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main goal was to study material behavior under various processing conditions and evaluate the influence
of key parameters on forming force and final component hardness. After annealing, initial billets were
processed by direct cold extrusion. Results confirmed that the process is fully capable of producing the
complex geometry of the part. Findings showed that friction conditions, punch corner angle, and wall

thickness significantly affect process response. Reducing the friction factor from 0.40 to 0.13 decreased  Keywords:

the maximum punch force from 2450 to 1750 kN. Increasing the punch corner angle from 0° to 20° 11k irusion
reduced extrusion force by 56% and improved material flow. Raising wall thickness from 4.5 to 5.8
mm enhanced stress control and further lowered the forming force from 2700 to 1500 kN. Hardness

measurements revealed that optimal friction parameters combined with effective lubrication improve
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Punch Angle

Wall Thickness of Workpiece

hardness uniformity and final component hardness. Numerical simulations using DEFORM showed
approximately 10% deviation between experimental and finite element results.

1- Introduction

With the continuous advancement of metal and non-metal
forming industries and the considerable costs associated
with design and experimental testing, manufacturers are
increasingly motivated to adopt improved pre-process quality-
control methods to reduce production time and expenses
while enabling engineers to achieve more reliable and robust
design outcomes [1-3]. As industry rapidly progresses, the
demand for components with high strength, superior surface
finish, excellent dimensional and geometric accuracy,
complex shapes, high wear resistance, and high production
rates has become more pronounced. Various manufacturing

Fig. 1. Initial test specimens.

processes—such as casting, forging, machining, and sheet-
metal forming—are well-established methods, each offering
its own advantages and limitations. Among these, extrusion
is regarded as one of the precise metal-forming techniques
and, due to its significant capabilities, serves as an efficient
method for producing high-quality components.

2- Methodology

In this study, medium-carbon steel CK45 was selected as
thebase material. Owingtoits favorable strength, hardness, and
machinability, this steel is widely used in the manufacturing
of industrial components and power-transmission shafts [1].
The initial specimens were machined from non-extruded bars

*Corresponding author’s email: ehadadi@tvu.ac.ir

with a diameter of 24 mm and a length of 52 mm (Figure 1).

The extrusion process was carried out using a 700-ton
hydraulic press at Iran Tractor Manufacturing Company. In
this study, several key factors were examined to investigate
the material deformation behavior and the influence of process
parameters on the forming force. The main variables included
the friction factor (m) at four levels of 0.13, 0.17, 0.21, and
0.40; die entry angle at 0°, 5°, and 20°; wall thicknesses of
4.5, 6.5, and 8.5 mm; lubricant type (no lubricant, graphite,
MoS,, and Zn,Fe(PO,),); and the application of annealing
heat treatment before and after the process. For all tests, the
punch velocity was set to 5 mm/s and the process temperature
was maintained at environment temperature. The forming
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Fig. 2. Step-by-step images of the specimens during the
extrusion process.
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Fig. 3. Comparison of load—stroke curves in experimen-
tal and numerical forming processes

force was continuously recorded using a load cell, and for
each experimental condition, the load—displacement curves
were obtained and analyzed.

3- Results and Discussion

After the initial preparation of the specimens, the extrusion
process was performed using the lubricant Zn Fe(PO,),,
which provides a friction factor of 0.17, as shown in Figure 2.
The load—displacement curves in experimental and numerical
forming processes of the specimens were presented in
Figure 3. Segment OA represents the onset of die filling
and the initial material flow through both the walls (indirect
extrusion) and the frontal section (direct extrusion), during
which the force rises to approximately 2000 kN. This is
because, in the indirect extrusion process, the workpiece is
placed inside a chamber that is completely closed on one
side, while the load is applied from the open side of the die.
As extrusion continues, the extruded material flows in the
direction opposite to the applied load. For this purpose, the
punch is made hollow so that the extruded section can pass
through it.

At the front end of extrusion, due to the additional force
required to overcome frictional resistance, the pressure in the
indirect extrusion region reaches its maximum. Therefore, the
highest force is required at the beginning of the process, after
which the load gradually stabilizes. Segment AB corresponds
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Fig. 4. Cross-sectional views of the specimens during the
extrusion process.

Table 1. Hardness and EPS of specimens at various
points as a function of different wall thicknesses in FEM
and experimental methods

45 65 85

Positions —Hv™Eps  Hv _EPS HV _ EPS
o1 38 53 270 27 262 1

- 305 51 282 188 264 12

3 310 55 295 48 290 23

P4 273 2 275 285 274 28
ps 275 29 273 199 276 3

to the uniform flow in both the indirect and direct extrusion
regions. Segment BC indicates the complete filling of the
corners and the final shaping of the part. The subsequent
increase in force is attributed to the additional load needed to
transform the initial specimen geometry into the final shape.
Figure 4 shows a cross-sectional view of regions OA and BC
of the final extruded component.

Variations in wall thickness can influence the hardness
of the extruded section. In general, reducing the wall
thickness tends to increase the hardness of the extruded part,
whereas increasing the thickness may lead to a reduction in
hardness. This occurs because a thinner wall requires a higher
deformation force, thereby resulting in greater hardness. Table
1 presents the effect of wall thickness on the final hardness and
FPS of the workpiece in FEM and experimental methods. The
results indicated that increasing the wall thickness accelerates
the extrusion process and reduces the forming load, leading
to lower hardness compared with specimens having thinner
walls. This hardness difference varies across different regions
of the part and is approximately 20%.

4- Conclusions

The results of this study demonstrated that the cup-
shaped joint body used in the front-suspension system of the
Peugeot 405—an industrially high-demand component—can
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be successfully manufactured through the cold extrusion
process. The findings also revealed that the cold extrusion
parameters have a significant influence on the forming
load and mechanical properties of CK45 steel. The punch
force decreased by approximately 40% when the friction
factor was reduced from 0.40 to 0.13, and MoS, lubricant
outperformed graphite and the unlubricated condition.
Hardness measurements and simulation results indicated that
the hardness distribution in the final component is directly
correlated with effective plastic strain, and high friction
conditions lead to increased heterogeneity in both hardness
and plastic strain distribution. Pre-extrusion annealing
reduced the material’s yield stress, thereby lowering the
required forming force and enhancing hardness uniformity.
Overall, the findings of this study demonstrate that, with
optimal selection of process parameters, cold extrusion of
CK45 steel can serve as a reliable method for producing cup-
shaped industrial components for automotive applications.
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Fig. 1. Initial test specimens
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Table 1. Chemical composition (wt.%) of CK45 steel.
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Fig. 2. a) specimen after hardness measurement, and b) spheroidized-annealed specimen after hardness testing
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Fig. 3. Microstructural observations of the pre-annealed specimens at various magnifications: a) 100, b) 250,
and c) 400.
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Fig. 4. Microstructural observations of the annealed specimens at various magnifications: a) 100, b) 250, and c) 400.
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1. Hydraulic Pressure Transmitter
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Fig. 8. Schematic of the cold extrusion process of the cup-shaped steel joint body.
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Table 2. Lubricants used in the present study.
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Fig. 9. Vickers hardness measurement points on the fi-
nal extruded specimens.
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Fig. 10. Mesh sensitivity diagram based on the effective plastic strain.
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Fig. 11. Different stages of forming of the cup-shaped steel joint body.
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Fig. 12. Comparison of load—stroke curves in experimental and numerical forming processes.
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Fig. 13. Step-by-step images of the specimens during the extrusion process.

B C

0 A

(35958 Wiglyd Job 43 Wrdigas 0395 i (glod NF JSd

Fig. 14. Cross-sectional views of the specimens during the extrusion process.
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Fig. 16. Effect of friction factor on maximum forming
force in experimental and numerical processes.
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Fig. 15. Load-displacement curves for lubricants with
different friction factors in experimental method.
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Fig. 18. Effect of different wall thicknesses on the maxi-
mum forming force in experimental and numerical pro-
cesses.
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Fig. 17. Effect of die angle on the load-displacement dia-
gram in experimental method.
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Fig. 19. Load-displacement diagram as a function of workpiece wall thickness in experimental method.
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Fig. 20. Effective plastic strain obtained from the simulation at different locations.
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1. Effective Plastic Strain (EPS)
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Table 3. Hardness and EPS values at different points of the produced specimens using various lubricants

in EFM and experimental methods.
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Fig. 21. Load-displacement diagram for annealed and
unannealed specimens in experimental methods.
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Table 4. Hardness and EPS of specimens at various points as a function of different wall thicknesses in FEM
and experimental methods.
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