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Abstract

Two-way multi-axial forging was performed on a newly designed closed-die forging tool. The tool was op-
erated on an MTS 810 material testing system. The connected computer recorded force and crosshead dis-
placement as a function of time during operation. The sample material of the four-step forging experiment
was CuE copper alloy. The plastic deformation was 0.8 per step, thus the rate of cumulative equivalent plastic
strain was 3.2 by the end of the process. The speed of movement of the active tools during the whole test was
2 mm/min. Finite element simulation was performed with QForm3D software to investigate the force con-
ditions of the process. The necessary flow curve was determined by Watts-Ford test. The force-displacement

curves of the physical simulation were compared with the results of the finite element modeling.
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1. Introduction

In recent years ultrafine and nanograined ma-
terials have become very popular in materials
science[1]. This is due to their more favourable
mechanical properties compared to the same
quality coarse-grained materials. Ultrafine grain
structure can result in increased strength, high-
er fatigue limits, and increased toughness [2-3].
There are several methods to create these materi-
als [4-6]. Those that apply significant shear stress
on the material are called severe plastic deforma-
tion (SPD) processes [7-9]. Multi-axial forging is
one of these methods [10-11].

Earlier a newly designed, closed-die forging
tool was developed to investigate the mechanical
properties of materials that can be produced by
multi-axial forging. Our aim was to investigate
the force history of a four-step forming with this
new tool. Additionally, the previously implement-
ed physical simulation was recreated with finite
element modeling. Thus, we could compare the

recorded force-displacement curves and draw
conclusions about the reliability of the finite el-
ement model.

2. Experimental

2.1. Material

In order to keep the tool loads at a controllable
level, a suitably soft material had to be selected as
workpiece. Thus, the chosen material was indus-
trial grade copper. The chemical composition of
the CuE material was measured by EDAX Z2 type
SEM-EDS system, but it could not detect a signifi-
cant amount of impurities. The workpiece nomi-
nal dimensions were 10x10x20mm. This geome-
try was machined from block material. To reach
the softest state of the material, the workpiece
was placed in an oven preheated to 950°C, and
after 15 minutes of holding at this temperature,
it was put into cold water. This heat treatment
eliminated the effects of aging and the unknown
deformation history prior to the tests [12].
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2.2. Equipment

The tool used for physical simulations is com-
posed of three main parts as shown in Figure 1.
1The first part is the center block, where the forg-
ing takes place. The second part is the tool hous-
ing, which frames the other components and en-
sures the relative position of the individual parts
to one another.

Finally, linear actuators are included to provide
the tool movements required for forming. The
four self-moving stamps are connected by the
tool housing. Thus, the stamps facing each other
always move together, but with a maximum dis-
placement of no more than 5-5 mm.

An MTS 810 universal material testing system
was used to implement the necessary tool move-
ments and to record the displacement and force
data as a function of time. The maximal measur-
ing limit of the equipment was 250 kN. During
forging, the movement speed of the crosshead
was 4 mm/min, which results a 2 mm/min move-
ment speed for each tool.

To minimize tool loads, the friction had to be re-
duced. To achieve this, proper lubrication of the
workpiece and the forming cavity was essential
[13]. Surfaces directly contacting the workpiece
were coated with zinc stearate paste prior to test-
ing. Due to the closed nature of the die cavity,
the cover plate must be temporarily removed for
lubrication and insertion of the workpiece, and
then reattached before the first forming step.

At the end of the current forging step, the tool
returns to its initial position. The geometry of the
workpiece is the same as the initial one, but rotat-
ed 90 ° in space. Due to the symmetrical design of
the tool, with a 90 ° rotation, the relative position
of the tool and the workpiece to the MTS system
can be reset without opening the tool forming
cavity. After rotating the whole tool, the next
forming step follows.

2.3. Physical simulations

During the physical simulations four consec-
utive forming steps were performed, while the
displacement of the crosshead and the force were
recorded as the function of time. Figure 2 shows
the first two forging steps, as they are representa-
tive of the whole cyclic process.

Assuming a plane strain state, the logarithmic
deformation of the workpiece is approximately
0.80. (1)
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Figure 1. General construction and main parts of the
used closed-die multi-axial forging tool
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Figure 2. Schematic figure of two consecutive for-
ming steps while maintaining the position
of the workpiece (gray). Starting position
(a), final state of the first forging step (b),
tools move back to their initial position (c),
end of the second forging step (d)

where ¢ is the plastic strain, H is the initial height
of the workpiece and h is the workpiece height
measured at the end of the forging step [14].

The cumulative plastic deformation (¢,,,) can
accordingly be calculated as the sum of the plas-
tic strains achieved in each forging step (2). In the
4-step forming process presented in the current
study, its value is 3.2.
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2.4. Finite element modeling

A finite element model was developed to repro-
duce and analyse the multi-axial forging process.
To create the finite element model, QForm3D soft-
ware was used. 3D models can give more accurate
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results of the process than 2D models, but their
computation requirements are significantly high-
er. Due to the arrangement of the tools and the
symmetry of their movements, it is sufficient to
use an eighth model, which can reduce the max-
imum number of elements and, consequently,
the required computational time. The nominal
dimensions of the tool and the workpiece were
used to create the necessary geometry, and the
displacement-time data measured during the
physical simulations were used for the tool move-
ments [15]. The assembled model is shown in Fig-
ure 3.

The finite element mesh was automatically cre-
ated by the software. Additionally, the workpiece
was remeshed in each calculation step. Mesh
refining was also applied in the contact area be-
tween the workpiece and the tool. For the whole
process tetragonal elements were used. Their ini-
tial number was 29069, but by the end of the sim-
ulation, this had increased to 33748 due to contin-
uous mesh refinement.

The flow curve used in the calculations was
measured by Watts-Ford test on a specimen pre-
pared under the same conditions as the work-
piece [16]. It is important to point out that the
maximum plastic strain here was only 2.97, so
the stress-strain curve beyond this value was gen-
erated by the program based on the fitted curve
(Figure 4).

3. Results and discussion

The change of force as a function of displace-
ment measured during the physical simulations
is shown in Figure 5.

Within each forming step, the force increased
monotonically, and the force requirement of each
forming step increased with the number of form-
ing steps. At the end of the first three steps, the
increase in force was nearly the same at 10 kN.
Thereafter, the increment in force was reduced,
and the force of the fourth step did not change
significantly compared to the previous step. The
dislocation density of the softened copper is
presumably no longer increasing after the third
forming step to such an extent that it causes a sig-
nificant increase in the force [17].

The force-displacement curves of the finite ele-
ment model show a similar trend with the results
of the physical simulation (Figure 6).

As the forming steps progress, the force also
increases step by step, and maintains its monoto-
nous nature within a given step. In contrast to the

Figure 3. The 3D models used in the simulation.
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Figure 4. Watts-Ford test result and flow curve fitted
to the data.
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Figure 5. Force-displacement curves obtained by the
physical simulation of multi-axial forging.
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Figure 6. Force-displacement curves obtained by fini-
te element modeling.

physical simulation, the force increase at the end
of the first three steps is only about 5 kN. By the
end of the fourth step, the force shows a drastic
increase. The reason for this is presumably that
the flow stress curve recorded by the Watts-Ford
test was not measured over the entire test range,
and in the second half of the fourth step, the fitted
curve presumably rose steeper than reality.

By fitting the curves of the physical and finite
element simulations to each other, for a given
forging step the curve of the physical simulation
is located slightly below the curve of the finite el-
ement model (Figure 7).

An exception to this trend is the curve for the
fourth forging step, where the force values ob-
tained with the finite element model jump dras-
tically. This can be traced back to several reasons.
On one hand, it can be assumed that the fitted
flow-stress curve does not flatten after leaving
the studied deformation range of Watts-Ford test
as it would in reality. On the other hand, the dif-
ference may also be related to the deformation
history of the workpiece. The tests were preceded
by a softening heat treatment, so the deforma-
tion of the material could start from an almost
isotropic state and could be transformed into an
anisotropic structure during forging. The effect of
this on the macroscopic properties presumably
reached the extent that it could be detected in the
third and fourth forming steps.

4. Conclusions

We performed successful experiments with a
closed-die multi-axial forging tool. The four form-
ing steps were performed by rotating the tool 90°
after each step without opening the die cavity. Ex-
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Figure 7. Comparison of force-displacement curves
resulting from physical simulation and fini-
te element modeling.

amining the obtained force-displacement curves,
the measured force increased step by step. These
characteristics were also supported by the finite
element model of the process. The differences
in the finite element model, especially those ex-
perienced during the fourth forming step were
caused by the differences in the test ranges of the
physical simulation and the Watts-Ford test. The
finite element model was able to approximate re-
ality, but to improve its accuracy it is necessary to
refine the applied material model.
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