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Abstract
Hot massive forming is performed using uniform heating of the materials to avoid wrinkle
formation. A new approach, which is investigated within a research project, is presented in
this paper, using a tailored heating with different temperature zones to conduct hot massive
forming and semi-hot forming within one component in one process step. Yield stresses and
therefore forming behavior depend on the temperature of the material. Tailored heating is
used to set a predefined temperature distribution and associated forming behavior. This paper
contains initial numerical results of round bars. Boundary conditions have been varried and a
comparison of a diameter of 80 mm with a diameter of 50 mm is presented. Additionally,
three different materials have been investigated numerically: a stainless steel 1.4301, and two
quenched and tempered steels 1.7225, and 1.0503.
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1. Introduction
Large quantities of steel are processed with hot massive forming. The process of steel
making requires a high amount of energy accompanied by a high amount of CO2 emissions.
Massive forming is often conducted at small and medium-sized enterprises with a high share
of excess material. Reducing surplus of material therefore results in reduction of primary
energy and CO2 emissions and therefore leads to an improvement of overall efficiency of the
process [5].
Material properties during massive forming are mostly temperature-dependent. Massive
forming is divided into three regions, varying in temperature. Hot massive forming is
performed at temperatures between 1000 °C and 1300 °C. Within this temperature, less
energy is required to perform deformation. At the same time, the forming capacity of the
material is improved because of reduced yield stresses. Semi-hot forming is conducted within
the temperature region of 600 °C and 950 °C. The main advantages are a better surface
quality and improved shape and dimensional accuracy. This is due to reduced thermal
shrinkage. The formation of scale can also be reduced by lowering the temperature [3].
Temperature has a big impact on material properties and geometries of the components.
Increasing temperature results in lower yield stresses of the material so that the deformation
of the component is obtained with less force A previous study shows that different
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temperature regions within one component can lead to a tailored deformation, as presented in
Figure 1 [4]. By using this approach, multiple forming process steps can be reduced to one
step [10]. Complex forming tools, which are required for the production of preforms
nowadays, would be redundant.

Figure 1: Deformation resulting from upsetting a component with a tailored temperature
profile according to [4]
This paper presents initial numerical investigations of tailored heating of a round bar made
of steel using Direct Flame Impingement (DFI). Using DFI a high heat flux into the
component is realized. This is due to high velocities of the flame and off-gas at the burner
nozzles, which lead to high convective heat fluxes [6].

Figure 2: target temperature profile in axial direction within the sample [11]
A current research project aims to produce a symmetrical temperature profile along a round
bar. Figure 2 shows the temperature distribution that is desired in the sample. Core and
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surface temperature need to be within the temperature rage, which is marked in yellow
squares. With this temperature distribution, two hot forming zones are obtained, where
temperature should be 1250 °C ± 30 °C. They are referred to as Hot Zones (HZ) in the
following sections. Three regions with a target temperature of 950 °C ± 30 °C for semi-hot
forming are referred to as Cold Zones (CZ). The intended application will include a handling
from the heating aggregate to the forming tool, which is included in the model. The given
temperature distribution is to be obtained after an estimated handling time of ten seconds.
2. Numerical setup
Tailored heating of the round bar using DFI is initially investigated numerically. The
numerical model includes the geometry of the round bar, as depicted in Figure 3. It has a
diameter of 80 mm and a length of 474 mm. Due to the symmetrical heating of the sample
the model only contains one half of the round bar. The mesh used for the presented results
consists of 300,000 cells using a mesh size of 2 mm. The orthogonal quality is 0.37 for this
mesh. A mesh study has been conducted before doing detailed calculations [11]. A round bar
with a diameter of 50 mm has been calculated as well. For this geometry, a mesh size of 2 mm
has been found most efficient in a mesh study. The final mesh has a minimum orthogonal
quality of 0.45 and consist of 135,000 cells. The calculations are performed with Ansys
Fluent®.

Figure 3: Mesh and geometry of the round bar with a diameter of 80 mm, including the
zones with differing boundary conditions.
The zones have different boundary conditions ,varying in the heat flux applied. At the Hot
Zones (HZ) burners are used for DFI heating. Therefore, a heat flux into the sample is
applied. This heat flux is currently assumed to be distributed as the heat flux profile of an
isothermal cold air nozzle onto a plane plate. The distribution of the heat flux of the nozzle
with a diameter of 30 mm is shown in Figure 4. This distribution of the heat flux combined
with a relation between burner output of a DFI swirl burner and mean heat transfer coefficient
determined by Bruns [2], gives the initial guess for the boundary condition for heat flux input
on the surfaces of the HZ of the sample. The resulting heat flux for a single burner with an
output of 60 kW is given in Figure 5.
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Figure 4: heat transfer coefficients of a cold air nozzle with a diameter of 30 mm, an outlet
velocity of 90 m/s and a distance of 50 mm to the plate of 400 mm length of the edges [11]

Figure 5: heat flux relative to the middle of the burner [11]
All surfaces, which do not belong to the Hot Zone (HZ), are assigned heat flux boundary
conditions. These are characterized either by convective heat losses and radiation or by
adiabatic boundary conditions. After initial calculations a third option was implemented,
which implies a layer of insulation material to regulate heat losses.
To implement these options, a User Defined Function (UDF) is used. For the convective
heat transfer q̇’’conv equation (1) is defined [1]:

q ''conv   (Tsurface  Tsurrounding )
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(1)

The heat transfer coefficient α is estimated as 10 W/(m²∙K) at a surrounding temperature
Tsurrounding of 27 °C. Tsurface is the actual surface temperature at each time step. Radiative heat
transfer is defined with equation (2) [1]:
q ''rad      ((Tsurface )4  (Tsurrounding )4 )

(2)

Emission coefficient ε is estimated as 0.6 and the Stefan-Bolzmann-Constant is defined as
σ = 5.67∙10-8 W/(m²∙K). For the inclusion of an insulation, heat transfer through this layer
q̇’’ins is implemented according to equation (3) [1]:

q ''ins 

Tsurrounding  Tsurface
dins 1


ins



The layer of insulation can be varied in thickness dins. Thermal conductivity is assumed to
be constant with λins = 0.25 W/(m∙K).

Figure 6: specific heat capacity of 1.4301 and 1.0503 and thermal conductivity of 1.4301,
1.0503 and 1.7225 [7-9]
Three different materials are investigated in this paper. The temperature dependent mean
specific heat capacities for the stainless steel 1.4301 and the quenched and tempered steels
1.0503, also known as C45, and 1.7225, also known as 42CrMo4, are shown in Figure 6. The
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(3)

specific heat capacity of 1.0503 and of 1.7225 are congruent, while the specific heat capacity
of the stainless steel is smaller for temperatures above 300 °C.
3. Calculations and results
Investigating the variation of process parameters is done with the numerical model. The
results show impacts of parameters and reveal problems for experimental studies. The
parameters varied are: heat losses on surfaces, diameter of the round sample and material of
the sample.

Figure 7: Profile of temperature after heating of the sample with and without heat losses in
free surfaces.
Initially heating was investigated with and without heat losses on the free surfaces. Figure 7
shows the resulting temperature profiles along the axis of the sample at the core and at the
surface of the sample. The samples were heated from 27 °C with the maximum power of the
burners of 60 kW. Each HZ is impinged with three burners for 30 minutes.
The profiles show that the heat losses on the outer free surfaces lead to a lower temperature
on the edges of the sample compared to the middle of the sample. If the surfaces are presumed
to be adiabatic, the temperature in the middle of the sample is 130 °C above the maximum
temperature of 980 °C while the temperature at the edges of the sample is within the target
region. For the free surfaces with free convection and radiation, the heating time needs to be
increased to reach the target temperature in any region. Temperature differences between
surface and core can be reduced compared to the adiabatic surfaces though.
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To investigate DFI for forging, different geometries have to be taken into account. A round
bar with a diameter of 50 mm has been investigated numerically to compare the required
heating power. The resulting temperature profile is presented in Figure 8. The surfaces not
belonging to the HZ have adiabatic boundary conditions. For the round bar with a diameter of
80 mm three burners per HZ are required to heat the sample for 30 minutes to reach
temperature close to the target temperature range (configuration 1). For a similar result, a
round bar with a diameter of 50 mm needs to be heated with two burners for 25 minutes
(configurations 2). The thinner sample has an even temperature distribution along the axis,
while the thicker sample has a higher temperature difference in the HZ, than the thin sample
and a smaller temperature difference in the CZ, than the thin sample. The temperature of both
samples is too high in the middle of the sample, which implies that cooling or insulation has
to be implemented in this area.

Figure 8: Profile of temperature after heating of the sample with a diameter of 80 mm and a
diameter of 50 mm.
Three different materials have been compared with the same heating parameters to
investigate the differences. For this calculation, insulation was applied on the surfaces of the
sample. In the middle of the round bar, in between the HZ, the insulation layer has a thickness
of 5 mm. The insulation layer on the other surfaces has a thickness of 13 mm. These layer
thicknesses have been found best to achieve the target temperatures. Two burners with a
maximum power of 60 kW heat each HZ of an 80 mm round bar for 50 min. Using the
insulation two burners are sufficient to achieve the target temperature. The resulting
temperature profile is presented in Figure 9.
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The quenched and tempered steels 1.0503 and 1.7225 have a very similar temperature
profile after heating and handling. The temperature of stainless steel 1.4301 is about 45 K
higher. This difference is due to a smaller specific heat capacity of the stainless steel than
those of 1.0503 and 1.7225 (Figure 6). The specific heat capacity of 1.0503 and of 1.7225 are
congruent, while the specific heat capacity of the stainless steel is smaller for temperatures
above 300 °C. Therefore, the heating of the round bar made of 1.4301 results in a higher
temperature with the same heat flux.

Figure 9: Profile of temperature after heating of the sample with different materials
The parameters for heating of 1.7225 and 1.0503 can be applied simultaneously. 1.4301 has
to be investigated separately but there are only small differences to be expected. Using the
insulation is an expedient measure to achieve the target temperature profile. Insulation could
be wrapped around the round bar before the DFI is started to reduce heat loss during heating.
4. Summary
Tailored heating of the round bar using Direct Flame Impingement (DFI) has been
investigated numerically. To achieve the required temperatures for hot massive forming up to
three burners per HZ are required. The main challenge to achieve the target temperature
profiles is to control the heat loss on the surfaces that are not impinged by the burners.
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Solutions are layers of insulation or a hot atmosphere surrounding the sample. Also selective
cooling in the middle of the sample has to be taken into account.
Temperature differences between core and surface of the sample are within the required
temperature range. The temperature has to be achieved on a broader range in axial direction,
though. For each geometry the investigations have to be considered seperately. 1.7225 and
1.0503 can be assumed to have a similar temperature profile using the same settings. This has
to be confirmed experimentally. 1.4301 has to be considered seperately, due to the different
material properties and therefore different warm-up behaviour.
For further numerical studies the heat transfer has to be confirmed by experimental
investigations. These have to be optained for different diameters seperately to take the flow
around the sample into account.
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