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ABSTRACT 
Because of high productivity, closer dimensional tolerances, and minimal material waste 
precision forging (net or near net shape) processes have been used for manufacturing 
automobile components. The primary disadvantage of precision forging is the 
encountered higher tool stresses due to applied higher forging loads. Thus, forging load 
reduction is a higher priority in precision forging in terms of energy consumption and 
cost because higher loads required higher investment and higher energy consumption. 
Forging load is affected by several parameters such as temperature, material flow, the 
geometry of the billet, and punch movement. In this study, forging load, material flow, 
and normal pressure distribution in the forged part were investigated considering uni-
directional, bi-directional, and two-step forging processes. FEM simulations were 
performed by using a solid cylindrical billet. To perform FEM simulations, the finite 
element analysis package (DEFORM 2D) was used. Also, experimental studies of the FEM 
models were performed. For bi-directional and step-forging experimental studies, a 
double-acting servo press was used because the movement of the top and bottom punch 
can be controlled accurately. Then the results of FEM and experimental studies were 
compared with each other. The results of the FEM simulations and experimental studies 
show two-step forging offers lower forging load and energy consumption whereas the 
uni-directional closed die forging process needs higher load and energy consumption. 
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1. INTRODUCTION 
In order to form a complicated shape forging that has no flashes, enclosed die 

forging that uses one or more punches to squeeze the workpiece in a pre-enclosed 
die has been developed since the 1970s Kopp (1996), Nakano (2010) . When cross-
checked with the open die forging, the workpiece is compressed between the punch 
and die set, and the cavity of the die can be filled under a lower forming load due to 
the reduction of the contact area between the loading punch and the billet. However, 
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as the workpiece material flows and especially fills the die cavity, the forming load 
raises drastically. Therefore, it is very important to decrease the forming load at the 
final stage of the process Shinozaki (1992), Ohga and Kondo (1993). Moreover, the 
material flow in fully enclosed die forging is more complex and difficult to forecast. 
The forging defects such as laps, folds, non-filling of dies, etc. may form. This result 
in the production of forged parts with defects that are not desirable for final 
finishing processes. The finite element analysis (FEA) software has allowed this 
whole forging process to be simulated and it has allowed the prediction of all the 
necessary stress–strain states in both the workpiece and the die set Maccormack 
and Monaghan (2002).There are many studies that analyzed the forging process by 
using finite element simulations in terms of forging load, and material flow, and 
analyzing the gear forging process Zhuang et al. (2019), Al-Shammari et al. (2018), 
Rajesh et al. (2022), Ji et al. (2022), Paramasivam et al. (2019), Obiko et al. (2019), 
Osakada et al. (2011). Recently, there has been a widening demand for developing a 
forging process that uses the servo-press for the forging industry all around the 
world. The development of servo-presses allows for realizing the complex and 
flexible press motion during the manufacturing processes Osakada (2010), Nakano, 
(2010), Kawamoto and Klumb (2012), Osakada et al. (2011). The servo die cushion 
is used as a back pressure load generator to determine its effect on the accuracy of 
the shape of the formed part and total forming load in cold forging. It has been 
shown that the back pressure enabled better die filling with a lower load Kawamoto 
et al. (2014). The forging load can be reduced, and the metal flow can be improved 
by using bi- directional loading for H-shape axisymmetric part Yetkin et al. (2016). 

In this study, uni-directional, bi-directional and two step forging process were 
utilized to examine the metal flow and forging load. These types of forgings were 
compared with respect to forging load and material flow. Forged part of Lead was 
modelled and simulated by using the finite element analysis package (DEFORM 2D) 
and the results are presented. Also, experimental studies were performed. The 
results of the experimental studies and FEM simulations were compared with 
respect to forging load and material flow. 

 
2. FINITE ELEMENT MODELLING AND EXPERIMENTAL 

STUDIES 
In order to obtain final geometry shown in Figure 1 -after forging processes- 

three types forging processes were performed. These are uni-directional, bi-
directional and two step forgings. 
Figure 1 

                                                                       
Figure 1 Final Shape 
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2.1. FINITE ELEMENT MODELLING 
Because DEFORM was especially designed for forming processes, it was used 

for the finite element modelling of the forging processes. Due to work piece 
geometry, two-dimensional modelling was used. In the FEM modelling, in order to 
perform simulations in a possible shorter time, half of the specimen geometry was 
used. The dimensions of the work piece were determined by using volume 
constancy. Work pieces were considered as elastoplastic and work piece material 
was selected from the DEFORM database as Lead. By using automatic mesh 
generation, work piece was divided into elements. The dies were considered as rigid 
material so no need to assign a material type for the dies. In the bi- directional 
forging upper punch speed was selected as 1mm/s and bottom punch was 
considered as stationary. In the bi-directional forging upper and bottom punch 
speed were determined as 1mm/s. In the two steps forging firstly the bottom punch 
were moved then it was stopped, after that the upper punch were moved and the 
speed for both were selected as 1 mm/s. Friction coefficient between the dies and 
work piece were assumed to be 0.3. During the forging process were selected as 
20oC. In the finite element simulations, the Lagrangian incremental solver and the 
Newton-Raphson iteration method were used. The AMG (Automatic Mesh 
Generator) that automatically provides an optimized re-meshing capability is used 
to solve large deformation problems in DEFORM. Finite element models of forging 
processes can be seen in Figure 2. 

 
2.2. EXPERIMENTAL STUDIES 
For the experimental studies, a servo press that has two moveable punches 

driven by the servo motors were designed. In order to plot load-stroke diagram, load 
cells and linear encoders are attached to the servo-press. The die was placed and 
fixed on the press bed. Die set is mainly consist of three parts: container, top punch, 
and bottom punch. The forging process was performed step by step to examine the 
shape of the forged part in the intermediate steps. Final and intermediate shape of 
the forged part can be seen in Figure 3. 

 
3. RESULTS AND DISCUSSIONS 

3.1. MATERIAL FLOW 
Material flow of the three different forging processes can be seen in Figure 4. In 

the uni- directional forging process material flows outward and downward. Once 
the bottom cavity is filled, material flows outward and fills the outer corner of the 
die. Then the material squeezed and subjected to flow into inner cavity of the die by 
both punches. In the beginning of the bi- directional forging firstly a vortex occurs 
in the shear zone which is the region between the bottom and upper die cavities. 
Then the material flows downward and upward and firstly fills the bottom cavity. 
After that all material are subjected to flow by both punches and finally material fills 
the inner corner of the die. In the two-step forging process, firstly, bottom punch is 
moving and causes to material flow upward and relatively downward. After a 
certain stroke, bottom die stops, and material fills the bottom cavity of the die. Then 
the top punch moves and causes to material flow. In this step only a part of material 
is subjected to move and finally the material fills the outer and inner corner of the 
die 
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Figure 2 

                                                                       
Figure 2 Finite Element Models of Forging Processes: A) Uni-Directional, B) Bi-Directional And C) 
Two-Step 

 
 Figure 3 

                                                                         
Figure 3 Final and Intermediate Shape of The Forged Part 
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3.2. FORGING LOADS 
Comparison of the load stroke diagrams for three different forging processes is 

given in Figure 5. Also, comparison of, FEM and experimental load stroke diagrams 
of each forging process are given through Figure 6, Figure 7, Figure 8. As can be seen 
in figure, load stroke diagram of bi-directional and uni-directional forging processes 
show nearly same characteristics while the stroke of the bi- directional forging is 
half of the stroke of the uni-directional forging. Maximum forging load for uni-
directional and bi-directional forging process are very close to each other and 
maximum forging load for uni-directional forging is 42 tonf and for bi-directional 
forging is 39.7 tonf. Maximum forging load for two step forging is drastically lower 
than the uni-directional and bi- directional forging because of that in the first step 
material flows freely and in the second step friction surface between the dies and 
workpiece is reduced hence friction force reduced and this causes a reduction on 
the forging load. Forging load for first step and for second step is 10.1 and 22.5 tonf 
respectively. 
Figure 4 

                                                                       
Figure 4 Material Flow Pattern of the Forging Processes 
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Figure 5 

                                                                       
Figure 5 Load Stroke Diagrams of Forging Processes (Fem) 

  
Figure 6 

                                                                      
Figure 6 Comparison of Load Stroke Diagram of Uni-Directional Forging Process 

 
Figure 7 

                                                                                                                                                                                                                 
Figure 7 Comparison of Load Stroke Diagram of Bi-Directional Forging Process 
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Figure 8 

                                                                       
Figure 8 Comparison of Load Stroke Diagram of Two Step Forging Process 

 
When the punches moved, the work piece flows and fills die cavities and forging 

load gradually increases. At the last period of the forging process forging load 
asymptotically increases and unfilled area of die cavity decreases. The unfilled area 
and corresponding forging load were determined from the FEM simulations and can 
be seen in Figure 9 
Figure 9 

                                                                       
Figure 9 Relation of The Unfilled Area and the Forging Load 

 
During the forging processes die components subjected to higher internal 

pressure and this decrease the fatigue life of the die components and increase the 
cost of the product. Therefore, for the loading conditions (uni-directional, bi-
directional and two step forgings), normal internal pressure distribution of the die 
components determined from the simulations. As can be seen in Figure 10 the two 
steps forging considerably reduces the internal pressure on the die components. 
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4. CONCLUSIONS 
• From the FEM and experimental studies, the followings can be 

concluded. 
• Experimental studies and FEM simulations are in well agreement 
• Forging load considerably can be reduced by using two step forging 

process 
• Unfilled area in two step forging is less than that of the bi-directional and 

uni-directional forgings. 
• Internal pressure acted on the die components is reduced by using two 

step forging, therefore the fatigue life of die components is increased, 
and cost of the forging part is reduced. 

• During the last step of forging processes, in the uni-directional and bi-
directional forging processes all material is subjected to flow and to 
complete die filling. On the other hand, in the two-step forging process 
only a little portion of material is subjected to flow and to complete die 
filling. This is in turn considerably reduced the forging load. 

Figure 10 

                                                                       
Figure 10 Normal Pressure Distribution of Loading Conditions 
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