensile stresses
(Fig. 3¢). It was observed, as during shaping in trapezoid anvils, thermal stability in
the central parts of the forging (Fig. 3d). It was only on the contact surfaces between
hot metal and cooler anvils that decrease in temperature by A7 =90+130°C was
observed.
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Fig. 3. Distribution of effective strain (a), effective stress (b), mean stress (c)

and temperature (d) in the middle cross-section of the specimens after the
cogging process on the skew anvils with a reduction ratio g, = 0.70
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The experiment was conducted to validate the proposed model by comparing
the effective strain and the deformation temperature between the experimental
measurements and simulation results. The results are presented in Figure 4. The
state of deformation was determined with the application of the coordination grid
method. The initial temperature of the deformed material was 1100°C. The detailed
description of that method is presented in the work [13]. Temperature was measured
at selected points on the surface of the deformed forging with the application of
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a thermal thermovision-camera (the emissivity was 0.7). The conducted compara-
tive analysis of the effective strain, and also the temperature obtained in numerical
calculations, and obtained by means of experiments, showed their relatively good
compatibility.
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Fig. 4. Comparison between the simulated (a) and experimental (b) effective strain distribution
(reduction ratio €, = 0.35) and variation of the temperature at selected points of the
deformation valley ((c), ¢, = 0.70) after the cogging process in the skew anvils

4. Conclusions

The conducted numerical research, confirmed by means of experiments, made
it possible to determine the local conditions describing the state of strain and stress,
and also the distribution of temperature, in the course of forging a tool steel,
on trapezoid and skew anvils. Both kinds of forging tools deserve the name of high
efficiency in terms the distribution of the effective strain, stresses, absence of
tensile stresses in the axial zones of a forging, and also high thermal stability of
the internal zones of the deformed material. At the initial stages of forging, it is
proposed that more effective trapezoid anvils be applied, whereas further, and also
finally, forging may be conducted on versatile skew anvils. The conducted research
confirmed that, by means of choosing an appropriate shape and geometry of the
working surface of anvils, and also relevant technological parameters, it is possible
to significantly influence: the location of the maximum values of the effective
strain and stresses, the value of the unevenness of the distribution of the effective
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strain, and also reducing of tensile stresses in the deformation valley, which makes
it possible to objectively control the internal quality of a forging and the level of
product properties.
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