UDK 546.62: 004.942
Original scientific article/Izvirni znanstveni ¢lanek

OPTIMIZATION AND INFLUENCE OF PROCESS PARAMETERS
ON ECAD SECTION SHRINKAGE OF 7075 Al ALLOY

VPLIV IN OPTIMIZACIJA PROCESNIH PARAMETROV ECAD NA
SKRCEK POSAMEZNIH SEKCIJ ZLITINE VRSTE Al 7075

Jiayun Zhu!, Tao He!", Xilin Chen!, Xiangyang Dul, Alexey Vereschaka?2,
Jian Lil, Shanping Deng!

ISchool of Mechanical and Automotive Engineering, Shanghai University of Engineering Science, Songjiang 201620, Shanghai, China

2Institute of Design and Technological Informatics of the Russian Academy of Sciences, 127994 Moscow, Russia
Prejem rokopisa — received: 2024-11-15; sprejem za objavo — accepted for publication: 2025-03-26
doi:10.17222/mit.2024.1342

The phenomenon of section shrinkage during the equal channel angular drawing (ECAD) process significantly impacts the di-
mensional precision of a specimen’s cross-section, posing a challenge for the industrial implementation of this forming tech-
nique. To address this problem, a numerical simulation of the 7075 Al alloy during the ECAD process was conducted using De-
form-3D, which revealed the influence of process parameters on ECAD section shrinkage. Through analyzing the results of the
orthogonal design, the importance of various process parameters on section shrinkage was researched using range analysis and
analysis of variance. A multi-objective optimization approach utilizing a genetic algorithm was developed to determine the opti-
mal process parameter combination, subsequently validated through ECAD experiments. The results demonstrate that shrinkage
decreases as the inner and outer angles of the die increase, while it increases with higher friction coefficients and drawing
speeds. Among these process parameters, the inner angle is found to have the most significant influence on shrinkage, followed
by the friction coefficient and the outer angle, while the drawing speed has the least impact on shrinkage which can be consid-
ered negligible. Consequently, the optimal combination of process parameters is identified as an inner angle of 120°, an outer
angle of 90°, and a friction coefficient of 0.11.
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Pojav razli¢nega kréenja materiala zaradi vlecenja ali iztiskavanja pod kotom v kanalu enakega preseka (ECAD; angl.: Equal
Channel Angular Drawing) je proces, ki mo¢no vpliva na dimenzijsko toc¢nost pre¢nega preseka izdelkov, ki so izdelani s tem
postopkom in tako predstavlja dokaj velik izziv uporaba tega postopka preoblikovanja materialov v industriji. Avtorji v tem
¢lanku opisujejo numeri¢no simulacijo aluminijeve zlitine tipa A17075 med ECAD procesom z uporabo programskega orodja
Deform-3D, ki je razkrila vpliv izbranih procesnih parametrov tega procesa na sekcijsko kréenje oziroma kréenje po
posameznih izbranih odsekih preoblikovanca. Z analizo rezultatov ortogonalnega dizajna so avtorji ugotavljali vpliv
posameznega procesnega parametra na sekcijsko kréenje in njegovo pomembnost s pomoc¢jo obmoc¢ne analize in analizo vari-
ance. Z uporabo vec-objektnega optimizacijskega pristopa so avtorji razvili genetski algoritem za doloCitev kombinacije
optimalnih procesnih parametrov, ki so ga nato preverili oziroma ovrednotili s prakticnimi ECAD preizkusi. Z rezultati so
dokazali, da se kréenje zmanjSuje s poveCevanjem notranjega in zunanjega kota (nagiba), medtem ko narascata koeficient trenja
in hitrost vlecenja (deformacije). Med vsemi analiziranimi procesnimi parametri ima notranji kot orodja najvecji vpliv na
skréek. Temu sledita koeficient trenja in zunanji kot orodja, medtem ko je vpliv hitrosti vlecenja najmanjsi in ga zato lahko
zanemarimo. Posledi¢no so avtorji ugotovili, da so optimalni procesni parametri naslednji: notranji kot orodja 120°, zunanji kot
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orodja 90° in koeficient trenja 0,11.

Kljucéne besede: enako kanalsko kotno vlecenje, skré¢ek po posameznih sekcijah, ortogonalni dizajn, genetski algoritem

1 INTRODUCTION

The rapid development of aerospace and aircraft in-
dustry has created an urgent demand for high-strength
and lightweight Al alloys.!? The 7075 Al alloy has been
widely used as a structural material due to its low den-
sity, high strength, ductility, toughness and resistance to
fatigue.>> In order to meet the manufacturing specifica-
tions, it is necessary to modify the alloy composition, in-
corporate diverse grain-refining additives, or produce re-
fined microstructures through intensive deformation
processes, such as forging, accumulative rolling, com-
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pressed-torsion and so on. Equal channel angular press-
ing (ECAP) is recognized as an effective method to en-
hance the mechanical properties of Al alloys by produc-
ing fine-grained microstructures with high densities of
dislocations.® However, as some researchers found that
ECAP was not suitable for the continuous processing of
long rods, equal channel angular drawing (ECAD) was
developed to expand the potential of ECAP for the con-
tinuous production of high-strength Al alloys.!0-!2
Zisman et al. proposed that ECAD was proved to be
an efficient method to strengthen Al sheets and control
their textures due to its high rate of grain refinement and
its continuous processability.!? Pérez et al. found that
ECAD could effectively refine the grain size resulting in
an increase in the microhardness and tensile strength of
the material.'* While ECAD demonstrates exceptional
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Table 1: Chemical composition of 7075-O Al alloy (w/%)

Cu Mg Zn Cr

Fe

Si Al

1.2-2.0 2.1-2.9 5.1-6.1 0.18-0.28

0.5

=<0.3 0.4 =<0.2 Bal.

capabilities in grain refinement, material hardness en-
hancement, and tensile strength improvement, section
shrinkage remains a critical barrier to its industrial adop-
tion."” Section shrinkage adversely affects a material’s
dimensional precision and may lead to crack formation
and fracture during processing.'® Current research on the
impact of ECAD process parameters on section shrink-
age remains unreported, particularly in exploring the
strategies to mitigate shrinkage through process parame-
ter optimization.

To address this issue, a systematic investigation about
the influence of ECAD process parameters on the section
shrinkage of 7075 Al alloy is essential. A key focus of
this research is to identify the primary and secondary
process parameters affecting ECAD section shrinkage.
The orthogonal design is an efficient method that exam-
ines each parameter’s impact and potential interactions
while minimizing the number of experiments.!”~"* For in-
stance, Kim et al. utilized orthogonal design to develop a
50 kg-grade cold-rolled dual-phase (DP) steel and pro-
posed that orthogonal design was an efficient method.?®
Guan et al. employed the orthogonal method to design
nine types of Mg-Al-Sn-Mn magnesium alloy and high-
lighted the practicality of orthogonal design.?! Chen et al.
investigated stress-strain distribution, loads, and maxi-
mum principal stress in conventional drawing, optimized
the drawing process parameters with the orthogonal ex-
perimental method and found it was convenient for sta-
tistical analysis.??> These studies confirm that orthogonal
experimental design is a practical, efficient, and conve-
nient tool commonly used for optimizing process param-
eters.

Moreover, to reduce the section shrinkage rate under
the demands of severe plastic deformation, it is essential
to identify the optimal combination of process parame-
ters through multi-objective optimization. One of the
challenges of multi-objective optimization is the trade-
off between improving one performance metric and po-
tentially worsening others.?>->> To address this, a genetic
algorithm is proposed as a solution. Such an algorithm
mimics the evolutionary process in biology, adhering to
the principle of survival of the fittest, and continuously
seeking Pareto optimum solutions within a popula
tion.?0-28 Pu et al. demonstrated that the MOGA optimi-
zation approach could effectively enhance the thermal
performance of ground heat exchangers (GHEs).?
Sardinas et al. presented a multi-objective optimization
technique based on a genetic algorithm and optimized
the conflicting objectives of the tool life and operation
time, proving that the genetic algorithm was an effective
multi-objective optimization method.’® Li et al. empha-
sized the versatility and global search capability of a ge-
netic algorithm and combined analysis of variance with
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the non-dominated sorting genetic algorithm (NSGA-II)
to provide a systematic approach for proton exchange
membrane fuel cell multi-objective optimization.?' The
application of the genetic algorithm to solve multi-objec-
tive optimization problems is thus proven to be a viable
strategy.

In light of this, the present study focuses on the 7075
Al alloy, utilizing finite element software to simulate and
analyze the ECAD process, and elucidate the influence
of process parameters on section shrinkage, thus filling
the research gap in this field. The Design-Expert soft-
ware is employed to conduct an orthogonal design, aim-
ing to identify the primary and secondary process param-
eters affecting the specimen section shrinkage. In line
with the findings, a multi-objective optimization method
based on the genetic algorithm is proposed, which can si-
multaneously optimize the section shrinkage rate and
equivalent strain, providing theoretical support for the in-
dustrial application of the ECAD process. This optimiza-
tion aims to achieve optimal process parameters for min-
imal section shrinkage and provide valuable reference
and guidance for establishing ECAD process parameters.

2 MATERIALS AND METHODS
2.1 Material

The chemical composition of the 7075-O Al alloy
used in the present study is shown in Table 1. To accu-
rately simulate the ECAD forming of 7075-O Al alloy
bars, uniaxial drawing experiments were carried out to
determine the material’s mechanical properties and es-
tablish its constitutive model. A drawing specimen with
a gauge length of 10 mm, a width of 2 mm, and a thick-
ness of 1.5 mm was designed. Utilizing an Instron-3369
universal testing machine, the drawing tests were per-
formed at strain rates of 0.1 s7!, 1 s7!, and 10 s'. The
Johnson-Cook constitutive model for the material was
then constructed using the data obtained with these
drawing experiments.

2.2 Finite element simulation experiment

2.2.1 Finite element modeling

Figure 1a illustrates the 3D finite element model for
the ECAD process, with the specimen featuring a diame-
ter of 9.6 mm. Given the high hardness of the die mate-
rial used in the drawing tests, its deformation was
deemed negligible. Consequently, the die was modeled
as a rigid object, whereas the specimen was treated as a
plastic deformable object. The numerical simulations of
the ECAD process were conducted using the Deform-3D
finite element software, which employed a total of
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32,000 mesh elements. The simulations were conducted
under a constant temperature of 20 °C. The material’s
flow stress behavior was governed by the previously es-
tablished Johnson-Cook constitutive model. To capture
the interaction between the specimen and the die, a shear
friction model was applied to simulate the frictional ef-
fects during the deformation process.

The specimen can be categorically divided into three
distinct zones after the deformation: Zone I, Zone II, and
Zone 11, as illustrated in Figure 1b.>> Zone 1 is subjected
to drawing but is not affected by the die angle, exhibiting
minimal section shrinkage, and can be largely disre-
garded in this context. At the transition from Zone I to
Zone II, there is a marked reduction in the cross-sec-
tional area, giving rise to a relatively consistent pattern
of section shrinkage of Zone II. Despite being affected
by the die angle, Zone III experiences the phenomenon
of curling. Hence, the analysis primarily concentrates on
these three zones, which are most affected by the shrink-

age phenomenon, to elucidate the patterns of the change Level Simulation experiment factors
associated with each process parameter. A (°) B (®) C D (mm-s")
-1 120 30 0.05 5
2.2.2 Simulation experimental design 135 60 0.15 25
1 150 90 0.25 45

In a single-factor experiment, the protocol involves
altering only one variable while maintaining all other
factors that could affect the outcome at a constant level.
To examine the effects of various parameters on the
shrinkage rate, a simulation study was performed focus-
ing on four key parameters: the inner angle, the outer an-
gle, the friction coefficient, and the drawing speed. Three
levels were selected for each parameter, as detailed in
Table 2. In addition, an L9 orthogonal array was adopted
to conduct nine simulation experiments, with the section
shrinkage rate and equivalent strain explicitly defined as
the evaluation criteria, systematically assessing the im-
pact of each parameter on the shrinkage rate.

(a)

ECAD die Drawing die
L Drawing

Specimen

2.2.3 Orthogonal design of the process parameters on
ECAD section shrinkage

The orthogonal design method employs a systematic
approach to select representative experimental conditions
using orthogonal arrays. It organizes experimental plans
for testing and employs range analysis and analysis of
variance to ascertain the primary and secondary impacts,
as well as the significance, of each factor.’® In this or-
thogonal design, four parameters were identified as in-
fluential factors: the inner angle (A), the outer angle (B),
the friction coefficient (C), and the drawing speed (D).
The section shrinkage rate and the average equivalent de-
formation were adopted as evaluation criteria to investi-
gate the pattern of section shrinkage throughout the en-
tire ECAD process. The factors and their respective
levels for the simulation experiment are detailed in Ta-
ble 3.

Table 3: Orthogonal design factors and levels

2.3 ECAD experimental design

To validate the simulation results, two sets of process
parameters were chosen for physical ECAD tests. The
specimens were subjected to drawing using the hydraulic
machine depicted in Figure 2a. Subsequently, the speci-
mens were sectioned using a DK7735 EDM wire cutting
machine to prepare five cross-sectional samples. The
cross-sectional areas of these samples were then imaged
using the area measurement test platform shown in Fig-
ure 2b. The images were quantitatively analyzed with

(b)

direction I Zone]

Zone 11

Zone I1I

Figure 1: a) 3D schematic diagram of ECAD, b) division of deformation zones of the specimen after ECAD

Table 2: Simulation experimental design

Simulation number Inner angle (°) Outer angle (°) Friction coefficient | Drawing speed (mm-s~!)
1 120/135/150 30 0.15 5
2 120 30/60/90 0.15 5
3 120 30 0.05/0.15/0.25 5
4 120 30 0.15 5/25/45
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(a)

Hydraulic machine

Drawing die
Specimen

ECAD die

Monitor
Camera
Coaxial light

Specimen

Data analysis
program

Scale f__J

Figure 2: a) Hydraulic machine experimental mold, b) specimen cross-sectional area measurement test platform

the Image-Pro Plus software to determine the average
section shrinkage rate accurately.

3 RESULTS AND DISCUSSION

3.1 Establishment of Johnson-Cook constitutive model

The Johnson-Cook constitutive model, introduced in
1983, is an empirical formulation.** It posits that the
yield stress of a material can be characterized as a func-
tion of strain, strain rate and temperature:

o:(A+Bs")[1+C1n_éJ[1—(T*)M] (1)
80

Here, T" = (T — T)AT. — T)), € is the reference strain
rate, T,, is the melting point of the material, 7; is room
temperature, A is the initial yield stress, B is the harden-
ing constant, C is the strain rate constant, m is the ther-
mal softening exponent, and 7 is the hardening exponent.
A higher hardening exponent indicates a more pro-
nounced strain hardening in the material.

180
160
140
120
100

True stress(MPa)

0.1s"
1.0s!
10s!

0 1 1 1 1
0. 04 0. 06 0. 08

True strain

Figure 3: True stress-strain curve of cylinder compression with differ-
ent strain rates
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The true stress-strain curves for the 7075-O Al alloy,
derived from the drawing tests conducted at various
strain rates at room temperature, are depicted in Fig-
ure 3. Through the process of fitting and analyzing the
true stress-strain data, the corresponding material coeffi-
cients were determined: 7° = 0, n = 0.05274,
A =-291.99677 MPa, B = 504.09207 MPa, C = 0.0087.
Thus, the expression in the Johnson-Cook constitutive
equation can be fitted as follows:

€

0 =(~291.99677 +504.09207¢ " ™) (1 +0.087 In-= J 2)

Figure 4 illustrates the comparison between the fitted
curve derived from the constitutive equation and the ac-
tual experimental data points. The close alignment of the
curve with the experimental values suggests a robust fit
of the constitutive equation, making it an appropriate
choice for establishing a material rheological stress data-
base.

160
140
120
£ 100
=}
2 80
,i"_-, ——— Experimental curve (, [s!
3 60 —— Experimental curve 1. 0s !
E —— Experimental curve 10. 0s !
40 — —  Fittedcurve  0.1s™!
- - Fitted curve 1.0s™
20 - - Fitted curve 10.0s
0 1 1 1 1
0.00 0. 02 0.04 0.06 0.08

True strain

Figure 4: Comparison between the constitutive equation and actual
values
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3.2 Analysis of the effects of process parameters on
ECAD section shrinkage

3.2.1 Effect of inner angle on ECAD section shrinkage

Figure 5 depicts the variation in section shrinkage
rates across different zones under varying inner angle
conditions. The figure reveals a notable trend: as the in-
ner angle increases, the shrinkage rates at the junctions
of Zone I and Zone II, as well as Zone II and Zone III,
exhibit a marked decrease. Specifically, these rates de-
crease from 21 % and 17.6 % at an inner angle of 120° to
10.5 % and 6.8 % at 150°, respectively. Concurrently, the
section shrinkage at the boundary between Zone I and
Zone 1II is mitigated, with the smallest diameter of the
cross-section increasing from 8.46 mm at 120° to 8.92
mm at 150°, thereby reducing the likelihood of cracking
and fracturing.

An increase in the inner angle leads to a reduction in
the cumulative equivalent strain, thereby diminishing the
shearing effect caused by the inner angle.*> This reduc-
tion in the shearing effect reduces the velocity disparity
between the entry and exit points of the die, thus alleviat-
ing the section shrinkage phenomenon. Of particular in-
terest is the observation that the section shrinkage rate in
Zone 1II remains relatively stable, while the values of the
error bars for the other two Zones are larger. Therefore,
the section shrinkage rate of Zone II is chosen as the op-
timization objective in the subsequent optimization
study.

3.2.2 Effect of outer angle on ECAD section shrinkage

Figure 6 illustrates the changes in section shrinkage
rates across different zones under varying outer angle
conditions. The figure reveals that with the increase in
the outer angle, the section shrinkage rate at the junction
of Zone I and Zone II experiences a moderate decline.
Specifically, there is a decrease from 21 % at an outer

25 | ™™ Junction of zone I and zone II
zone II
zone 11T
e
S0t
% —E
-
&
o151
=
=
w1
3=
3]
o |_l_‘
1%}
5+
O 1 1 1
120 135 150

Inner angle (°)

Figure 5: Variation in the section shrinkage rate in different areas at
different inner angles
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angle of 30° to 17.6 % at 90°. Similarly, the section
shrinkage rate of Zone II also exhibits a slight reduction,
dropping from 17.6 % at 30° to 15.4 % at 90°. Zone III is
similar to the previous values.

A larger outer angle reduces the shearing effect on
the specimen, thereby decreasing the equivalent strain.
However, the increase in the outer angle enhances the
positive pressure between the specimen and the inner
wall of the die corner. This heightened pressure results in
an augmented frictional force and a more pronounced
speed differential between the specimen’s entry and exit
points. These factors contribute to insufficient metal flow
and a slight decline in the section shrinkage rate. It is im-
portant to note that the outer angle exerts a relatively mi-
nor influence on the section shrinkage of the specimen
compared to the inner angle.

3.2.3 Effect of drawing speed on ECAD section
shrinkage

Figure 7 displays a specific trend in section shrink-
age rates across various zones at different drawing
speeds. It is evident from the data that an increase in the
drawing speed corresponds to a moderate rise in the sec-
tion shrinkage rates at the junctions of Zone I and Zone
II, as well as Zone II and Zone III, although the rate of
increase is relatively slow. The 7075-O Al alloy’s strain
rate sensitivity, as indicated by its constitutive equation,
is quite low, with a coefficient of 0.0087. This suggests
that the material’s response to the changes in drawing
speed should be limited. Nonetheless, the thermody-
namic perspective offers a contrasting view. Over 90 %
of the work input into the specimen is converted into
heat, while only a minor portion contributes to the defor-
mation process. This heat is not easily dissipated from
the die, leading to a localized temperature increase in the
specimen. As the drawing speed is incremented, the rate
at which work is converted into heat intensifies, resulting
in a more pronounced temperature rise within the speci-

25 L [P Junction of zone I and zone II
zone 1T
zone IIT
o
Kt
2 i
-
[} —E
%%0 15 B
£
w
g 10
‘B
Q
Q
%]
5F
0 1 " 1 L 1
30 60 90
Outer angle (°)

Figure 6: Variation in the section shrinkage rate in different areas at
different outer angles

407



J. ZHU et al.: OPTIMIZATION AND INFLUENCE OF PROCESS PARAMETERS ON ECAD SECTION SHRINKAGE ...

Junction of zone I and zone II
5 zone 11
zone 11T
o
S 20
2 &
& 3
)
_g 15
£ = -+
g 10
=
Q
[
n
5k
0 1 " 1 " 1
5 25 45

Drawing speed (mm-s™")

Figure 7: Variation in the section shrinkage rate in different areas at
different drawing speeds

men. This thermal effect is accompanied by a reduction
in the material’s yield strength and an increase in its
deformability, which in turn leads to the observed in-
crease in section shrinkage rates.

3.2.4 Effect of friction coefficient on ECAD section
shrinkage

Figure 8 provides insights into the impact of varying
friction coefficient on the section shrinkage rates of dif-
ferent zones. The data clearly indicates that as the fric-
tion coefficient increases, there is a marked escalation in
the section shrinkage rate at the junction of Zone I and
Zone II, which increases from 18.6 % at a friction coeffi-
cient of 0.05 to 22.3 % at 0.25. The section shrinkage
rates of Zone II and Zone III also experience an upward
trend with the rising friction coefficient, though at a
more gradual pace.

25 | Junction of zone I and zone II
zone Il
zone III
&
S 20 £
o
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& T E
)
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<
=
=
=
=
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A
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0 1 1 1
0.05 0.15 0.25

Friction coefficient

Figure 8: Variation in the section shrinkage rate in different areas at
different friction coefficients
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Previous research established that an increase in the
friction coefficient leads to a direct proportional increase
in the frictional force between the specimen and the in-
ner wall of the die corner. This results in a higher fric-
tional force per unit area, which in turn enhances yield-
ing and aggravates section shrinkage, leading to an
escalation in the section shrinkage rate. The pronounced
section shrinkage at the boundary between Zones I and II
causes the specimens to partially detach from the inner
wall of the die corner, thereby reducing the shearing ef-
fect. As a consequence, even with a higher friction coef-
ficient, the section shrinkage rate in Zone II increases at
a slower rate.

3.3 Optimization of process parameters

3.3.1 Orthogonal design

Considering the stringent precision demands of the
experimental protocol, the economic considerations re-
lated to resource allocation, and the complex interplay
among the various factors, the research team chose to
employ a 4-factor, 3-level orthogonal array design for the
study. This approach optimizes the number of experi-
mental runs needed to investigate the influences of multi-
ple factors simultaneously. The experimental configura-
tions of this research were generated through simulations
conducted with the Deform-3D software. For the quanti-
fication of cross-sectional areas, we relied on Image-Pro
Plus software, which provided precise measurements
necessary for the analysis. Using these measurements,
the section shrinkage rates for each set of specimens
were computed. The findings from the orthogonal design
are detailed in Table 4, offering a comprehensive over-
view of the outcomes, and facilitating the interpretation
of the effects of the various factors on section shrinkage
rates.

Table 4: Orthogonal design results

Section .
Test AC)BE)| C D | shrinkage Equ1v2}lent
number (mm-s™) rate (%) strain
1 120 | 30 |0.05 5 15.6 0.502
2 120 | 60 |0.15 25 16.7 0.513
3 120 | 90 |0.25 45 18.3 0.543
4 135 | 30 |0.15 45 13.6 0.393
5 135 60 10.25 5 15.7 0.431
6 135 | 90 |0.05 25 13.3 0.402
7 150 | 30 | 0.25 25 10.2 0.275
8 150 | 60 |0.05 45 8.9 0.271
9 150 | 90 |0.15 5 8.3 0.273

3.3.2 Range analysis and analysis of variance

The intuitive analysis of the orthogonal design is
based on a thorough comparison of results, aiming to as-
certain the influence of different levels of each factor on
the experimental outcomes by examining the range of
values. This range serves as an indicator of the relative
importance of each factor; a broader range signifies a
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more substantial impact on the experimental indices,
thus marking the factor as more critical.® Table 5 pres-
ents the intuitive analysis pertaining to the section
shrinkage rate derived from the simulation experimental
data. The analysis reveals the hierarchy of influence ex-
erted by the four considered factors on the section
shrinkage rates, ranking them as follows: the inner angle
(Factor A) exerting the most significant influence, fol-
lowed by the friction coefficient (Factor C), the outer an-
gle (Factor B), and the drawing speed (Factor D) having
the least effect.

Table 5: Range analysis results for the section shrinkage rate

Factor A (®) B (°) C D (mm-s)
K, 16.867 13.133 12.6 13.2
K, 142 13.767 12.867 13.4
Ks 9.133 13.3 14.733 13.6

Range 7.734 0.634 2.133 0.4

Table 6 intuitively shows the ranking of the range of
influences on equivalent strain from the four factors: in-
ner angle (A) > friction coefficient (C) > drawing speed
(D) > outer angle (B). Hence, it can be inferred that the
inner angle has the greatest impact on the equivalent
strain, followed by the friction coefficient and drawing
speed, whereas the outer angle has the smallest impact
on the equivalent strain.

Table 6: Range analysis results for the equivalent strain

Factor A (©) B (°) C D (mm-s™)
I 0.519 0.390 0.271 0.402
K> 0.288 0.405 0.393 0.276
K 0.273 0.285 0.416 0.402

Range 0.246 0.12 0.145 0.126

These rankings demonstrate that the inner angle is
the most critical factor influencing the section shrinkage
rates. This phenomenon can be explained with the mate-
rial flow behavior: a large inner angle reduces the accu-
mulation of the shear strain at the die corner.> When the
inner angle increases, the material’s flow path becomes
smoother, reducing the velocity gradient and thereby al-
leviating the shrinkage phenomenon caused by uneven
local plastic deformation. Additionally, a small shear
strain also decreases the dislocation density, reducing the
tendency of material hardening and further suppressing
the section shrinkage. The friction coefficient also plays
a crucial role, indicating that the interaction between the
specimen and the die surface is a key consideration. A
high friction coefficient enhances the constraint of the
die inner wall on the material, hindering the metal flow
and generating a greater normal pressure at the corner.
This constraint leads to localized severe deformation of
the material, thereby exacerbating the section shrinkage.

The outer angle’s influence is less pronounced than
those of the inner angle and friction coefficient, but still
notable. This is probably due to an increase in the outer
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angle, which slightly raises the normal pressure of the
die on the material, promoting the filling of the material
at the corner and thereby compensating for the shrinkage
caused by the flow lag. However, this effect is limited by
the weak ability of the outer angle to regulate the overall
strain distribution, resulting in its relatively low influ-
ence. Finally, the drawing speed appears to have the least
impact on the section shrinkage rates among the factors
studied, suggesting that changes in this parameter result
in relatively minor fluctuations in the shrinkage out-
comes. This is because the temperature increase is lim-
ited and insufficient to significantly alter the yield behav-
ior of the material within the experimental speed range.

The range analysis, while providing a preliminary un-
derstanding of the factors’ influence on the experimental
outcomes, indeed falls short in accounting for the impact
of experimental errors on the results. To validate the
findings from the range analysis and to gain a more
nuanced understanding of the statistical significance of
each factor, the analysis of variance is essential. This sta-
tistical method assesses the significance of the orthogo-
nal design by comparing the P-values associated with
each factor. The P-value is a critical metric in the analy-
sis of variance, serving as an indicator of a factor’s statis-
tical significance. A P-value greater than 0.05 suggests
that the factor’s effect is not statistically significant,
meaning that the observed differences could be due to
random variation. Conversely, a P-value lower than 0.05
indicates that the factor’s effect is statistically signifi-
cant, implying that the differences observed are unlikely
to be due to chance alone.”” In the context of this study,
the minimal impact of the drawing speed on section
shrinkage rates led to its designation as a residual error
term in the analysis of variance. This decision reflects
the understanding that its influence on the experimental
outcomes is insufficient to warrant independent consider-
ation as a significant factor.

As shown in Table 7, the analysis of variance indi-
cates that both the inner angle (Factor A) and the friction
coefficient (Factor C) exert statistically significant ef-
fects on section shrinkage rates. This is evidenced by
their respective P-values of P = 0.0026 and Pc = 0.028,
both of which are below the 0.05 threshold. This con-
firms the importance of these factors in influencing the
experimental results. For the outer angle (Factor B), the
P-value is Pg = 0.2707, which is greater than 0.05. This
indicates that the outer angle does not have a statistically

Table 7: Analysis of variance results for section shrinkage rates

Source of| Sum of |Degree off Mean
F-value | P-value
error | squares | freedom | square
A 92.59 2 46.29 | 385.78 | 0.0026
B 0.6467 2 0.3233 2.69 0.2707
C 8.11 2 4.05 33.78 | 0.0288
Residual | 54 2 0.07 - -
error
Total 101.58 8 - - -
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significant effect on section shrinkage, aligning with the
range analysis results that ranked its influence as rela-
tively low. The consistency between the analysis of vari-
ance and the range analysis reinforces the conclusion
that the outer angle is a less critical factor in the context
of section shrinkage rates.

The variance results presented in Table 8 reveal that
the P-values for the inner angle (Factor A) and the fric-
tion coefficient (Factor C) are P, = 0.0007 and
Pc = 0.0499, respectively, both of which are below the
0.05 threshold. This indicates that both the inner angle
and the friction coefficient have a significant influence
on the equivalent strain. In contrast, the outer angle (Fac-
tor B) has a P-value of Pz = 0.1118, which is above 0.05,
implying that it has a relatively minor impact on the
equivalent strain. This finding is consistent with the
range analysis, which also indicated a lower influence of
the outer angle on the equivalent strain compared to the
other factors.

Table 8: Analysis of variance results for the equivalent strain

Source of| Sum of |Degree off Mean
F-value | P-value
error | squares | freedom | square
A 0.0913 2 0.0457 | 1505.48 | 0.0007
B 0.0005 2 0.0002 7.95 0.1118
C 0.0012 2 0.0006 | 19.03 | 0.0499
Residual
error | 0-0001 2 0 - -
Total 0.093 8 - - -

3.3.3 Analysis of ECAD verification experiment

The thorough analysis of individual factors affecting
the section shrinkage, coupled with the orthogonal sig-
nificance analysis of process parameters, elucidated that
the inner angle, friction coefficient, and outer angle all
exert significant influence on both the section shrinkage
and equivalent strain. To quantify the relationship be-
tween these three factors and the outcomes of interest, a
multivariate linear regression analysis was performed us-
ing the Minitab software. This analysis resulted in an
R-squared value of 0.9507 and an adjusted R-squared
value of 0.9212 for section shrinkage, signifying a robust

ke

Figure 9: Experimental results: a) inner angle of 120° and outer angle
of 30°; b) inner angle of 135° and outer angle of 30°
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model fit. The regression equation can be presented as
follows:

Y, =46.43-0.2578A+0.0028B+1067C 3)

The regression analysis for equivalent strain yielded
an R-squared value of 0.9923 and an adjusted R-squared
value of 0.9877, signifying an excellent fit of the model.
The regression equation representing this relationship is
as follows:

Y, =14743-0.008211A+0.000267B+01233C (4)

To corroborate the precision of the model, experi-
mental validation is performed by aligning theoretical
model calculations with empirical data. Two sets of pro-
cess parameters are chosen for the ECAD tests. The cor-
responding experimental images are depicted in Fig-
ure 9.

The reconciliation of experimental outcomes and the-
oretical model predictions is documented in Table 9. As
can be seen from the table, the simulation results exhibit
a high degree of consistency with the experimental data.
Under the conditions of an inner angle of 120°, outer an-
gle of 30°, friction coefficient of 0.05, and drawing speed
of 5 mm/s, the simulated section shrinkage rate was
15.58 %, while the experimentally measured value was
14.73 %, resulting in a relative error of 5.48 %. Simi-
larly, under the conditions of an inner angle of 135°,
outer angle of 30°, friction coefficient of 0.05, and draw-
ing speed of 5 mm/s, the relative error was 2.42 %.
These results indicate that the finite element simulation
can effectively predict the section shrinkage during the
ECAD process.

Table 9: Theoretical and experimental results for the section shrink-
age

Theoret-| Experi- .
D ical | mental Relative

Number|A (°)|B (°)| C (mm-s-1) value | value error
@) | (@) | P

1 120 | 30 ]0.05 5 15.58 | 14.73 | 5.48
135 | 30 ]0.05 5 12.24 | 12.54 | 2.42

3.3.4 Multi-objective optimization through NSGA-II

To attain the smallest section shrinkage rate for the
specimen following the ECAD process, while simulta-
neously ensuring the material’s mechanical performance
equivalent strain requirements are met, a multi-objective
optimization model is formulated using the target func-
tions Y, and Y, derived from the multivariate linear re-
gression analysis. Additionally, the model’s constraint
conditions must be defined. Specifically, the inner angle
must be greater than 120° to prevent excessive deforma-
tion that could lead to specimen fracture, and it must be
less than 150° to ensure sufficient deformation for the
desired effect. Similarly, the outer angle of the die is
constrained between 30° and 90° to balance forming ef-
fectiveness and deformation. Furthermore, the selection
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of the friction coefficient encompasses values with and
without lubrication, as shown below:

Eon Z[Yl _Yz]

120 < A <150 (5)
st.430<B<90

0.05<C <025

The objective functions and constraints were inte-
grated into the MATLAB NSGA-II genetic algorithm,
which was set with a population size of 600, 200 itera-
tions, a crossover probability of 0.9, and a mutation
probability of 1/3. The resulting Pareto frontier plot is
depicted in Figure 10, providing a visual representation
of the trade-offs between the objectives.

The Pareto front obtained from the NSGA-II genetic
algorithm reveals a positive correlation between the sec-
tion shrinkage rate and the equivalent strain. In region A,
the equivalent strain exhibits a linear increase with the
section shrinkage rate, indicating substantial variability.
In region B, a turning point is observed when the in-
crease in the section shrinkage rate leads to a flattening
trend in the equivalent strain. In region C, the equivalent
strain shows minimal change with an increasing section
shrinkage rate. It is advisable to select the parameters
within region B, as it ensures that both the section
shrinkage rate and equivalent strain remain within the ac-
ceptable ranges while optimizing both objectives. Conse-
quently, selecting a solution from region B yields a satis-
factory multi-objective optimization result, with the
process parameters rounded to an inner angle of 120°, an
outer angle of 90°, and a friction coefficient of 0.11.
These optimized variables and results are presented in
Table 10.

Table 10: Multi-objective optimization Pareto solution

Optimization variables Optimization results

Inner angle|Outer angle|Friction co- sl?fifltligge Equivalent
©) ) efficient rate (%) strain
120 90 0.11 16.62 0.5255

ri0To validate the precision of the multi-objective op-
timization outcomes, the specified process parameters
were employed in an ECAD test conducted at a drawing
speed of 5 mm-s~!. The experimental results yielded a
section shrinkage rate of 14.97 %. When compared to
the optimized value of 16.62 %, the relative error is
9.93 %. These results validate the accuracy and reliabil-
ity of the multi-objective optimization model.

4 CONCLUSIONS

(1) In this study, the impact of ECAD process param-
eters on the section shrinkage of a specimen is elucidated
through ECAD simulation experiments. The section
shrinkage rate is found to decrease with an increase in
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Figure 10: Multi-objective Pareto optimization results

both the inner and outer angles of the die. Conversely, it
increases with a higher friction coefficient and drawing
speed.

(2) By conducting the analysis of variance and the
range analysis on the results of orthogonal design, the
primary and secondary factors of the four process param-
eters are ascertained. Among the studied parameters, the
inner angle exerts the most significant influence on
shrinkage, followed by the friction coefficient and the
outer angle, while the drawing speed has the least im-
pact.

(3) By employing a multi-objective genetic algo-
rithm, the Pareto optimum solution that balances equiva-
lent strain and sectional shrinkage rate is determined.
The optimal combination of process parameters includes
an inner angle of 120°, an outer angle of 90°, and a fric-
tion coefficient of 0.11, while the accuracy of these opti-
mized results is confirmed by the ECAD experiment.

The optimized process parameters substantially miti-
gate the section shrinkage, enhancing the dimensional
accuracy of high-strength aluminum alloy components.
Furthermore, this study offers theoretical and practical
insights required for an industrial application of the
ECAD process. The proposed optimization methods and
experimental framework are also applicable to other ma-
terials, highlighting their broad potential.
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