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ABSTRACT - Extrusion process has many applications in manufacturing industries due to its
ability to produce products of high quality. Extrusion process can be classified into hot
extrusion and cold extrusion. The cold forward extrusion is carried out at ambient temperature
and has the additional benefit of improved mechanical characteristics. The metarial is
compressed under intense pressure through a die orifice with a specific shape during the
extrusion process. This process is effected by a few process variables, including die angle,
punch speed, and lubrication are in greater extent towards the extrusion force requirement,
microstructure and the product quality. Hence, the present experimental work focuses on
extrusion of circular billet to produce cylindrical rod. Studying the behaviour of the material
and the importance of the input process parameters during the cold extrusion process is the
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primary goal of this work. The experiments are carried out with AA 2024 alloy because of its
wide applications in navy and aircraft structures. The varying die angles (10°, 20° & 30°) as
well as punch speed (1.6 mm/min, 3.2 mm/min and 4.8 mm/min) and lubricants (molybdium
sulphide (MoSy), zinc stearate and grease) chosen as input parameters. The out put
responses of this extrusion process are extrusion force, displacement, time and surface
roughness. Extrusion forces are calculated based on flow stress curves at the locations of
greatest elastic deformation. The results shows that increasing the punch speed and die angle
increases the extrusion force. The microstructure evolutions and grain refinement at different
die angles are examined using electron back scatter diffraction analysis. At 30° die angle, the
microstructure showed grain refinement. It is also noted that the damage is significant at 30°
die angle with a punch speed above 4.8 mm/min.

1.0 INTRODUCTION

Aluminium have been designed as “the new millennium's metal" in recent years [1]. Extruded aluminium is
extensively used in aerospace, construction and automotive industries [2]. Extrusion is a process that uses a hydraulic
press to force a round billet through a die in order to shape it into the desired shape. The induced shear and compression
forces lead the stress to build until it reaches the plastic flow occurs through the die. Cold and hot extrusion are two
different types of extrusion processes. Compared to hot extrusion, cold extrusion has the added benefit of better
mechanical properties [3]. The main advantage of cold extrusion includes close tolerance, lack of oxidation, good surface
finish.

The literature contains a number of experimental and numerical studies to understand how the process parameters
affect the extrusion process. Adeosun et al. [4] performed the experimental work on the impact of different die angles on
the extrusion behaviour of wrought aluminium alloy with various die angles are from 15° to 90°. Among all the dies the
highest extrusion pressure achieved for 30° die angle. It was concluded that similar behaviour available at some more die
angles are 15°, 30° and 45° when the ram displacement of 1 to 13 mm. In order to understand the die failure modes due
to the complexity of the extruded profile, extrusion pressure and material flow are analysed during the aluminium
extrusion process [5]. Extrusion pressure and stress variations are examined in a porthole die of extrusion thin-walled
profiles [6]. Aluminium product defects are described and assessed [7]. Onuh et al. [8] conducted both experimental
work and Finite Element Analysis simulation. The investigation was performed to estimate impact of die angle, reduction
ratio, and extrusion force in extrusion process. Both the radius of curvature for extruded alloys of lead and aluminium as
well as the average hardness value of the extruded products along projections and circumferential solid places are
observed. Hardness increases slightly with increasing load rates and slightly with decreasing area [9]. The maximum
extrusion force was achieved at 1260 kN through experimentation. The extrusion force, die angle, land height 5 mm,
were measured using both FEA and experimentally. These two results are compared and better results are reported, for
two different methods have their merits and demerits. The FE model does not take into account changes in the frictional
coefficient at the billet-die interface caused by lubricant breakdown or thermal softening of the billet. The largest
inaccuracies were found at the smallest reduction ratios when extrusion force values acquired using the FE programme
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were compared to those obtained by computation. However, the FEA prediction error is less than 11% at larger reduction
ratios, where the die exit diameter is 9 and 5 mm.

Adeosun et al. [10] carried out an experimental examination on the effects of the decrease in area, die angle, different
loads on the various external pressures, and fluid flow method of the cold extrusion technique. The aluminium alloy used
as flow fluid material and lead material used as inner circular section with four symmetrical views. It is observed that, a
die angle of 90° resulted in the lowest extrusion force and non-dimensional specific coring pressure, which is suitable for
die design to reduce extrusion pressure and to increase the die life.

Extrusion simulations were carried out by Zhou et al. [11, 12] using round and square dies for the material Aluminum
6061 alloy at the reduction ratios of 20:1 and 60:1. Rao et al. [13] use numerical analysis to determine the ideal process
variables (die angle, ram speed coefficient of friction) for the extrusion of the aluminium 6061 alloy. Several experimental
and numerical studies on the influence of the aforementioned factors during the extrusion process can be found in the
literature [14, 15]. Cold forming techniques can produce hardness levels that are significant in percentage. The
consequence of die angles 30°, 45° and 60° on surface finish hardness of cold forward extrusion for AA 6351 & AA 1100
was investigated experimentally. Experiments are conducted to calculate the lowest extrusion force and to identify
effective die entrance angles for materials like aluminium, lead and steel [16]. The deformation behavior of the Aluminum
6063 alloy during the extrusion process are investigated by Gbenebor et al. [17]. The dies are made of tool steel and with
die entrance angles of 15°, 30°, 45°, 60° and 75°. The deformation zone length is calculated with known die angle and
extruded diameter. It is revealed that die angle 15° yields highest low flow stress encountered. The external parameters
are strength, stress, strain and plastic deformation are attain better results at 75° die angle in Al-Mg-Si alloy. When the
die angle is increased, the deformation zone length decreases and the axial deformation zone increases in comparison to
the lateral deformation zone for a die angle of 45°, along with decreased ductility.

In addition to identifying the ideal process parameters, Hosseini et al. [18] investigated the impact of extrusion process
parameters on the response of extrusion force. The dies with different die angles (5°, 7.5°, 10°, 12.5°and 15°) were
considered to know the influence of die angle. From the results, it is concluded that input value of area reduction, 15° die
angle is an optimal value than compared with other die angles. The hardness and surface roughness of a finished part has
to be evaluated to ensure the quality of the product, strength, and formability. Measurements are drawn for two different
metals through five different extrusion ratios with the help of Brinell hardness number in cold forward extrusion [19].
Higher surface roughness and lower hardness have been recorded among the products extruded with grease lubrication at
45° die angle. The extrusion pressure is decreased along the walls of the die with an increased ram speed for billets of
Aluminium 6063 [20]. A fine structure with high integrity coarse grains is further achieved by increasing ram speed. The
microstructure of AA 6063 has been studied to establish the relationship between the presence of Al, Fe, Si, and Mg,Si
phases and the quality of the extruded product. When the die entry angle is increased, the dislocation motion is clearly
reduced in Al, Fe, and Si along with higher hardness [21]. A proportionate impact on the geometry and scattering of
evident phases has been observed with an influence of die entrance angle on the flow material because of contact area
between the die wall and work piece increased. A similar kind of behaviour is observed from researches Akbar and Yaseen
[22]. Commercial and military aircraft, as well as Navy ships and aircraft (wing and fuselage) structures, frequently use
the AA2024 material [23, 24]. Although, the deformation behavior (load-punch displacement curves) of AA 2024 alloy
and significance of the process parameters in the cold forward rod extrusion tests have not yet addressed. A proportionate
impact on the geometry and scattering of evident phases has been observed with an influence of die entrance angle on the
flow material. Decreasing the die angle increases the homogeneity of deformation [25]. The force-displacement curve of
extrusion, stress distribution and strain distribution are all examined to circular cups [26]. Higher friction & larger pressure
values are required to perform the extrusion process by considering the paramters extrusio ratio and die profile [27]. The
parameters such as number of passes and die angle that effect on Equal Channel Angular Extrusion process has analysed.
Tensile strength and hardness of Aluminium 6063 treated by ECAE were examined using response surface methods [28].
Soft computing methods are one of the technique that can be utilised for prediction because the tests are carried out with
varied combinations of process factors [29]. Artificial Neural Network modeling is used to forecast the dimensional
accuracy of extruded products.

A conclusion drawn from the literature is that, the key process variables, such as die angle (DA), punch speed (PS),
and lubricant, have a considerable impact on the extrusion output characteristics. The impact of these parameters on the
extrusion process is therefore empirically investigated in the current work. Extrusion force, displacement, time, and
surface roughness are to be considered as the output extrusion process parameters. Electron Back Scatter Diffraction
(EBSD) technique is used in the present work to investigate the grain size, sub grain sizes and grain misorientation
distrubution after the deformation process extrusion. AA 2024 alloy is chosen as work piece material for the
experimentation.

20 METHODS AND MATERIALS

Table 1 lists the AA2024 material's chemical composition. The chemical composition of the AISI D2 steel used to
make the die and punch is displayed in Table 2. The quality of the final extruded component depends on a few factors,
including punch speed, die angle, work piece length & diameter, coefficient of friction, extrusion ratio, material flow, and
die land height. Thus, fundamental factors like punch speed, die angle, and lubricants are selected in the current work.
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The input process parameter levels are tabulated in Table 3. The other parameters like work piece diameter, length, and
extrusion ratio are maintained as constant for all the experiments and the details are presented in Table 4.

Table 1. Element composition of AA 2024 [23]
Element Fe Zn Cu Si Mg Cr Ti Mn Al
Composition (wt. %) 049 026 399 049 149 009 014 048 94.69

Table 2. Element composition of AlISI D2 [30]
Element C Si Cr Mn Mo V
Composition (wt. %) 150 030 12.0 040 0.8 0.8

Table 3. Input parameters and their levels [31]

Process Parameters Symbol  Level 1 Level 2 Level 3
Die Angle (deg) DA 10 20 30
Punch Speed (mm/min) PS 1.6 3.2 4.8
Lubricant CoF MoS,  Zinc Stearate  Grease

Table 4. Geometrical details of die, work piece and punch tool

Parameter Dimension
Work piece diameter 32mm
Extruded work piece diameter 28 mm
Work piece length 20 mm
Extrusion ratio 13

Top die height 60 mm
Top die inside diameter 32.1mm

Outside diameter of the topdie 96 mm

2.1  Experimental Procedure of Extrusion Process

The setup for the cold extrusion process has been created and equipped with a 100T hydraulic press depicts in
Figure 1. A cylindrical bars of AA 2024 were extruded with the help of hydraulic press. The experiments were run on a
computer-controlled hydraulic press at punch speeds of 1.6 mm/min, 3.2 mm/min and 4.8 mm/min. A load transducer
attached to the punch monitored the extrusion force. a personal computer was used to manage the data acquisition system.
A cylindrical billet of 32 mm diameter was positioned inside the container before the extrusion procedure then the punch
upset the work piece. After the material had filled the die opening, it was extruded out of the die in a forward motion to
create a rod/bar with the desired size. The work piece was ejected after the extrusion process was finished. The dies
required frequent replacement. Dies were made of AISI D2 steel. Different die angles between 10° and 30° were used to
measure the changes in extrusion force. Figure 2 depicts the extrusion process geometry of punch and die. Figure 3(a)
and (b) illustrates the die and punch before assembly of the extrusion process. The work piece samples initially subjected
to Annealing treatment consists of heating the billets to 345 °C in an muffel furnace then soaked in the furnace for an
additional 15 minutes before being cooled to room temperature [14]. The purpose of heat treatment done on workpiece is
to improve its mechanical attributes, such as strength, prevent wear, and reduce residual stresses.

N =

'
Ml Movable upper jaw

Ram position

lBottom Die —~ Fixed lower jaw

Figure 1. Experimental set up for extrusion process
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(@) (b)
Figure 3. Individual parts before the extrusion process: (a) dies and (b) punch

2.2 Surface Roughness of the Work Piece Surface

The surface roughness was measured on the surface of work piece samples after extrusion process were performed.
Industries measures surface roughness to understand how a real object interacts with its surroundings. Decreasing the
surface roughness usually increases its manufacturing costs. The measurement of the values R, is performed using
Mitutoyo surf test SJ301 equipment with high accuracy (resolution of 0.002 um at a measurement range of 25 um). To
determine the surface roughness value, the average of five locations were taken into consideration.

2.3 Microstructural Investigation

For microstructure investigations, extruded work pieces were polished and chemically etched using Keller's reagent.
Under 150X magnification, the samples microstructure is inspected using a stereo microscope.

2.4  Electron Backscatter Diffraction Analysis Method

The Electron Backscatter Diffraction (EBSD) acquisition was performed in a Sigma Field Emission Scanning Electron
Microscope equipped with a Nordif Ultra-Fast detector and software (see Figure 4). The procedure which was used to
determine the sub grain size and the misorientation is embedded in the EBSD software. At first the particles size is
measured. The program needs to be set with minimum step size to obtain 111 good resolutions on the actual picture. To
achieve good resolution, it is necessary to have a minimum of 10 pixels within a small grain. Then the measurements are
started which are based upon pixel numbers in each grain. These measurements are used in the calculations where grains
and sub grains are identified based upon grain boundaries. Each pixel has a diffraction pattern which is used in the
calculations. Sub grains are defined with low angle boundaries <15°.
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Figure 4. Schematic diagram of EBSD setup

The sub grain size measurements and misorientation analysis were performed by means of EBSD analysis (Electron
Backscatter Diffraction) method. The samples were ground at 220, 320, 500 and 1200 mesh and polished with 3um and
1pum diamond polish. After polishing, the samples were electro-polished in A2 electrolyte at 30V, flow rate 7 for 3-4 sec
using a Struers LectroPol5. Samples are collected from representative areas within the sample and detailed samples for
sub grain size and misorientation 1 mm?2 areas, in the edge zone of the samples are analyzed in the circular profiles. The
locations of the sample area are chosen to be representative with respect to the structure visible in the micrographs depicts

in Figure 5.

¥

Punch : Ir |
U

Figure 5. Deformed shape of the extruded work piece

3.0

RESULTS AND DISCUSSION

The cylindrical bars were extruded successfully with the help of hydraulic press with varying parameters of die angle,
punch speed and lubricant. Experiments are conducted according to L7 orthogonal array and responses are presented in

Table 5.
Table 5. Response table of extrusion parameters
Exp. Die Punch _ Displacement  Time Extrusion  Surface
no Angle Speeq Lubricant (mm) (min) Force roughness
(deg) (mm/min) (kN) (um)
1 10 1.6 MoS; 12.95 16.06 132.25 2.96
2 10 1.6 phosphate sulphur 13.06 12.60 137.80 1.87
3 10 1.6 grease 13.68 10.21 138.04 1.14
4 10 3.2 MoS; 14.04 13.58 158.24 2.47
5 10 3.2 phosphate sulphur 14.53 10.35 159.02 1.85

jmes.ump.edu.my

9620



K. A. Francy et al. | Journal of Mechanical Engineering and Sciences | Vol. 17, Issue 3 (2023)

Table 5. (cont.)

Exp. Die Punch _ Displacement  Time Extrusion  Surface
no Angle Speeq Lubricant (mm) (min) Force roughness

(deg) (mm/min) (kN) (um)

6 10 3.2 grease 14.96 7.33 162.06 1.24
7 10 4.8 MoS; 15.02 10.50 171.28 2.01
8 10 4.8 phosphate sulphur 15.53 8.71 173.88 1.70
9 10 4.8 grease 16.07 5.67 176.00 1.11
10 20 1.6 MoS; 16.76 15.19 179.12 1.76
11 20 1.6 phosphate sulphur 17.04 8.94 182.76 0.88
12 20 1.6 grease 17.67 6.79 186.94 0.59
13 20 3.2 MoS; 18.02 13.19 184.32 1.72
14 20 3.2 phosphate sulphur 18.64 8.04 189.88 1.06
15 20 3.2 grease 18.89 5.79 194.67 0.66
16 20 4.8 MoS; 18.95 11.32 224.10 1.48
17 20 4.8 phosphate sulphur 18.99 7.94 236.01 1.02
18 20 4.8 grease 19.09 4.79 260.01 0.43
19 30 1.6 MoS; 19.62 14.72 286.01 1.24
20 30 1.6 phosphate sulphur 20.12 8.81 298.38 0.33
21 30 1.6 grease 20.95 4.92 310.34 0.19
22 30 3.2 MoS; 21.96 14.12 313.24 1.02
23 30 3.2 phosphate sulphur 22.55 7.57 314.95 0.50
24 30 3.2 grease 23.68 4.04 316.05 0.16
25 30 4.8 MoS; 24.07 13.01 319.66 0.87
26 30 4.8 phosphate sulphur 24.64 6.98 326.36 0.51
27 30 4.8 grease 25.87 3.92 333.66 0.12

3.1  Extrusion Force on the Flow Stress

The minimum extrusion force , displacement , time , and compressive strength are recorded to know the influence of
the DA, PS and lubricant. Figures 6(a), (b) and (c) show the workpieces after the extrusion process at 10° and 20° die
angles at a punch speed of 3.2 mm/min. It has been found that, with 10° die angle, punch speed (1.6 mm/min) and
lubricant (MoSy,) results in a minimum extrusion force of 132.25kN, displacement of 12.95 mm and compressive strength
of 182.282 MPa.

SR

CEERERERD

Figure 6. Samples after the extrusion at: (a) 10°, (b) 20° and (c) 30° die angles

The impact of die angle on the extrusion output responses is shown in Figures?7 (a) to (d). For the fixed die angle, the
mean of the output responses (varying the punch speed and lubricant) is considered and is shown in Figure 7. As the die
angle increases, the extrusion force and displacement enhances (see Figures 7(a) and (b)), whereas the surface finish and
time to complete the extrusion process is decreases (see Figures 7(c) and (d)). The rate of enhancement in the extrusion
force with an increase of die angle ranges from 10° to 20° is as low as compared with an increase of die angle 20° to 30°.
It is noticed that 26% and 32.53% increase of extrusion force takes place if the die angle changes 10° to 20° and 20° to
30°. A similar kind of behavior is observed from earlier researches Akbar and Yaseen [22]. The increased contact area
between the die wall and billet causes the displacement to increase as indicated in Figure 7(b), and the time taken for the
complete extrusion process decreases (see Figure 7(c)). The surface roughness value is decreased with an increase of
lubrication as shown in Figure 7(d).
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The impact of punch speed on the extrusion output responses is shown in Figure 8. The mean of the output responses
(varying the die angle and lubricant) is considered and is presented in this figure. Similar to the die angle, punch speed
have a similar influence on the extrusion output responses. However, the behaviour trend is not similar for the
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displacement, extrusion force, and surface roughness. With an enhancement of punch speed, the displacement is
increased, as compared with die angle the displacement variation is less. The extrusion force and time to complete the
extrusion process are linearly varies with punch speed, the rate of enhancement/decrement for these responses is lower as
compared with die angle variation.
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Figure 9. Effect of lubricant on: (a) displacement, (b) extrusion force, (c) time and (d) surface roughness

Similar to this, Figure 9 depicts the influence of lubricant on extrusion output responses. Here, the mean of output
responses (by varying the die angle and punch speed) is considered. Peculiar behaviour has been observed in the output
responses with different lubricants. It is noticed that the use of grease or zinc stearate as lubricant in the extrusion process
favorable results are obtained. While using MoS; as a lubricant in the extrusion process, high surface roughness values
are obtained. During the extrusion process, it is also observed that, MoS; quickly evaporates; with this, the low quality
of the product is obtained [17].
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Figure 10. The stress-strain diagram at 10° die angle for punch speeds: (a) 1.6 mm/min, (b) 3.2 mm/min and
(c) 4.8 mm/mi
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(c) 4.8 mm/min

Figure 10 to 12 show the flow curves for true stress-strain and engineering stress-strain for die angles of 10°, 20° and
30°, respectively, at different punch speeds (1.6 mm/min, 3.2 mm/min, and 4.8 mm/min). From the curves, it is observed
that the stress increases with increasing of strain. Higher tensile strength in the material will decrease the extent of cold
extrusion deformation but may make the material more brittle in nature.
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Figure 13. Punch speed of 4.8 mm/min causes crack to 30° DA

The impact of the lubricant on the extrusion force is minimal, but it has a substantial impact on the crack. The
experiments conducted by using grease and fixing the punch speed and varying the die angle, its influence on extrusion
force and surface roughness is significant. By fixing the die angle and increasing the punch speed extrusion force increases
and damage behavior is peculiar. The great amount of extrusion force may lead to a crack formation on the circumference
of the extruded product. A crack was initiated around the billet at 4.8 mm/min punch speed for 30° die angle and the crack
is not occurred at punch speed less than 4.8 mm/min to the same die angle. Besides, if the punch speed enhances on or
above 4.8 mm/min more crack was observed. Hence the die is also subjected to crack as seen in Figure 13 [32].

3.2  Microstructure Examination

The optical micrograph of Al-Cu alloy before extrusion is shown in Figure 14(a), which reveals the presence of
equiaxed grain with an average grain size of 2004+-20um in the x-direction and 1004+-25um in the y-direction. Figure 14
(b) — (d) depicts the micrograph of components at die angles 10°, 20° and 30°. In the deformation zone at 10° die angle,
very few deformed grains are visible with the structure of small elongated grains. The grains allow very smooth and easy
flow at 20°die angle when compared to 10° die angle. Fine elongated grains are developed in the extrude at 20° DA (see
Figure 14(c)). The extruded sample at 30° die angle exhibits a severe deformation of grains. With an increase in die angle
from 10° to 30°, grain refinement can be observed and the microstructure revealed diffused and ill-defined grain
boundaries. This is attributed to the severe strain induced both within the grains and at grain boundaries and also to the
high stacking fault energy of Aluminium alloys.
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Figure 14. Micrographs of AA 2024 alloy samples: (a) before extrusion, (b) 10° DA, (c) 20° DA and (d) 30° DA
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3.3  Deformation during Extrusion Process

To evaluate the real grain morphology at the various die angles employed in the experiments, EBSD techniques are
to further investigate the structure of the extruded work piece. The original grain structure are deformed during extrusion
process, resulting in a recrystallized structure after the extrusion process. A thick black line on the EBSD map indicates
a grain boundary and representing a misorientation between grains. When the misorientation between grains and sub
grains is less than 6°, sub grains are usually described. The majority of angles of misorientation across the boundaries are
smaller than 25°. After extruding the work piece at 30° die angle, the microstructure showed grain refinement.
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Figure 16. EBSD graphs from the corner zone of extruded work extrusion at 30° die angle for 4.8mm/min ram speed

Figure 15 and 16 show the EBSD graphs of the work piece sample after the extrusion process at 20° die angle and 30°
die angle with a ram speed of 4.8mm/min. It shows large number of fractions for misorientation in the < 6° range. A
misorientation angle of < 6° is found in approximately 49 % of the sub grains is observed. The distribution data showed
a peak at 2° which matched to the microstructure's predominance of sub grains during the extrusion process. The majority
of grains are oriented in the direction of {101}.
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Figure 17. (a) Misorientation and (b) distribution of misorientation between the grains obtained by EBSD at 30° die
angle (4.8mm/min)

Figure 17 depicts graphical representation of misorientation measurement for a sample at 30° die angle. The graphs
shows, work piece samples extruded at 30° die angle with a punch speed of 4.8 mm/min have great high angle boundaries
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with misorientation angle above 40° degrees. The average grains for all examined grains inside the specified area are
calculated using the EBSD software. After the extrusion process, a bimodal distribution pattern is produced as a result of
the distribution of misorientation shifting toward higher angles as the strain increases. During the extrusion process, the
grains aspect ratio is gradually reduced. As a result, a microstructure with distinct features such as nearly equiaxed grains
and a large number of high-angle boundaries evolves uniform microstructure.

40 CONCLUSIONS

The present work emphasized the influence of the process parameters on the cold extrusion process studied
experimentally. Extrusion force, displacement, time and surface roughness are taken into account as responses while
using the AA 2024 alloy as the work piece material.

1) The extrusion force has been increased with an increased die angle range from 10° to 30°. During the deformation
process, material flow is influenced by die angle and punch speed. The quality of the final product and extrusion
force is impacted by material flow.

2) Due to the dead metal zone, it becomes more challenging to extrude the material at 10° die angle. The displacement
of the work piece decreases, and the extruded time increases while extruding the material at10° die angle.

3) Acrackis observed with 30° die angle at a punch speed of 4.8 mm/min. Hence, punch speed higher than 4.8 mm/min
is not recommended for 30° die angle. The damage occurred on the surface of the billet after certain displacement
from the die exit. The damage is considerable at 30° die angle under the punch speed of 4.8mm/min.

4) At 30° die angle, the extrusion performance characteristics are good and fine column grains have been observed in
the microstructure.

5) High angle boundaries with misorientation above 40° degrees are present when extrusion punch speed is increased
at a 30° die angle.
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