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Abstract

In hot forging processes, geometry of the formed workpieces deviate from the desired target geometry, due to complex interactions between tools
and billets which result in inhomogeneous temperature and stress fields. The resulting deviation can only be mapped insufficiently by using
numerical simulation which makes it difficult to be considered when designing the tool. Therefore, the development of forging tools requires an
iterative adaptation process through a large number of revisions in the tool geometry, which escalates the resulting costs. To compensate the
deviations and reduce the number of tool revisions, a holistic view of the influencing factors on the geometrical deviation is necessary. In order
to address this issue, a hot forging process was developed, whose geometry is prone to high deviations, and a stress-based compensation model
was applied. For this, forging experiments were carried out and a comparison was made between the actual geometry and the desired one by
means of 3D coordinate measurements. The compensation methodology, which directly takes into account the complex 3D stress states during
forming, allows to determine a compensating tool geometry. This opened up the possibility of validating the simulation results and testing a

compensation model while eliminating deterministic deviations in hot forging processes.

© 2020 The Authors. Published by Elsevier Ltd.

This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-nc-nd/4.0/)
Peer-review under responsibility of the scientific committee of the 23rd International Conference on Material Forming.

Keywords: bulk forming; deviation; geometrical compensation; numerical simulation

1. Introduction

Forging processes are carried out under extreme thermal
conditions to reduce the yield stress and increase the formabil-
ity of the workpiece material [1]. In spite of this, high mechan-
ical loads occur during forming. Due to complex interactions
between thermo-elastic-plastic effects and the tool-workpiece
system, an accurate prediction of these processes is hardly pos-
sible [2,3]. Elastic spring back, caused by high thermomechan-
ical stresses, occurs after forging, which in addition to the
shrinkage behavior leads to deviations from the actual to the
desired geometry. Because of unpredictable deviations after
forming, especially in functional areas of the component, a me-
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chanical post processing is required. In order to reduce the ef-
fort of the subsequent process stages, to limit excess material
and to keep the machining allowance as low as possible, the
tool contour is modified to minimize deviations. In this proce-
dure, the geometry is generally empirically adjusted by trial-
and-error to the target contour, which is only an inadequate so-
lution to the problem of precision and causes high costs in the
development phase [4]. Decision support systems, connecting
forging and product specifications, to evaluate the influence of
single monitored process parameters already exist [5]. To re-
duce iterative steps and to achieve an optimal approximation of
the output geometry to the nominal geometry, deviation com-
pensation models can be used.
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2. Method

In sheet metal forming, where the main loading conditions
are represented by plane stress state, the application of devia-
tion compensation models has already been extensively studied
and validated in previous investigations [6,7]. Since higher
forces and temperatures occur in bulk forming processes com-
pared to sheet metal forming, the consequent higher load on the
tools must be considered by the deviation compensation model.
Although model-based approaches accounting for component
variations in bulk forming exist, they are always limited to cer-
tain parameter fields or support only certain portions of the de-
formation. Based on the work of [7,8], the calculation of elastic
spring back of solid components is carried out with a three-di-
mensional high-order approach, taking also into account the
shrinkage and transformation behavior of the materials during
cooling. The deviation compensation should also lead to a
shortening of the process chain due to higher dimensional ac-
curacy.

The conventional compensation strategy and the new ap-
proach acting directly on the CAD data are shown in Fig. 1. By
identifying phenomenological relationships, the compensation
model can generate a tool contour by means of surface replace-
ment, which counteracts deterministic deviations of forged
components. In order to be able to test and to adapt the com-
pensation model, the deviations are examined on basis of the
results of a sensitivity analysis. Simulation results validated by
experimental investigations are used to perform an iterative
compensation of occurring deviations. This process is carried
out until a sufficient compensation of the deviations is reached.
The model is continuously adapted to limit the iteration steps
to the design stage, which is ultimately a reasonable solution
with high efficiency. The compensation model in its final ver-
sion expresses the updated tool CAD geometry leading to a
strong reduction in the deviations of the parts.

The purpose of the current investigation is to detect deter-
ministic deviations on forgings, arising numerically and exper-
imentally, and to make them available in a suitable form for the
validation of a deviation compensation model. In order to gen-
erate an optimized bulk formed component geometry an itera-
tive simulation-model coupled process is introduced. The chal-
lenge here is to describe an imprecise process and to optimize
it to such an extent that even the smallest deviations can be ac-
curately represented and compensated by tool-development.
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Fig. 1. Comparison of the conventional deviation compensation strategy and
the new approach.

Process robustness and adaption of manufacturing toler-
ances are in focus when considering stochastic influences. By
contrast, deterministic deviations can be eliminated by tool
compensation, because of their uniform direction and system-
atic occurrence [9]. To investigate deterministic deviations in
forging processes, a rotationally symmetric geometry using
DIN 7523 "Steel Forgings" [10] has been developed which al-
lows reducing the influence of stochastic effects. It exhibits
systematic contour deviations during deformation due to the
complex thermo-mechanical loads arising while forging.

Parameters like thermal changes during the forming cycle,
secondary yielding caused by contracting as a result of unload-
ing, elastic recovery of the component, elasticity of tooling and
the forming machine, and the thermal contraction of the com-
ponent after ejection from the forming tools show a significant
influence on the geometrical stability [9]. The process parame-
ters workpiece and tool material, forming and tool temperature
are varied in this study. In case of workpiece material, research
has shown that the carbon content in particular affects the
shrinkage behavior [11]. Therefore, the steel 1.7225
(42CrMo4) with a high carbon content and 1.7131 (16MnCr5)
steel with low carbon content are used.

The tool material is another important factor considering
elastic deformation due to thermo-mechanical process control.
Therefore the materials 1.2714 (55NiCrMoV7) and 1.2365
(32CrMoV12-2) were used for the forming dies. Table 1 shows
the process parameters, which were investigated full factorial.

Table 1. Process parameters for the experimental sensitivity analysis.

Workpiece Tool material Workpiece tem-  Tool tempera-
material perature [°C] ture [°C]
1.7131 1.2714 1250 250

1.7225 1.2365 1050 150

The experiments were carried out with a mechanical screw
press “Lasco - SPR 500”. To achieve a homogenous tempera-
ture distribution the billets were heated for 15 min in a chamber
furnace to selected temperatures. The process used is forging
with open die, where the flash is formed from the flange of the
cup. The initially produced tool contours are based on the pre-
viously defined component geometry, which is assumed to co-
incide with the target geometry, shown with the tool system in
Fig. 2. When the punch penetrates the billet it generates surface
area while applying shear forces on the material. Simultane-
ously high thermo-mechanical stresses are applied, which lead
to a complex stress state. During expansion of the flange area,
additional tangential tensile stresses are introduced into the
component, increasing the complexity of the resulting stresses.
After the forging process, the parts were air-cooled. Deviations,
which extend from the ideal part geometry, are marked as pos-
itive. For negative deviations, the contour appears within the
target geometry.



Bernd-Arno Behrens et al. / Procedia Manufacturing 47 (2020) 295-300 297

after releasing the forged part

™
=3
==

load cell

upper die

mechanical stop

forged workpiece

lower die =
ejector

Screw press

’ after cooling the forged part

deviation-prone geometry

-
’ -
| \

positive deviation [+]
negative deviation [-]
desired contour

Fig. 2. Tool system with forged workpiece and deviation-prone geometry.

In order to test the dimensional accuracy, contour measure-
ments were carried out. A holistic representation of the entire
surface allows the optical measurement system “GOM- Atos 2
400” based on the triangulation principle. The measured geom-
etry can subsequently be superimposed with the target geome-
try and a comparison of the surface contour can be achieved via
inspection sections and following area comparison. Since the
measurement uncertainty moves below 0.01 mm this measur-
ing method can be applied. The inspection sections were deter-
mined in two levels and compared with 52 specified reference
points. Fig. 3 shows illustratively a measured component of the
test series with workpiece material 1.7225 at a forming temper-
ature of 1250 °C, formed with dies of 1.2714 at a temperature
of 250 °C. The location and number of reference points have
been chosen so that the deviation compensation model can op-
timally determine the contour and further be adapted. For this
purpose, the reference points were placed in the region of the
radii with a higher dislocation density. The flash that forms in
the flange area is not taken into account since it has an indefin-
able contour.

Fig. 3. Deviations measured on a forged part ( T} 705 = 1250°C;
Ti.2714 = 250°C) using GOM.

Within this study, the thermal and mechanical deviations
were investigated in a hot forging process. Therefore, material
characterization of the workpiece materials 1.7131 and 1.7225
was carried out in order to determine the flow behavior at pro-
cess related temperatures and strain rates. For each run of the
sensitivity analysis, relevant variables, including component
deviations and elastic tool deformation, can be written out and
thus the influence of the varied parameters on the overall result
can be assessed. As a result, the compensation model is based
on extensive experimental and numerical investigations on a
broad database.

3. Results

The process runs in several stages, which must be taken into
account when considering the causes of deviation. The forming
process is completed as soon as the stamp is in lowest position.
After completion of the forging process, the outer surface is re-
leased by the shrinkage from the lower die and the inner surface
is pressed to the stamp [6]. The tool geometries were designed
in a way that the material flow contributes to increase the flow
resistance, which is mainly caused by small radii on the stamp
in an area where a large surface generation takes place. In the
part geometry, a reduction in cross-sectional area is provided
which significantly increases the stress on the dies, since the
flow resistance increases as a decreasing cross-sectional area is
formed. Fig.4 shows the stress distribution after forming, ejec-
tion and cooling. Along these three stages, the highest stresses
result at the end of the forming process and are located in the
bottom area and cup transition. When considering the individ-
ual stages, all deviations can be attributed to different spring
back mechanisms. The stresses are largely relieved after ejec-
tion, but subsequent cooling leads to the build-up of internal
stresses in the component. These mechanisms are to be consid-
ered as the cause for the subsequent distortion of the compo-
nent.
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Fig. 4. Equivalent stress of the part in the process stages after forming, after
ejection and after cooling to ambient temperature (tool: 1.2714 - 250°C;
workpiece: 1.7225 — 1250 °C).

Experimental and numerical results show an influence of the
forming and tool temperature on the arising deviations. The in-
teraction of material configurations also shows an influence on
the resulting deviations. The forming situation after completion
of the forging process is different due to a higher temperature.
Tool spring back rises with higher temperatures, thus the com-
ponent has a more deviating geometry already at the time of
ejection. The induced stress in the component and the tool
hardly differ here. As the tool temperature rises, there is an in-
crease in deviations of the component base. This is caused by a
higher elastic spring back on the upper die side, and by an ex-
pansion of the diameter on the die wall on the lower die side.

In Fig. 5 the averaged deviations of the forged parts in the
experimental sensitivity analysis are shown. The deviations in-
crease significantly in the examined workpieces with higher

temperature. In particular, the tool material 1.2365 shows a
higher influence on the elastic spring back in the component
than the tool material 1.2714 at a high forming temperature.
High forming temperatures show a greater change of the com-
ponent shape after ejection and cooling. At a temperature of
1250 °C the standard deviations are significantly higher than
the elevated temperatures entail higher uncertainties regarding
the stress distribution. According to "DIN ISO 286-1" [12], de-
viations occurring are classified in IT stages depending on the
nominal size. For forging with open die IT range 12 - 14 is de-
fined according to [13]. The deviations occurring with tool ma-
terial 1.2365 show a high difference with changing tool tem-
perature. It can be shown that the tool material also has a sig-
nificant influence on the accuracy in forging. The deviations,
which were caused by using 1.2365 and a forming temperature
of 1250 °C, are outside the tolerance range that should be
achieved during forging at higher temperatures. Likewise, the
temperature of the investigated tool materials shows an increas-
ing influence with rising temperatures. The comparison of the
forging contour with the ideal contour shows the occurrence of
small deviations. The simulative deviations are smaller than the
experimental ones, since stochastic effects on the surface like
scale formation and an inhomogeneous application of lubricant
can hardly be simulated on the forging process. The workpieces
were observed at the end of the forming process, at the bottom
dead center of the die movement, directly after ejection and af-
ter cooling. After ejection a complete relaxation takes place,
additional deviations caused by internal stresses due to cooling
process are illustrated by the simulation and the final deviations
of the workpieces. For further simulative adjustment, the test
series with the workpiece (Ti17225 = 1250 °C) and the tool
(T1.2714 = 250 °C) is considered, since it showed high contour
deviations with low standard deviations within the test series.
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Fig. 5. Arithmetic mean of the measured deviations on forged workpieces under varied tool and workpiece material at different interacting temperatures.
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The simulation-coupled compensation of the forging devia-
tions with the iteration stages carried out is shown in Fig. 6.
Here, a distinction is made between the deviations on the upper
and lower edges. After the fourth iteration step, the deviations,
caused by the upper die, increase again. A reduction of the de-
terminological deviations of 65 % is achieved numerically. By
adapting the tool geometry to the compensated shape, a higher
mechanical and technological effort is required because the
new geometry of splines is composed on the tool contour.
After the 4th iteration step overcompensation occurs and the
geometries show larger deviations. Following iterations do not
result in an improvement that justifies further iterative adjust-
ments.
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Fig. 6: Numerical contour deviations transferred by the upper and lower die
after iterative adaption.

4. Discussion

The experimental results show significant influence of the
forming temperature on the deviations occurring in the forming
process. By increasing the forming temperature from 1050 °C
to 1250 °C, significant changes in the form accuracy were de-
tected. The strain on the tool, outside of the numerical repre-
sentation, seems to be subject to fluctuations due to stochastic
influences which cannot be calculated. The forming forces
cause high mechanical stresses, which increase sharply during
forging with open die towards the end of the forming process
due to the pressure in the die. The ultimate stresses in the tool
result from the superposition of mechanical and thermal loads
[14]. Deviations from the ideal geometry already occur at the
end of the forming process, which are caused by elastic defor-
mation of the tools. Depending on the workpiece material and
temperature conditions, these deviations are mainly due to the
temperature-dependent flow stresses during forming. The
spring back of the tool is detected by increasing deviations with
raising tool temperature, while the other conditions remain the
same. It is shown that the workpieces forged with tools made
of 1.2365 show significantly higher deviations than the refer-
ence material. This can be attributed to a lower pressure re-
sistance at higher temperatures, as this effect was only observed
at 250 °C tool temperature. Tools made of 1.2714 show also a

slight increase in deviations at higher base temperatures. Com-
paring the simulative results with the experimental forms the
scale layer that forms in the experiment around the workpiece
surface draws an irregular offset of the deviations. This is re-
flected in a high standard deviation, which increases signifi-
cantly as the forming temperature rises and is responsible for
irregularities in the surface condition. This also has an influ-
ence on the dimensional stability of the component in conjunc-
tion with the forming temperature parameter, since different
stresses are primarily caused in the die. However, lower form-
ing forces at higher forming temperatures do not allow for
smaller deviations, but lead to increased distortion after cooling
caused by the shrinkage behavior and the development of re-
sidual stresses.

With the deviation compensation model examined, a signif-
icant reduction of the occurring deviations has been numeri-
cally demonstrated. However, no surface changes such as scal-
ing are taken into account, which leads to an additional influ-
encing parameter.

5. Conclusion

The causes of the deviations introduced are initially trig-
gered by the forming process itself, whereby not only the geo-
metric conditions but also the tool material and its temperature
must be taken into account in addition to the geometric condi-
tions. The experimental results show that a significant influ-
ence of the forming temperature can be observed. Here, the
heating process and the duration of heating should be consid-
ered more closely. In order to reduce the stochastic deviations,
an inductive heating strategy is considered to cause a lower
scaling, which has a negative effect on the friction conditions
or the material flow. However, this leads to an inhomogeneous
yield stress distribution in the workpiece. To achieve a higher
accuracy without the offset caused by surface reactions, addi-
tional measures must be taken to reduce scaling, e.g. heating in
an inert gas atmosphere. When compensating the tool geometry
numerically, the range of IT 9 can be reached, which otherwise
can only be achieved by complex additional measures or preci-
sion forging with closed die. For further investigations the 4.
iteration step will be covered within real experiments. The pro-
duction of the tools to an iteratively adapted, deviation-com-
pensated tool contour represents a challenge in terms of manu-
facturing technology, since a complex contour is created and
also the manufacturing deviations must be taken into account
during tool production.
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