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Abstract

This study focuses on optimizing input process parameters for the extrusion of alloyed steel (20MnCr5) using finite
element simulation via DEFORM-3D software and the Taguchi method. The selection of appropriate process
parameters is critical to minimize extrusion force, particularly when different material sets are involved. The research
examines key parameters such as billet material properties, workpiece geometry, die angle, coefficient of friction,
logarithmic strain, ram speed, and die length. Through DEFORM 3D simulation, the minimum extrusion force is
predicted, and optimal process parameters are identified using Taguchi analysis. The regression analysis identified
optimal conditions with a coefficient of friction at 0.08, die angle at 20°, and ram velocity at 1.5 mm/s, resulting in an
extrusion force of 556291KN. ANOVA results indicate that die angle is the most influential factor, contributing
43.45% to the variation in extrusion force. Using an L27 (33) orthogonal array, the experiments were analyzed via
MINITAB software. The analysis of extrusion speed's effect on temperature revealed a maximum die temperature of
600°C and billet temperature of 1030°C at ram speeds between 1-2 mm/s. Additionally, the temperature-stress
relationship indicated the highest stress value of 1000 MPa at 20°C with 0.7% strain, while the lowest stress of 90
MPa occurred at 1050°C with 0% strain. The findings demonstrate the significant impact of optimized parameters on
reducing extrusion force, enhancing process efficiency.
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1. Introduction

The extrusion process is one of the industry's most crucial metal-forming process and performs complex assembly
operations by forcing the product through a die. Alloy steels such as 20MnCr5 are widely used in the automotive and
heavy machinery sectors and encounter significant problems during extrusion due to their high strength and hardness.
20MnCr5 is a low alloy hardened steel material with excellent wear resistance and toughness, but this material
provides higher extrusion strength by preventing deformation during extrusion. Finite Element Analysis (FEA),
primarily through DEFORM 3D software, provides a powerful platform for simulating complex extrusion processes.
This method allows for a detailed investigation of flow properties, stress distribution, and strain during solid materials
such as 20MnCr5 extrusion. Important extrusion parameters affecting strength include dead angle, friction coefficient,
logarithmic strain, and perforation speed (Valberg, 2010). To improve this disadvantage, the Taguchi method, a
valuable tool for experimental design, was used. The Taguchi method helps to determine the best parameters that
minimize the extrusion force using a small number of tests. DEFORM 3D's FEA, combined with post-processing
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analysis using the Taguchi method, provides a way to improve the metal extrusion process (Silva et al., 2014). The
extrusion of 20MnCr5 often comes with significant problems, such as exceptionally high extrusion pressure, which
can lead to inefficiency, increased material wear, and the possibility of end product failure. Reducing extrusion
pressure is essential for productivity and lower production costs. Input parameters such as die angle, coefficient of
friction, logarithmic strain, and screw speed play an important role in determining the performance of the extrusion
process. However, the complex interactions between these variables make it difficult to predict their effects on
extrusion forces using traditional methods. This difference in understanding highlights the need for better analytical
methods. The extrusion process can be studied in detail using finite element analysis (FEA) with DEFORM 3D
software. This research contributes to materials engineering and manufacturing, particularly in optimizing the
extrusion process of alloy steels. The main contributions include the development of 20MnCr5 extrusion modeling
using DEFORM 3D to improve the understanding of material behavior under extrusion conditions. Key inputs such
as coefficient of friction, die angle and extrusion speed are analyzed and optimized to reduce the required force.

1.1 Objectives

The primary objective of this research is to optimize the extrusion process parameters for 20MnCr5 alloy steel by
integrating DEFORM 3D finite element simulations with the Taguchi method. The study systematically investigates
the mechanical behavior of 20MnCr5 steel during extrusion, focusing on critical parameters such as die angle,
coefficient of friction, ram velocity, and logarithmic strain to evaluate their influence on extrusion force and material
flow. A robust simulation model is developed to analyze these factors comprehensively, enabling the identification of
optimal conditions through Taguchi analysis to minimize extrusion force and enhance process efficiency.
Furthermore, the accuracy of the simulation results will be rigorously validated against established literature, ensuring
the reliability and practical applicability of the findings.

2. Literature Review

The extrusion process has attracted interest in materials engineering, especially for optimizing products and
understanding product behavior under harsh conditions. Subramanian and Palani Radja (Subramanian, Palaniradja, &
Exploration, 2018) found different properties between the extruded rod's center and sides. Hoida et al. (Hojda, Sturm,
Terhorst, Klocke, & Hirt, 2017) developed a 3D finite element model including thermo-mechanical and electric field
elements using Abaqus/Standard to simulate hybrid forward extrusion. Zhou et al. (W. Zhou, Shi, Lin, & Manufacture,
2018) introduced the difference in external extrusion (DVSE) to predict the curve from the measured model. The
extrusion of AA6061-5% SiCp composite was studied by Akhgar et al. (Akhgar, Mirjalili, Serajzadeh, & Applications,
2011) regarding the thermomechanical behavior of the mixture under hot extrusion Purbahari et al. (Pourbahari,
Mirzadeh, Emamy, & Roumina, 2018) on the use of dynamic recrystallization to increase grain size. Tamasby et al.
(Tahmasbi & Mahmoodi, 2018) used friction stir extrusion (FSE) to study interfacial bonding. Yu and Zhao (Yu &
Zhao, 2018) identified nanostructures in the source during die extrusion. Sahu et al. (Sahu, Das, Dash, & Routara,
2018) measured the extrusion load variation for porous geometry. (Khosravifard, Ebrahimi, & Design, 2010)
performed a detailed analysis of rod extrusion to evaluate the impact of the technology. Ebrahimi et al. (Ebrahimi,
Gholipour, Djavanroodi, & A, 2016) investigated severe plastic deformation via balanced channel forward extrusion.
Finally, Parvizian et al. (Parvizian, Schneidt, Svendsen, & Mahnken, 2010) used DEFORM 3D to simulate hot metal
design to solve significant deformation problems.
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Figure 1 shows direct extrusion, where the blank is forced through the die like a pressure stamping process that
produces a standard product. Figure 2 shows indirect extrusion, where the die moves to a fixed position, reducing
friction between the blank and the box. Figure 3 shows hydraulic extrusion, a process that uses hydraulic pressure to
push material through a die and is ideal for materials that require tight control.

The extrusion process is widely used in metal production and is affected by many factors, such as the shape of the
work, die design, friction, stamping speed, temperature, and material, all of which affect the quality of the final product
and the energy efficiency of the product (Karayel, 2008). Extrusion optimization has gained knowledge from many
methods such as modeling, simulation, computer, and artificial intelligence to improve the accuracy of tool design and
extend the working life (Valberg, 2010). Yanran et al. analyzed the stable deformation during extrusion and optimized
the die angle to reduce the deformation forces, which shows a good relationship between the experimental and
simulation results. Finite element method (FEM) simulations have emerged as the best alternative to predict essential
factors such as extrusion loads and crack reduction, thereby increasing the accuracy of all process variations. Pathak
and Ramakrishnan used evolutionary algorithms and dynamic object models to optimize the strain rate and punching
speed and validated the result with genetic algorithms (KK & sciences, 2007). Azad and Noorani increased the forward
extrusion efficiency by predicting the change in load and stress while changing the die angle (Noorani-Azad, Bakhshi-
Jooybari, Hosseinipour, & Gorji, 2005) a recent study by Jurk et al. Focusing on reducing the extrusion pressure
through a combination of optimization techniques, including the Taguchi method, has yielded promising results in
alloy steel extrusion (Jurkovic, Jurkovic, Buljan, & engineering, 2006),(Jurkovié¢, Brezo¢nik, Grizelj, & Mandi¢,
2009). This paper uses the advanced simulation technology of Deform 3D software to model the hot extrusion process,
emphasizing the role of accurate simulation in predicting the material and optimizing the process to achieve good
quality (Schikorra, Donati, Tomesani, & Tekkaya, 2008). Simulations effectively detect temperature changes, which
are essential for evaluating material behavior at high temperatures by defining material properties, geometric
configurations, and boundary conditions (J. Zhou, Li, & Duszczyk, 2003). This approach can identify and reduce
potential problems such as irregular deformation and high stress, thus improving the extrusion process and die design
(Chaudhari, Andhale, Patil, & Engineering, 2012).

This study uniquely optimizes the extrusion process parameters for 20MnCr5 alloy steel by addressing critical gaps
in existing research. Unlike previous works that focus on individual factors such as die angle, friction, and ram speed,
this research uses the Taguchi method to evaluate their combined effects comprehensively. Additionally, it investigates
the influence of logarithmic strain on extrusion force reduction, a novel aspect not explored in prior studies. By
leveraging DEFORM 3D simulation software for precise optimization, this study provides a more integrated approach,
enhancing the understanding of 20MnCr5 steel's extrusion behavior and offering valuable insights for process
efficiency.

3. Methodology

This research employs a systematic methodology to optimize the extrusion process of 20MnCr5 alloy steel using
DEFORM 3D software for simulation and analysis. The process begins with detailed modeling, including geometry
setup, mesh generation, and defining material properties like stress, strain, and thermal characteristics. Critical
extrusion parameters such as die angle, ram speed, temperature gradient, and coefficient of friction are iteratively
adjusted to achieve optimal performance. Figure 4 shows the comprehensive outline of the methodology used in this
study. The simulation examines the impact of these parameters on material flow, temperature variations, and extrusion
forces, enabling analysis of deformation patterns, surface finish, and potential defects. The study uniquely incorporates
logarithmic strain to characterize the material behavior under extreme deformation, offering insights into the effects
of various factors such as friction and die wear on extrusion efficiency and product quality. By systematically
optimizing these parameters, the research aims to enhance the process's overall efficiency and reduce extrusion force,
ultimately improving the quality of extruded products.

3.1 Simulation Setup

The extrusion process was simulated using DEFORM 3D software, known for its design capabilities in metalworking.
The simulation involves transferring the geometry of the extrusion die and the raw material to ensure that the die
quality represents the intended profile. Critical properties for the cavities were defined, including the elastic modulus
and yield strength. Mesh generation was performed to ensure sufficient detail was captured during the extrusion
process, and mesh refinement was performed using tools available in DEFORM 3D. Use boundary conditions to
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represent the die's movement and the cavity's confinement. The contact between the die and the workpiece is defined,
including the friction coefficient and the contact algorithm. Depending on the material, select a suitable model, such
as rigid plastic or elastoplastic. Once the simulation is complete, post-processing tools in DEFORM 3D help define
deformation, stress, and distribution. The information obtained from this analysis suggests redesigns that will improve
the extrusion process and ultimately improve product quality and performance.

Parameter S:l:!:liunH Simulation Setup

Software Selecuion

(DEFORM 3D)

Extrusion Type Material Selecton Workpicoe Goometry
Sclection and Meshing

Geometry of Top & ! Object Positioning y Object Relationship
Bottom Dhie |
Simulation Rumn Database Generalion H Simulation Control l
Extract Data I'a:l_r Design of Experiment
Further Analysas
. Analysis of Varance - :
Taguch 4 ston Analysis
‘ agucha I ‘ (ANOVA) I | CRErCSS ¥ I

Figure 4. Overview of the research methodology

3.2 Process Setup

In DEFORM-3D, defining the workpiece geometry involves creating or importing the surface shape, capturing its
dimensions and material properties accurately. The next step is mesh generation, where the workpiece is subdivided
into finite elements to model its deformation behavior. Depending on the geometry's complexity and desired
simulation accuracy, structured or unstructured meshes may be used. This study utilized mesh optimization techniques
to refine critical areas, enhancing the simulation's precision. A total of 32,000 mesh elements were created to ensure
accurate analysis. The material properties, including stress flow and thermal characteristics, were selected using
DEFORM-3D's built-in library. Figure 5 is showing the Workpiece geometry creation and meshing process. For this
simulation, 20MnCr5 alloy steel was chosen based on its mechanical attributes reported in the literature. The process
of creating the workpiece geometry, meshing, and selecting material properties is illustrated in Figures 5 and 6,
providing a comprehensive foundation for the extrusion process simulation.
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Figure 5. Creating workpiece geometry and meshing Figure 6. Material selection in DEFORM-3D software

3.3 Geometry of Top & Bottom Die

The upper die acts as a RAM or punch during the extrusion process, including rapid extrusion. Its dimensions are 500
mm in diameter and 230 mm in height. Figure 7 illustrates the top die, also known as the ram or punch. The lower
die plays a vital role in forming the molten material into the required part of the joint. This die ensures consistency
and accuracy in the size and finish of the extruded product.
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Figure 8. Bottom die

Figure 8 illustrates the bottom die used in the simulation. It also controls the material flow to prevent defects such as
voids, warpages, or unevenness. Proper die design and maintenance are essential to produce consistent, high-quality
extrusion products. The lower die has an outer diameter of 260 mm, an inner diameter of 150 mm, and a height of 100
mm. In DEFORM 3D, the object placed for extrusion will align the original object geometry with the desired
configuration of the extrusion die in the simulation domain. The initial geometry is placed to represent the starting
point before the extrusion begins. Pan, rotate, or zoom adjustments can be made for accuracy. Figure 9 illustrates the
workpiece along with the top and bottom dies. Figure 10 illustrates the relationship among the workpiece, top die, and
bottom die. By properly defining and modeling inter-object relations in Deform 3D, we can simulate the extrusion
process with greater accuracy and understand how different factors affect the quality and behavior of the extruded
material.

v Bt RN

4 = | ] = | -

Figure 9. Object (Workpiece, Top and Bottom die) Figure 10. Inter object relationship between
positioning workpiece, top, and bottom die
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3.4 Simulation Run

After entering all the information for preprocessing in the Deform 3D software, it will be ready for simulation. After
saving the data and clicking the run button, the simulation will start. After the simulation process is completed, we
will be able to analyze the data for each step. From there, we can take the necessary data. Figure 11 shows the data
extraction at specific points or regions for detailed analysis and comparison using DEFORM 3D simulation software.
DEFORM 3D allows users to extract adequate stress data at specific points or regions for further analysis or
comparison. This data can be exported for statistical analysis, generated as plots, or incorporated into reports and
presentations. The following table is constructed based on the data in Table 1, where each single value is combined
with all other values. Then the simulation is run with these values. The extrusion force is measured during the test by
controlling different levels. Variance analysis is used to determine the extrusion values that are not related to the
extrusion strength. A linear model was adopted using the extrusion force as the response parameter, and the confidence
level was 95%.

Table 1. Orthogonal design array

(C/DEFORM20/PROBLEM/DEFORM/DEF ORM_6/DEFORM 5081
YWk Yew slrn i Serial  Logarithmic Yie Coefficient  Extrusion Simulatio

Reit9 900 ble t+aQG No Strain angle  of friction  velocity Extrusion fi
(KN)
1 03080 20 g 1 544000
Step 440 2 0.3080 30 0.1 1.5 579541
3 03080 40 ol2 2 566520
4 L6040 20 g 1 332059
5 L6040 30 0.l 1.5 582427
6 L6040 40 ol2 2 581020
T 0,900 20 L1 1 349370
] 09040 30 0.1 1.5 ST9304
9 09040 40 ol2 2 GlL159
1] 03080 20 o2 | 342067
i 00,3080 30 0.1 1.5 SHES5E
12 10,3080 40 008 2 5042
13 L6040 20 o2 | 3501123
14 10,6040 30 0.1 1.5 89347
15 L6040 40 LLL 2 591944
o s 1 09040 20 onl2 1 597364
0 il IRy i7 09040 30 0.1 1.5 $86415
o000 oo Vrl_ﬁL‘l.:U::‘::l‘ 410 DOOST 000658 K ¥ i J.J IH 0.%“ IHJ “w 2 "!I-‘-I 5|
’ 19 10,3080 20 0.l | 56010
20 03080 el LLL1E 1.5 589541
Figure 11. Extract data at specific points or regions 21 0.3080 40 0.12 2 SH6TO
for further analysis or comparison by DEFORM - 0.5040 ) - ' 1063
3D simulation software - 6040 0 008 13 S91362
24 L6040 40 12 2 5913
25 10,9040 20 1 | 551397
26 09040 k1] LTV 1.5 586432
27 09040 40 o2 2 602225

4. Results and Discussion

4.1 Data Comparison

Validating finite element simulation results with experimental data is essential to ensure accuracy. This study utilized
the experimental data from Ramesh et al. (2013) to compare and verify the extrusion forces predicted by the DEFORM
3D simulation. Table 4.1 presents a comparison between simulated extrusion forces and those obtained
experimentally. Although the general trend of extrusion force from the DEFORM 3D simulation closely matched the
experimental findings, some discrepancies were noted. These variations are common and primarily stem from the
simplifications made in the finite element model, which might not capture all the influencing factors of the actual
machining process. Despite these minor differences, the simulated results were sufficiently close to the experimental
data, allowing for reliable forecasting of machining responses across all test conditions. Subsequently, the results
facilitated further optimization using Taguchi and ANOVA methods to identify optimal extrusion parameters. The
comparative analysis for 20MnCr5 steel extrusion forces is detailed in Table 2.
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Figure 12. Literature vs simulation extrusion force

Figure 12 compares the simulated extrusion force with literature data, followed by Taguchi analysis to determine the
optimal parameters. Table 2 highlights deviations in extrusion force values, indicating variability. Comprehensive
analysis helps identify suitable extrusion conditions and minimize discrepancies.

Table 2. Comparison of simulation and literature extrusion force results of 20MnCr5 steel

Serial Logarithmic Die | Coefficientof | Extrusion Simulation Literature Deviation of

No Strain angle friction Velocity Extrusion extrusion extrusion
(mm/sec) force (KN) | force (KN) force
1 0.3080 20 0.08 1 544000 543970 30%
2 0.3080 30 0.1 1.5 579541 579523 18%
3 0.3080 40 0.12 2 566520 566499 21%
4 0.6040 20 0.08 1 532099 532040 59%
5 0.6040 30 0.1 1.5 582427 582401 26%
6 0.6040 40 0.12 2 581020 580922 98%
7 0.9040 20 0.08 1 549370 549342 28%
8 0.9040 30 0.1 1.5 579304 579285 19%
9 0.9040 40 0.12 2 611159 611132 27%
10 0.3080 20 0.12 1 542067 541988 79%
11 0.3080 30 0.1 1.5 588558 588519 39%
12 0.3080 40 0.08 2 590642 590563 79%
13 0.6040 20 0.12 1 551123 551049 74%
14 0.6040 30 0.1 L5 589347 589320 27%
15 0.6040 40 0.08 2 591944 591923 21%
16 0.9040 20 0.12 1 597364 597333 31%
17 0.9040 30 0.1 1.5 586415 586391 24%
18 0.9040 40 0.08 2 614151 614131 20%

© IEOM Society International 693



Proceedings of the International Conference on Industrial Engineering and Operations Management,

19 0.3080 20 0.1 1 546010 545979 31%
20 0.3080 30 0.08 1.5 589541 589521 20%
21 0.3080 40 0.12 2 586701 586560 141%
22 0.6040 20 0.1 1 551065 551048 17%
23 0.6040 30 0.08 1.5 591362 591339 23%
24 0.6040 40 0.12 2 590013 589925 88%
25 0.9040 20 0.01 1 551397 551343 54%
26 0.9040 30 0.08 1.5 586432 586392 40%
27 0.9040 40 0.12 2 602225 602133 92%

4.2 Taguchi Analysis
The Taguchi method is an efficient test programming approach that reduces the number of experiments needed to
identify optimal process parameters. Using orthogonal arrays, this method evaluates factors that significantly impact
the outcome and determines optimal settings based on the signal-to-noise (S/N) ratio. The S/N ratio helps minimize
variability due to noise, enhancing product quality. In this study, Table 3 presents the Response Table for Means,
while Table 4 shows the Signal-to-Noise Ratios, using the "Smaller is Better" criterion. The main effect plots for data
means and S/N ratios (Figures 13 and 14) reveal that the coefficient of friction, die angle, extrusion velocity, and
logarithmic strain significantly impact extrusion force, with variations of 14019 KN, 16026 KN, 7063 KN, and 5911
KN, respectively.

Table 3. Response Table for means

Table 4. Response Table for Signal-to-Noise

ratios (Smaller is better)

574000

Level | Coefficient Die Extrusion | Logarithmic LEVEL | CUCLLICICLIL viIc cxuusion | Logarithmic
of friction angle velocity Strain of friction | angle velocity Strain
1 569493 570398 | 580048 573614 1 -115.1 -115.1 -115.3 -115.2
2 583512 573378 572985 579525 2 -115.3 -115.2 -115.2 -115.3
3 577194 586424 | 577167 577060 3 -115.2 -115.4 -115.2 -115.2
Delta 14019 16026 7063 5911 Delta 0.2 0.2 0.1 0.1
Rank 2 1 3 4 Rank 2 1 3 4
Main Effects Plot for Means Main Effects Plot for SN ratios
Data Means Data Means
Coefficient of friction Die angle Extrusion velocity Logarithmic Strain Coefficient of friction Die angle Extrusion velocity Logarithmic Strain
588000 -115.10
586000
1515
584000
8
& 582000 g -115.20
S 580000 =
5 578000 ‘E e
g 576000 g 530

572000

570000

008 010 012 20 30 40 1

.0

15 20

0308 0604 0904

Figure 13. Main effect plot for data
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Figure 14. Main effect plot for S/N ratios
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4.3 Regression Analysis
Regression analysis uses various statistical methods to estimate the relationship between a variable and one or more
other variables. It can be used to model future relationships between variables and quantify their relationship. Table 5
shows the optimum values of input parameters to obtain the minimum extrusion force for the extrusion process. The
dependent variable is the extrusion force, while the independent variables are the coefficient of friction, dead angle,
logarithmic strain, and extrusion speed. The estimate based on factorial linear regression analysis is shown below.
Extrusion Force = 576733-7240 Coefficient of friction 0.08+6779 Coefficient of friction 0.1+461 Coefficient of
friction 0.12-6335 Die angle 20-3355 Die angle 30+9691 Die angle 40+3315 Extrusion velocity 1.0-3748 Extrusion
velocity 1.5+433 Extrusion velocity 2.0-3119 Logarithmic Strain 0.308+2792 Logarithmic Strain 0.604+327
Logarithmic Strain 0.904.

Table 5. Optimum value from regression analysis

Coefficient Die Ram velocity Logarithmic Extrusion Force (KN)
of friction angle (mm/sec) Strain
0.08 20 1.5 0.308 556291
4.4 ANOVA Analysis

This study examines the influence of four extrusion parameters: coefficient of friction, die angle, logarithmic strain,
and ram velocity, on the extrusion force in 20MnCr5 alloyed steel. Understanding their effects is crucial to identifying
which parameter significantly impacts the extrusion force. According to the ANOVA results summarized in Table 6,
the P-values indicate the statistical significance of each factor. The die angle, with a contribution of 43.45%, showed
the highest impact on extrusion force, followed by the coefficient of friction at 29.48%. In contrast, logarithmic strain
and ram velocity had a smaller influence, contributing 5.28% and 7.55%, respectively. The F-values, all differing
significantly from unity, support the rejection of the null hypothesis, confirming that each of these factors significantly
affects the extrusion force. Figure 15 visually illustrates the impact of these parameters, emphasizing the critical role
of die angle in the extrusion process of 20MnCr5 steel.

Table 6. Results of ANOVA for extrusion force

Source DF Adj SS Adj MS F-Value | P-Value Contribution
Coefficient of friction 2 4436309465 2218154730 12.35 0.023 29.48%
Die angle 2 6538958605 2218154730 103.12 0.001 43.45%
Extrusion velocity 2 1135003360 567501680 8.37 0.045 7.54%
Logarithmic Strain 2 793356125 396678060 6.39 0.051 5.27%
Error 18 2145923158 119217953.2 14.26%
Total 26 15049550713 100.00%

Contribution % graph

Error N 1/ .26%

Logarithmic Strain [l 5.27%

Extrusion velocity || I 7.54%
) H Contribution
Die angle | /3.45%
Coefficient of friction | HIEEEG—————— 20 /3%

0.00% 10.00% 20.00% 30.00% 40.00% 50.00%

Figure 15. Contribution graph of extrusion parameters for extrusion force
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4.5 Effects of Extrusion Speed or Ram Velocity on Temperature

The maximum billet temperature typically does not align with the peak temperature of the die, particularly at higher
ram speeds. This temperature discrepancy is evident when the ram speed increases, as shown in Figure 16, which
illustrates temperature fluctuations under various extrusion conditions. During extrusion, stable temperature
measurement is achieved once the ram displacement reaches 0 mm. The temperature variation significantly affects
material flow, as indicated by Table 7, which compares the maximum temperatures of the billet and die at ram speeds
of 1 mm/s and 2 mm/s. Computer simulations help predict temperature changes more accurately than direct
measurements, which can be influenced by device precision. For a ram speed of 1 mm/s, Figure 16(a) shows the
temperature progression of the billet and die, with initial temperature sensitivity more dependent on geometry than

speed.

Table 7 (a). Evaluation of the maximum
temperatures of the extruded and die during
the extrusion at a ram speed of 1 mm/s

Table 7 (b). Evaluation of the maximum
temperatures of the extruded and die during
the extrusion at a ram speed of 2 mm/s

Displacement | Temperature | Temperature Displacement Temperature | Temperature
(mm) of die °C of billet °C (mm) of die °C of billet °C
0 500 800 0 500 900
30 520 860 30 520 950
35 535 890 35 535 970
37 555 900 37 555 975
39 580 910 39 580 980
41 590 950 41 590 985
43 600 970 43 600 990
45 600 980 45 600 980
47 600 990 47 600 990
49 600 1010 49 600 1000
50 600 1025 50 600 1010
51 600 1030 51 600 1020
52 600 1030 52 600 1025
53 600 1030 53 600 1030
54 600 1030 54 600 1030
55 600 1030 55 600 1030

Temperature Graph at Ram Speed 1 mm/sec
=0=Temperature of die

Temperature of billet
1200

1000
800
600 ._._._.,._.—o—o—o—o—o—o—o—o—o—o
400
200

0 303537394143454749505152535455
Ram Displacement (mm)

(a)

Temperature Graph at Ram Speed 2 mm/sec

=0=Temperature of die
Temperature of billet

1200
1000
800
600 ._._._.,.-.-o—o—o—o—o—o—o—o—o—o
400
200

Temperature oC

0 303537394143454749505152535455
Ram displacement (mm)

(b)

Figure 16. Evaluation of the maximum temperatures of the extruded and die during the extrusion; (a) at ram speed of
1 mm/s; (b) at ram speed of 2 mm/s
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At 2 mm/s, Figure 16(b) illustrates a further rise in billet temperature, surpssing its initial state, indicating the influence
of ram speed on heat generation and loss during extrusion. The analysis of extrusion speed's effect on temperature
revealed a maximum die temperature of 600°C and billet temperature of 1030°C at ram speeds between 1-2 mm/s.

4.6 Effects of Temperature on Stress

The interplay between temperature and stress is crucial in the extrusion process, significantly influencing material
behavior. As the temperature increases, the material stress generally decreases, enhancing its flow through the die and
reducing the overall extrusion force. For steels like 20MnCr5, elevated temperatures facilitate smoother flow and
lower the required extrusion force, as detailed in Table 8. The data shows that the maximum stress of 1000 MPa occurs
at a low temperature of 20°C with 0.7% strain, while a minimum stress of 90 MPa is observed at 1050°C with 0%
strain. However, excessively high temperatures can lead to issues such as oxidation or material degradation, whereas
lower temperatures increase viscosity, making extrusion more challenging and potentially causing defects like
brittleness or cracking. Figure 17 illustrates the flow stress dependency on temperature, highlighting how variations
in temperature impact the stress-strain behavior during extrusion.

Table 8. Effects of temperature on stress and strain

SL. | Temperature Strain Stress (MPa) | SL. | Temperature Strain Stress (MPa)
No. (cC) (%) No. 0 (%)
1 20 0 400 19 600 0.6 480
2 20 0.2 820 20 600 0.7 450
3 20 0.4 910 21 750 0 200
4 20 0.6 990 22 750 0.2 290
5 20 0.7 1000 23 750 0.4 285
6 300 0 300 24 750 0.6 280
7 300 0.2 620 25 750 0.7 265
8 300 0.4 720 26 900 0 100
9 300 0.6 780 27 900 0.2 200
10 300 0.7 800 28 900 0.4 210
11 450 0 320 29 900 0.6 215
12 450 0.2 685 30 900 0.7 225
13 450 0.4 700 31 1050 0 90
14 450 0.6 675 32 1050 0.2 120
15 450 0.7 660 33 1050 0.4 140
16 600 0 300 34 1050 0.6 145
17 600 0.2 510 35 1050 0.7 145
18 600 0.4 500
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Effect of temperature on stress and strain
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Figure 17. Effects of temperature on stress and strain

5. Conclusion

This study effectively utilized finite element analysis (FEA) via DEFORM 3D software, combined with statistical
tools like Taguchi and ANOVA from MINITAB, to optimize the extrusion process parameters for 20MnCr5 alloy
steel. The simulations offered valuable insights into material flow, stress distribution, and thermal behavior during
extrusion, revealing how parameters such as die geometry, ram speed, and friction coefficient impact extrusion
performance. Optimal conditions were identified, including a friction coefficient of 0.08, a die angle of 20°, and a ram
speed of 1.5 mm/s, resulting in a minimized extrusion force of 556,291 KN. Analysis of the extrusion speed effect
highlighted maximum temperatures of 600°C for the die and 1030°C for the billet at ram speeds of 1-2 mm/s. The
temperature-stress relationship analysis indicated peak stress at 1000 MPa at 20°C and minimal stress at 90 MPa at
1050°C. The integration of DEFORM 3D with MINITAB proved to be an efficient approach for optimizing process
parameters, enhancing the quality and efficiency of extruded products. Future research could explore varying die
geometries and temperature settings to further reduce extrusion forces. To further enhance the extrusion process,
future research should explore varying die geometries, advanced cooling strategies, and the effects of different material
compositions. Incorporating real-time temperature and stress monitoring in experiments could also help in refining
simulation models and improving predictive accuracy.
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