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Abstract: In recent years, the interest in modeling extrusion processes has resulted in the development
of several analytical and numerical methodologies. The present work optimizes cold extrusion process
variables (Die angle (DA), Ram speed (RS), Coefficient of friction (CoF)) on extrusion force,
displacement, damage and time for the Aluminum AA 2024 alloy material. DEFORM™-3D software is
used to carry out numerical simulations and to study the behavior of the Aluminum AA 2024 billet
during the plastic deformation over the conical die. The die/ container and ram (top die) are considered
as rigid bodies and the room temperature is maintained during the extrusion process. The simulations
are conducted as per Ly; Taguchi orthogonal array. The obtained results are analyzed in ANOVA. An
optimization using multiple variables is performed by grey relational analysis (GRA). The highest grey
relational grade (GRG) is obtained for experiments conducted at DA level 2, RS level 2, and CoF level
3 (minimum extrusion force, damage and time) and (maximum displacement) is achieved by GRA.
Systematically, the influence of the ram speed, coefficient of friction, and die angle are examined. The
damage factor is considerable at 30 °DA under the ram speed of 3mm/min.
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1. INTRODUCTION

Aluminum was designated as “the new millennium's metal” in recent years. Extruded
Aluminum is extensively used in aerospace, construction and automotive industries [1&2].
Extrusion is a process that uses a hydraulic press to force a round workpiece through a die in
order to mold it into the required shape. The induced compression and shear forces lead the
stress to build until it reaches the plastic flow that occurs through the die. Cold and hot
extrusions are two different types of extrusion processes. The cold extrusion procedure has the
extra benefit of having better mechanical properties than the hot extrusion method [3]. The
advances in and review of the cold extrusion process are explained briefly [4].
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Although the method of extrusion process appears to exist straightforward, it significantly
depends upon the geometrical parameters such as die angle, ram speed, material, die land
height, extrusion ratio, shape of the product, coefficient of friction and cross-sectional area
[5&6]. A porthole die made of thin-walled extrusion profiles, is used to evaluate stress
variations and extrusion pressure. The extrusion force was raised until it reached the extreme
die angle of 80° and thereafter it abruptly decreased to zero at 110° due to the substantial
distortion that occurs at higher die angles [7&8]. Area reduction, die angle and friction impact
are considered influencing factors on central bursting defects in products [9]. To examine the
core bursting flaws in the rod extrusion process, the upper bound limit analysis is used.
Additional comparisons are made between the findings of the finite element simulation results.

The friction factor significantly influences the extrusion power limit in both cold and hot
extrusion methods. A straightforward/simple numerical method based on the lubrication
approximation is suggested for identifying the best die design. Using a set of extrusion
variables, Taguchi orthogonal array Lo is planned to conduct the experimental results in finite
element analysis [10]. Along with other extrusion parameters, ram speed is used as an input
process variable. Extrusion force increases as punch speed increases, as higher punch speeds
result in higher flow stress and complicated strain rates. Because ram speed has the greatest
impact on the extrusion force, and we observed that it is one of the crucial factors [11&12].

As manufacturing grows, the simulation capabilities advances, designers can now use
computer-aided design to increase accuracy, reduce design time, and increase tolerance at
every stage of the process [13]. The effect of extrusion ratio and die angle on the extrusion
force is examined quantitatively by Venketesan et al [ 14]. Sadollah et al. [15] use the simulated
annealing optimization method to minimize the extrusion force. Friction, logarithmic strain,
and die angle characteristics are all taken into account in their studies. Considering the die
cone angle and extrusion die ratio as influence variables, Tapas et al. [16] used round and
square dies to minimize the extrusion force for the Al 6061 alloy material at reduction ratios
of 20:1 and 60:1. The extrusion pressure and extrusion force are significantly predicted by
diameter and strain. The regression technique is used to obtain mathematical formulas for force
and pressure[17]. The velocity vector is used to examine the metal flow law of the part in the
cold extrusion process, and the Deform-3D programme is used to minimize the extrusion
forming process of the connecting screw [18].

Experiments are performed to identify effective die entrance angles for materials like
Aluminum, in order to calculate the lowest extrusion force [19]. BN reinforced metal matrix
composites based on Al 6061 were created and then put through the extrusion process. Both
before and after the extrusion process, tests on the mechanical properties (hardness and tensile
strength) are conducted. When compared to cast composites, extruded composites show
improvements in hardness of up to 12% and tensile strength of up to 7% [20]. A cast Al-8Mg
alloy was subjected to extrusion process at different zones and was studied experimentally.
The highest hardness is obtained at middle zone of the workpiece and it was increased after
the first pass of the process. From the experimentation it was observed that both yield strength
and micro hardness increased with the number of passes [18]. Mechanical properties and
metallurgical samples of Cu alloy (Zn-0.7, Mg-3.0, Zr-1.0) are examined earlier and later
during the extrusion process. After the extrusion process, the hardness improved by 30% in
the samples [21]. The relationship between hardness and strain value is consistent with the
authors' previous findings.

Commercial and military aircraft, as well as Navy ships and aircraft (wing and fuselage)
structures, frequently use Aluminum AA 2024 material [22, 23]. According to the literature,
the key process variables like extrusion ratio, die angle, coefficient of friction, and ram speed
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have a considerable impact on extrusion output characteristics. The deformation behavior
(load-punch displacement curves) of Aluminum AA 2024 alloy has significant effect on the
process parameters of the cold forward rod extrusion and the available studies have not yet
addressed it. Some of the studies available in the open literature revealed that only one output
response was considered. So, in the present work, the impact of these parameters (die angle,
coefficient of friction, and ram speed) and optimization on these extrusion process parameters
is investigated experimentally and numerically. Extrusion force, damage, displacement and
time are the main output characteristics considered in these investigations. For multiple
optimization, the GRA approach is used.

2. SLAB METHOD FOR EVALUATION OF EXTRUSION FORCE

Siebel developed a theory known as Slab theory based on elementary plasticity for the purpose
of force calculation. This theory is used for Industrial purposes. The total deformation work
(Pio¢) on the deformed element can be obtained by considering deriving expressions of
deformation forces for ideal (P,4), friction (P;,) and shearing (Psp,) on the element. The various
forces acting on the element are shown in Fig. 1. In terms of force is:

Ptot=Pid+Pfr+Psh (1)

ﬁ;nﬁ P

2 I 3 ¥
Die E th

Fishned Part

Fig. 1 — Forces acting on the work piece

Step 1: In the solid forward extrusion, first the ideal deformation force P,; was calculated:
dW,y = AzdAo, + A dAzo, 2)

Using the yield condition and integrating between - original area and the final area, the ideal
deformation work becomes:

Wi = Vaf,m Bmax (3)
Step 2: The frictional force for solid forward extrusion process consists along the die wall and
on the shoulders of the die.
Consider a disk—shaped volume element in the shoulder having a cross-section A, a mean
circumference S = 7d, and a disk thickness AS, the disk is moved by AZ in the flow direction.
The frictional force is given by

(4)

And integrating between the areas of the original-cross section and final cross-section, the total
frictional work on the shoulder is given by

mTdAS [ dz
AWy, s = oy [ ]

cosy lcosy

2p
Wiprs = V.0fm. ¢‘max sin2y ®)

Step 3: The shearing work W, for small angles is given by
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1
AWy, = Eafydv (6)
The volume element dV can be calculated as
dV = 2mr.AS.dr @)
Integrating equation (5) by substituting equation (6)
1 r
AWSh = f —O'f—ZﬂrAS dr (8)
o 27°s
The total shearing work is obtained.
2
Win tor = §V)/Uf )
The total work done in the solid forward extrusion process is
w P
V=1 (10)
orginal
The force P is given by
Weot 2 2u 1
et = O [gy + (1 + —sinzy) ¢max] + 5 ooy (13 - ) (11)
P=4 2 (14 2H
= Aoriginal Of §]’ + + sinzy ¢max (12)

The frictional force along the container wall should be added to P then above equation
becomes

Prrw = mdol. . of (13)

After substituting equations (3), (5), (9), (11) and (13) in equation (1) the following equation
(13) obtained.

2p
sin?y

) | + mdoliacy (14)

where o is the flow stress, v is the die angle, [ is the length of the billet, p is the coefficient of
friction, Agyging 1S the original area of the billet and d, is the billet diameter.

2
Ptot = Aorginalo-f [gy + (1 +

3. MATERIAL AND METHODOLOGY

In this study, the work flow can be divided into three primary parts. The first step involves
selecting the workpiece material and extrusion process impacting the input parameters. The
simulation matrix is created using the Taguchi method in the second stage, and the simulation
is performed by DEFORM™-3D software. The last step, Taguchi and Grey algorithms are
used for optimization, based on the results of the simulation. The following section completely
describes each stage in great depth.

3.1 Selection of Material for the Extrusion Process

Aluminum AA 2024 alloy is employed as the billet (workpiece) material for this simulation.
It is a cost-effective material with good physical properties (Density 2.78 g/cm®, Young's
Modulus 73.1 GPa, Tensile yield strength 324 MPa, and Poisson's ratio 0.33), as well as a
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good surface finish and corrosion resistance [24]. As a result, Aluminum AA 2024 alloy is
widely utilized in applications such as navy ship building, aircraft structures, particularly wing
and fuselage structures, commercial and military aircraft, and so on [26].

Table 1 shows the chemical composition of the Aluminum AA 2024 alloy material. H13
steel is used for the die and ram [27]. Table 2 shows the chemical composition and physical
parameters of H13 steel.

Table 1 — Composition Elements of AA 2024 billet material [24 & 25]
Element Fe Cu Zn Si Cr | Mg | Mn Ti Al

Composition (wt. %) 0.51 40 1025 |05 |01 |15 |05 0.15 | 94.7

Table 2 — H13 steel elemental composition for die [27]

Chemical Composition
Element Mn Cr Mo |V C Ni P Cu S Si
Composition(wt.%) | 0.40 | 5.25 | 1.36 | 1.01 | 0.41 | 0.30 | 0.031 | 0.251 | 0.0311 | 1.01
Physical Properties
Density Melting point Youngs Modulus Poisson’s ratio
7.81 g/em® 1426°C 214 GPa 0.28 -0.30

3.2 Modelling and Simulation Matrix

Taguchi and Konishi [13] formulated a model for optimizing many variables with a number
of objectives. This strategy is successfully used to plan the simulation matrix in the current
study. Major influencing parameters play an important role in this procedure, which is
employed to attain optimal levels of the process variables for the development of quality
features. Practice an orthogonal array (OA), which uses the least amount of simulation to learn
the full range of process parameters. Table 3 provides a list of the levels of the input parameters
chosen for the present study. S/N ratio stands for the measure of quality features in Taguchi
optimization and is calculated as follows.

(15)

S 1w 1
N =mn=—10logg [EZ ?] (16)

For smaller S/N ratio Eq. 15 is used and for larger S/N ratio Eq. 16 is better. The S/N ratio is
computed for damage, extrusion force, and time is by applying smaller-is-better criterion, to
reduce extrusion force, damage and time.

The S/N ratio is calculated for billet displacement by applying the larger-is-better criterion, to
maximize the displacement. Table. 4 presents the OA simulation matrix utilizing the Taguchi
technique in detail.

Table 3 — Extrusion Parameters according to the levels

Factor symbol Factors Level 1 Level 2 Level 3
DA Die Angle (deg) 10 20 30
RS Ram Speed (mm/min) 1 2 3
CoF Coefficient of Friction 0.06 0.08 0.1
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Table 4 — Design of simulation using L7 orthogonal array

Extrusion Parameters Extrusion Force (kN)
Exp.no | DA | RS | CoF | Damage | Displacement | Time | Deform- Slab
(%) (mm) (Min) 3D Method

1 1 1 1 0.15 25.79 7.67 601 630
2 1 1 2 0.11 25.89 7.58 616 636
3 1 1 3 0.11 25.92 7.61 630 640
4 1 2 1 0.15 25.84 6.87 633 643
5 1 2 2 0.36 25.89 6.52 638 650
6 1 2 3 0.19 25.94 6.36 640 652
7 1 3 1 0.01 25.89 5.89 643 692
8 1 3 2 0.01 25.92 5.81 648 696
9 1 3 3 0.09 25.99 5.69 681 697
10 2 1 1 0.26 25.79 5.75 790 802
11 2 1 2 0.01 25.87 5.54 796 805
12 2 1 3 0.3 25.95 5.48 800 808
13 2 2 1 0.36 26.17 5.04 802 827
14 2 2 2 0.65 26.21 4.88 808 827
15 2 2 3 0.01 26.4 4.8 810 827
16 2 3 1 0.41 26.58 4.27 814 840
17 2 3 2 0.43 26.65 3.91 824 843
18 2 3 3 0.37 26.75 3.84 829 846
19 3 1 1 1.88 26.15 3.89 1001 1016
20 3 1 2 0.81 26.2 4.19 1006 1020
21 3 1 3 2.18 26.25 3.86 1009 1023
22 3 2 1 1.73 26.69 3.71 1010 1031
23 3 2 2 0.77 26.78 35 1012 1033
24 3 2 3 2.25 26.89 3.28 1019 1037
25 3 3 1 1.79 27.11 3.06 1022 1038
26 3 3 2 2.73 273 2.94 1024 1040
27 3 3 3 2.75 27.25 1.88 1028 1045

3.3 Simulation Procedure - DEFORM™- 3D

For the current investigation, DEFORM™-3D V6.1 software is used to run FEM simulations.
Pre-processor, simulation engine system, and post-processor are the three key modules of the
DEFORM™.3D system.

CATIA software is used to model the die, workpiece, and punch tool. The models ( die,
workpiece and punch) are then transferred to DEFORM™-3D in the format of STL. The

material flows at various steps during the simulations and are shown in Fig. 2.
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The properties of the material are selected from the data base software for simulation. A
finite element mesh is completed approximately through 1800 nodes and 180000 elements.

A uniform mesh size is maintained to all the experiments. The Lagrangian increment is
applied to a four-node tetrahedral element. The non-linear simulation equations are solved
using the Newton-Raphson method.

Fig. 2 — Material flow at various steps during the simulation for 30° die angle (a) Step-1, (b) Step-350, (c) Step-
970

3.4 Grey Relational Analysis for Optimization Of Extrusion Process Parameters

In multi-objective optimization problems, the grey relational technique is often utilized. This
approach solves issues with the interrelationship of many variable optimization. This article
goes into detail about the GRA optimization process.

Evaluation of the S/N ratio using simulated data ranging from 0 to 1 is the first stage by
using Eq. 15 and 16.

Following the Grey Relation Normalization, the Grey Relational Coefficient (GRC) and
the Resolve of Grey Relational Grade (GRG) need to be assessed.

The estimation of the grey relational normalization for the lower-the-better condition is
done using the standardized data of the extrusion force, damage, and time from the simulation.
and is given in Eq. 17.

maxy; (1) — y;(1)
(maxy;(1) — miny;(1))

x (D) = a7)

The next step is to determine the Grey relationship coefficient after normalizing the new
order &;(1).
Amin +¢ Amax
Aoi(l) + (pAmax (18)
where A,;= ||x, (1) — x;(1)|] = a total value change x,(1) and x(1); ¢ is a separate coefficient. The
average response of each grey relational coefficient is known as the grey relational grade.
Estimates of the grey relational grade B; are possible by Eq.16 and is given below.

O

1 m
A =;lzsi(l) (19)
=1
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m indicates the quantity of the process responses.

The simulation findings in the current work are standardized directly. Extrusion force,
damage, displacement, and time are the best output parameters.

Since the simulation, every response has been regulated in a 0 to 1 scale, which referred
to as Grey relational coefficient.

The response variables of S/N Ratio for the extrusion force, damage, displacement and
time are shown in Table 5.

Table 5 — S/N Ratio, GRC and GRG for L7 orthogonal array

Exp. S/N Ratio Gray Relational Coefficient GRG
no Force | Damage | Displacement | Time | Force | Damage | Displacement | Time
1 55.58 -16.48 -28.29 17.70 1.00 0.52 0.35 033 | 0.55
2 55.79 -19.02 -28.29 17.59 0.92 0.55 0.35 0.34 | 054
3 55.99 -18.86 -28.29 17.63 0.85 0.54 0.35 034 | 0.52
4 56.03 -16.48 -28.30 16.74 0.84 0.52 0.36 0.35 | 0.52
5 56.10 -8.87 -28.30 16.29 0.82 0.44 0.36 0.36 | 0.50
6 56.12 -14.43 -28.30 16.07 0.81 0.49 0.36 0.37 | 0.51
7 56.16 -38.79 -28.27 15.40 0.80 1.00 0.34 0.38 | 0.63
8 56.23 -36.95 -28.27 15.28 0.78 0.93 0.34 038 | 0.61
9 56.66 -21.31 -28.27 15.10 0.68 0.58 0.34 0.39 | 0.50
10 57.95 -11.70 -28.28 15.19 0.50 0.47 0.35 0.39 | 0.43
11 58.02 -38.13 -28.28 14.87 0.49 0.97 0.35 0.39 | 0.55
12 58.06 -10.46 -28.28 14.78 0.48 0.46 0.35 040 | 0.42
13 58.08 -8.80 -28.55 14.05 0.48 0.44 1.00 042 | 0.59
14 58.15 -3.74 -28.55 13.77 0.48 0.40 1.00 042 | 0.58
15 58.17 -38.79 -28.55 13.63 0.47 1.00 1.00 043 | 0.73
16 58.21 -7.39 -28.32 12.61 0.47 0.43 0.38 046 | 0.44
17 58.32 -7.45 -28.32 11.84 0.46 0.43 0.38 0.49 | 0.44
18 58.37 -8.66 -28.32 11.69 0.46 0.44 0.38 0.50 | 0.44
19 60.01 5.48 -28.38 11.80 0.35 0.35 0.46 049 | 041
20 60.05 -1.81 -28.38 12.44 0.34 0.39 0.46 047 | 042
21 60.08 6.77 -28.38 11.73 0.34 0.34 0.46 049 | 041
22 60.09 5.06 -28.26 11.39 0.34 0.35 0.33 0.51 0.38
23 60.10 -2.27 -28.26 10.88 0.34 0.39 0.33 0.53 | 0.40
24 60.16 7.04 -28.26 10.32 0.34 0.34 0.33 0.56 | 0.39
25 60.19 1.06 -28.30 9.71 0.34 0.37 0.37 0.59 | 0.42
26 60.21 8.72 -28.30 9.37 0.34 0.33 0.37 0.61 0.41
27 60.24 8.79 -28.30 5.48 0.33 0.33 0.37 1.00 | 0.51

Table 5 shows the S/N Ratio, grey relational coefficients (GRC) and grey relational grade
(GRG) of output values. Grey Relation coefficients after weighted and grey relational grades
for every experiment by L7 orthogonal array is tabulated.

Among 27 experiments, experiment 15 has best multiple performance characteristics
because it has the highest grey relation grade.

To accurately estimate the ideal combination set of process parameters, it is still necessary
to understand the significance of the extrusion process parameters on the numerous
performance characteristics.
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4. RESULTS AND DISCUSSIONS

The influence of the process parameters (DA, RS and CoF) on displacement, time, extrusion
force and damage are investigated numerically.

As previously defined, the Taguchi L,7 orthogonal array approach is used to design a total
of 27 simulations.

Simulations are executed in DEFORM™-3D software and some of the observations are
explained in detail. Minitab software is used to perform the ANOVA analysis.

4.1 Influence of extrusion parameters on extrusion force

Table 6 lists the effects of the process variables (DA, RS, and CoF) on extrusion force. The
results depict that the increase of die angle enhances the extrusion force.

The CoF influence on extrusion force is negligible. According to the findings of the
ANOVA, the die angle has the largest significance (99.09 %), followed by the ram speed
(0.59%), and then by the coefficient of friction (0.14%).

Table 6 —Analysis of Variance on Extrusion Force

Source | DoF | Adjss Adj ms f-value | p-value | % of cont.
DA 2 | 644438 322219 6159.66 0 99.0975
RS 2 3878 1939 37.07 0 0.5963
CoF 2 945 472 9.03 0.002 0.1453
Error 20 1046 52

Total 26 | 650307

Figure 3 shows the prediction of the load-stroke plot for 20° die angle and 30° die angle
under different extrusion conditions.

Similar kind of graph has been observed for 10° die angle also. The graph shows that, the
extrusion force increases from the initial position to certain value till the die completely filled
with the billet.

Then the extrusion force becomes stable until it reaches the maximum value. This
increasing force is obtained by strain and strain hardening effect. Extrusion force increases
with increment of the die angle from 10° to 30°.

“Load Prediction Load Prediction

a SE g+ M)
ey PO S — b

—wo ) 1 65784004 [ ?W ]
T Top CHRNREIE —buom Dio
26e+004 4.938+004
BE 5 ]

3200+004 |

24g-004 |

1 Gda+004 bin.000, 0y
12e-004 | ] 0.000,0)

0 il
o i i L @180 0.000 4.20
0,000 5.25 - Ans 158 20 26.3
Time'(zec)

i i
126 16.8 210

TIITIBE}QSEE]

Fig. 3 — Prediction of load-stroke plots at various die angles. (a) 20°die angle, (b) 30°die angle

The effective stress distributions across the billet at the various stages of the extrusion
process at 10° and 30° under different conditions from the post processor result analysis are
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shown in Fig 4. It is clearly observed from the figure that, the effective stress increases as the
die angle increases from 10° to 30°.

The maximum effective stress is developed in the billet where the billet has just begun
from the conical die and at the corners. The effective stress increases from 363 MPa to 387
MPa over the die angles of 10° to 30°.

Step 2180 = Step 2180

T

s
129

0.752 I

0.752 Min
387 Max

Fig. 4 — Effective stress distribution from the post — processor analysis (a) 10° die angle, (b) 30° die angle
4.2 Influence of extrusion parameters on displacement

Table 7 provides the effects that the process variables (die angle, ram speed, and CoF)
have on displacement.

According to the ANOVA results, die angle (54.69%) and ram speed (30.29%) both has
a significant impact.

After extrusion, the workpiece displacement at 10° and 30° die angles at 3 mm/min is
illustrated in Fig. 5.

The maximum displacement takes place for 30° die angle than 20° & 10°die angles.
Displacement increases with increasing of the die angle and ram speed.

The displacement increases from 25.9 mm to 27.3 mm for die angle ranging from 10° to
30°.

Table 7 — Analysis of Variance for Displacement

Source DoF Adj ss Adj ms f-value p-value % of cont.
DA 2 3.1835 1.5918 41.07 0 54.6946
RS 2 1.7635 0.8817 22.75 0.037 30.2974
CoF 2 0.0984 0.0492 1.27 0.303 1.6899
Error 20 0.7752 0.0388

Total 26 5.82054
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Step 2180

Max value
27.3 mm

Max value

0.000
26mm

ooa
18.0 Min

273 Max

Fig. 5 — Displacement of the billet after the extrusion process at a ram speed of 3 mm/min. (a) 20° die angle, (b)
30° die angle

4.3 Influence of extrusion parameters on damage

The influence of the process parameters (die angle, ram speed and CoF) on damage factor are
quoted in Table 8.

From the ANOVA results, it is observed that die angle has highest significance (78.54%)
followed by ram speed (2.22%) and followed by the coefficient of friction (1.51%).

Figure 6 shows that the value of damage distribution over the surface of the billet is
observed for 20° and 30° die angle at the same ram speed of 3mm/min. The damage occurs at
30°die angle for a ram speed of 3mm/min and no damage is observed for 30° die angle at ram
speed of 2mm/min and friction condition 0.1.

It is observed that the maximum damage distribution occurs on the surface of the billet
after certain displacement from the exit region.

This critical damage occurs because of the maximum tensile stress at a point on the billet
surface.

The damage value increases with increasing of the die angle and maximum stress. Damage
value increases from 0.15% to 2.75% as the die angles increases from 10° to 30°. In the
extrusion process, the conical die performs like a stress raiser.

Table 8 — Analysis of Variance for Damage

Source | DoF | Adjss | Adjms | f-Value | p-Value | % of cont.

DA 2| 16.591 8.2955 4433 0 78.5484
RS 2] 0.4688 0.2344 1.25 0.307 2.2195
CoF 21 03199 | 0.1599 0.85 0.44 1.5145

Error 20| 3.7423 0.1871
Total 26| 21.122
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Step 2180

Step 2180

0738
ﬁ'|

D528
0.000
T 0000 Min
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Indication of
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Fig. 6 — Damage distribution over the surface at a ram speed of 3 mm/min. (a) 20° die angle, (b) 30° die angle
4.4 Influence of extrusion parameters on time

Table 9 provides the effects of the process parameters (die angle, ram speed, and CoF) on time.
According to the ANOVA results, the die angle has a higher significance (79.13%) than the
ram speed (18.26%) and is followed by the coefficient of friction (1.02%). Results revealed
that the die angle and ram speed show a significant effect on decreasing time. Increasing of
die angle and ram speed decreases extrusion time.

Table 9 — Analysis of Variance for Time

Source DoF Adj ss Adj ms f-value p-value | ¢4 of cont.
DA 2 49.1725 24.5862 502.3 0 79.1369
RS 2 11.3496 5.6748 115.94 0 18.2657
CoF 2 0.635 0.3175 6.49 0.007 1.0220

Error 20 0.9789 0.0489 - - -

Total 26 62.136 - - - -

4.5 Influence of extrusion parameters on GRG

Grey Relational Grade (GRG) optimizes the extrusion process settings based on the results of
simulations. Table 10 provides the effects of process variables (die angle, ram speed, and CoF)

on GRG.
Table 10 — Analysis of Variance for GRG
Source | DoF Adj ss Adj ms | f-value p-value % of cont.
DA 2 0.0756 0.0378 6.85 0.005 39.2264
RS 2 0.0064 0.0032 0.58 0.571 33027
CoF 2 0.0004 0.0002 0.04 0.961 0.2284
Error 20 0.1103 0.0055 - - -
Total 26 0.192628 - - - -
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The GRG (the combined influence of extrusion force, damage, displacement and time)
response behavior with the process parameters variation can be observed in Fig. 7. GRG
decreases with the increase of process parameters DA, RS & CoF.

Based on the individual plots, it can be seen that DA and RS have a significant impact on
extrusion force, displacement, and time.

In contrast, CoF has a negligible impact on the extrusion force and a modest impact on
damage, time, and displacement.

Therefore, it is anticipated that the DA and RS will have a considerable impact on how
the DA & RS contour is depicted. The influence on CoF's orientation is constant for the other
contours it displays.

According to the DA and RS contour plot, there is a high GRG in the area between low
DA (20° to 30°), low RS (2 mm/min). Similar to this, the GRG is high in the area that is
bordered by the medium DA and high CoF (DA & CoF) and the medium & high CoF &
medium RS (CoF & RS).

The ideal conditions for extrusion force, damage, displacement, and time (i.e. high GRG)
are at 20° DA, 2 mm/min RS, and 0.1 CoF.
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W 054 - 057
H » 057
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COF 008

1 15 20 25 3.0

Fig. 7 — Contour plots of GRG

5. VALIDATION

The simulation data is used to validate the slab model employed in this investigation. The DA,
CoF, and RS are all varied in the experiments.

Fig. 8 shows the variation of slab data and simulation data in terms of extrusion force. It
has been proven that the existing simulation model/procedure predicts the extrusion force
correctly.

Less than 5% of the measured average deviation is observed.
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6. CONCLUSIONS

The behavior of an Aluminum AA 2024 alloy workpiece during plastic deformation over a
conical die is investigated in the current work using a finite element model (DEFORM™-3D
software). The numerical results have been observed.

e  With an enlarged die angle range of 10° to 30°, the extrusion force has been enhanced.
The material flow during the deformation process is influenced by the die angle and
ram speed. The extrusion force and product quality are influenced by the flow of the
materials.

e Die angle shows highest significance in case of extrusion force and damage whereas
ram speed shows considerable significance.

e After a specific distance from the die exit, the damage increases most on the outer
surface of the billet. At 30° DA and ram speed of 3 mm/min, the damage is significant.

e Extrusion force and displacement increases as process parameters are increased and
damage & time decreases with the increase of process parameters.

e Asram speed and die angle increase, the effective stress and effective strains increases
as well.

e The displacement increases when the die angle and ram speed both increase at the
same time, which causes the extruded component to be produced in less time.

e From the individual ANOVA analysis it is observed that DA and RS have a significant
influence on extrusion force and displacement. CoF has a significant influence on
damage and time.

Grey Relational Analysis is used to optimize the extrusion process parameters. The
optimum combination of extrusion process parameters are obtained at 20° DA, 2 mm/min RS
and 0.1 CoF respectively. The results revealed that, die angle, ram speed have a significant
influence on extrusion force, damage and time and CoF shows less significance.
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