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Abstract

In the cold extrusion forming of thin-walled, specially shaped holes in aviation motor
brush boxes, non-uniform metal flow can easily induce local stress concentrations on
the punch, thereby accelerating wear. Reducing the punch wear and equivalent stress
is therefore critical for ensuring the forming quality of such thin-walled features and
extending the service life of the mold. In this study, a slender punch with a specially
shaped cross-section was selected as the research object. The Deform-3D Ver 11.0 software,
incorporating the Archard wear model, was employed to investigate the effects of five
process parameters—extrusion speed, punch cone angle, punch transition filet, friction
coefficient, and punch hardness—on the wear depth and equivalent stress of the punch
during the compound extrusion process. A total of 25 orthogonal experimental groups were
designed, and the simulation results were analyzed using the Taguchi method combined
with range analysis to determine the optimal parameter combination. Subsequently, a multi-
objective correlation analysis of the signal-to-noise ratios for wear depth and equivalent
stress was conducted using the TOPSIS approach. The analysis revealed that the optimal
combination of process parameters was an extrusion speed of 12 mm-s~!, a punch cone
angle of 50°, a punch transition filet radius of 1.8 mm, a friction coefficient of 0.12, and a
punch hardness of 55 HRC. Compared with the initial process conditions, the integrated
application of the Taguchi-TOPSIS method reduced the punch wear depth and equivalent
stress by 21.68% and 42.58%, respectively. Verification through actual production confirmed
that the wear conditions of the primary worn areas were in good agreement with on-site
production observations.

Keywords: thin-walled special-shaped hole; cold extrusion die; orthogonal experiment;
wear depth; equivalent stress; TOPSIS

1. Introduction

The brush box in aerospace brushed motors is made of H62 material and serves as a
key electrical contact component in aerospace brushed motors. Its function is to secure and
guide the brushes, ensuring stable contact with the commutator. The thin-walled irregular-
shaped holes of the brush box are formed through processes such as cold extrusion, cold
heading, drilling, and composite extrusion of thin-walled special-shaped holes.
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Compared to CNC machining, this method offers significant advantages in terms of
material savings, efficiency enhancement, and improvement of mechanical properties [1].
Extrusion of thin-walled irregular holes is a core process that determines the final dimen-
sions and performance of the product. Uneven wall thickness can easily lead to uneven
metal flow and stress distribution, resulting in local stress concentration on the punch,
which in turn causes failure issues such as wear, plastic deformation, and fatigue frac-
ture [2-6]. Therefore, it is necessary to conduct collaborative optimization of the composite
extrusion process parameters to improve the uniformity of material flow and suppress
the peak value of equivalent stress, thereby ensuring forming quality and reducing punch
wear [7-11]. This study conducts multi-objective optimization of the wear depth and equiv-
alent stress of the punch in the cold extrusion process of thin-walled irregular holes in brush
boxes, aiming to provide theoretical support and practical references for the improvement
of this process.

Currently, the academic research on mold wear and stress distribution during forging,
stamping, and other methods aims to reduce mold wear and alleviate stress concentration
through algorithmic optimization of process parameter combinations [12-15]. The empirical
model for die wear developed by Davoudi, M. and Nejad, A.F. [16] using DEFORM
demonstrates that the die surface bevel angle is the dominant factor influencing wear
behavior. Oezode, J.E. and Ajide, O.O. [17] used DEFORM-3D simulations to investigate the
extrusion of ZK60 magnesium alloy and found that process parameters, such as extrusion
speed and friction coefficient, exert a significant influence on die wear depth. Fernandez,
D. and Rodriguez-Prieto, A. [18] utilized DEFORM-3D to analyze simulation results and
identified the optimal process parameters to minimize punch wear. Currently, research on
the combinatorial optimization of process parameters mainly employs traditional methods
such as response surface methodology, analysis of variance (ANOVA), or range analysis.
Among them, the response surface methodology involves a cumbersome process and
relies on empirical assumptions. Although ANOVA and range analysis can identify the
significance of parameters and obtain locally optimal solutions, they still have limitations in
terms of global optimization capabilities and in-depth revelation of the mapping mechanism
between process parameters and mold responses. The Taguchi method demonstrates
favorable robustness and reliability in manufacturing process optimization [19,20]. Elplacy,
F, and Samuel, M., et al. [21] optimized the AA2024 aluminum alloy extrusion process by
integrating the Taguchi method with finite element simulation and enhanced the process
stability. De Bruijn AC and Gémez-Gras G, et al. [22] determined the optimal values of
rolling process parameters based on the Taguchi design, improving the surface quality
and fatigue life of polished samples. Bakhtiarian, M., Omidvar, H. et al. [23] investigated
the selective laser melting process parameters for SS316L stainless steel using the Taguchi
method, resulting in significant improvements in density, hardness, and overall mechanical
properties. To seek the optimal combination of balanced process parameters, the TOPSIS
method is employed for multi-objective optimization. Due to its intuitive concept, simple
calculation, and strong practicality, it has become a widely used and effective tool in
multi-attribute decision-making [24-29]. Faheem, A., Hasan, E et al. [30] applied the
TOPSIS method to optimize multiple objectives in the electrical discharge machining of
nickel-titanium alloy. Chen, X,, Li, X. et al. [31] applied the TOPSIS method to rank Pareto-
optimal solutions, thereby facilitating optimal decision-making. Among others, Yuan, J.
and Geng, H. [32] conducted the multi-objective optimization and experimental validation
of a laser cladding process using the TOPSIS method. Integrating the Taguchi method,
which centers on robustness, with the TOPSIS multi-objective decision-making strategy can
effectively coordinate multiple optimization objectives while ensuring the quality of part
formation [33,34]. The decision-making process of this integrated method is objective and
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systematic, with high computational efficiency, as well as exhibiting good result visibility
and engineering applicability. Imran, M. and Shuangfu, S. [35] identified the optimal
cutting parameters via an integrated signal-to-noise ratio and multi-objective optimization
approach, achieving substantial improvements in both surface quality and production
efficiency during low-carbon steel machining. Sur, G., Motorcu, A.R. et al. [36] developed an
integrated Taguchi-entropy-weighted TOPSIS strategy combined with ANOVA to achieve
multi-objective parameter optimization and significance evaluation of key factors. In
conclusion, the Taguchi-TOPSIS integrated framework organically combines the efficiency
and quality robustness of experimental design with the scientificity of multi-attribute
decision-making.

This study addresses the challenges of punch wear and stress control in the compound
cold extrusion forming process for thin-walled, irregularly shaped holes in aviation motor
brush boxes. Due to the uneven wall thickness of the aviation motor brush box, the blank
exhibits three-dimensional non-uniform plastic flow during the forming process, result-
ing in asymmetric loading on the punch. Particularly, stress concentration forms at the
transition zone between the conical surface guiding the flow and the cylindrical section, sig-
nificantly exacerbating wear and thereby constraining mold lifespan and part precision. In
addition to mold structure, process parameters such as extrusion speed, friction conditions,
and mold hardness are also key factors influencing wear behavior. Currently, systematic
multi-objective optimization research on the extrusion process for thin-walled, irregularly
shaped holes remains inadequate, especially regarding the combined optimization strategy
that integrates Taguchi experimental design with TOPSIS multi-objective decision-making
methods, which has not been reported. For this purpose, this study established a rigid-
plastic finite element model based on Deform-3D Ver 11.0 software to simulate the extrusion
process and extract data on punch wear depth and equivalent stress. By integrating the
Taguchi method with the TOPSIS evaluation system, a comprehensive assessment and
optimization of multiple process parameter combinations were achieved. The study aims
to reveal the influence mechanisms of key parameters on wear and stress, providing a
scientific and reliable multi-objective parameter optimization scheme for the cold extrusion
process of such high-precision thin-walled irregularly shaped parts.

2. Experimental Procedure
2.1. Trial Protocol

This study investigates the cold extrusion forming process for thin-walled special-
shaped holes through a framework that integrates process design, numerical simulation,
and physical experimental verification [37].

Based on the structural features of the aviation motor brush box (Figure 1) and the
mechanism of cold extrusion plastic deformation, a process plan was designed and sub-
sequently validated through numerical simulations. A finite element model integrating
the Archard wear model and the von Mises yield criterion was developed, taking into
account the deformation behavior and boundary conditions (Figure 2b). This model was
used to simulate the forming process of thin-walled profiles with irregular holes and to
analyze potential defects. If forming defects such as folding or underfilling were detected,
the mold geometry and process parameters were iteratively adjusted and re-simulated
until defect-free extruded parts were achieved. The overall technical approach is outlined
in Figure 2a.
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Figure 1. Aircraft motor brush box parts diagram.
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Figure 2. Technology roadmap. (a) Research Methodology Flow; (b) Simulation Model; (c) Tooling
Design, Manufacturing, and Assembly Process Chain.

Upon completion of mold processing, assembly, and debugging, trial production of
the parts was carried out (Figure 2¢). Trial production plays a critical role in validating
process reliability and forming consistency. Should a significant discrepancy arise between
the trial results and simulation predictions, further optimization and adjustment of pro-
cess parameters are required. If good agreement is observed, the formed parts undergo
professional inspection for dimensional accuracy and surface quality, while the punch is
examined for wear depth and distribution. In cases where the forming quality fails to meet
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specifications, the engineering decision support system (EDSS) is reapplied to re-optimize
the process, and the mold may be re-processed accordingly.

2.2. Constitutive Equation of H62 Material

The brush holder of the aviation motor is fabricated from brass H62, a binary alloy
consisting of approximately 60.5% to 63.5% copper, with the balance being zinc. The total
content of other impurity elements is less than 0.3%. The mechanical properties of the
material are provided in Table 1. In this study, a number of bars were machined into stan-
dard tensile specimens and subjected to annealing at 670 °C in a KSW box-type resistance
furnace. Uniaxial tensile tests were performed using a UTM electronic universal testing
machine at crosshead speeds of 5, 10, and 20 mm/min [17]. The obtained engineering
stress—strain data were converted into true stress—true strain curves (Figure 3c). A consti-
tutive model was subsequently developed and incorporated into the material library of
Deform-3D Ver 11.0 software.

Table 1. Mechanical properties of H62.

Tensile Yield . e Reduction in
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Figure 3. Material curve and simulation flow chart. (a) Heat Treatment Experiments on H62 Brass;
(b) Tensile Testing of H62 Brass Specimens; (c) Plotting Material Property Curves.

2.3. Simulation Experiment

Simulation experiments of the process, which comprises cold extrusion, cold heading,
and drilling (Figure 3, stage 2), were conducted. During the extrusion process of thin-walled
special-shaped holes, a cylindrical structure designed to guide metal flow is incorporated
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at the front end of the slender irregular-section punch to optimize metal flow and suppress
folding defects (Figure 3, stage 3).

3. Punch Simulation Analysis
3.1. Finite Element Simulation Model

The Archard wear model and Von Mises yield criterion are widely applied in the
quantitative prediction of wear processes and the simulation analysis of material mechanical
behaviors, holding significant engineering application value in the design of high-precision
components and the assessment of mold lifespan [38-43]. Therefore, this paper employs
the Archard model to calculate the wear depth of the punch based on Formula (1) and
derives the equivalent stress according to the Von Mises criterion based on Formula (2).

a. b
wz/K’”’dt (1)

HC

where W is the wear depth, K denotes the wear coefficient, p represents the contact pressure,
v is the relative velocity, and H stands for the material hardness. The exponents are set to
a=1,b=1,and c = 2, with K assigned a value of 2 x 10~°,

g = /2] ~ 02 + (02— 05+ (3~ 1)) ®

where 0, is the equivalent stress, and 01, 02, 03 are the three principal stresses of the
material, respectively.

3.2. Development and Simulation

Three-dimensional models of the punch, blank, and die were created in UG NX 12.0.
These models were then exported in STL format and imported into the Deform-3D Ver 11.0
software for simulation. The mold is shown in Figure 4. The brush box of an aviation
motor is a thin-walled part with a special-shaped hole. Due to the deep center hole, the
punch is designed as a slender rod structure with an irregular cross-section. A punch cone
angle is designed to promote metal flow, and a transition filet is designed to reduce stress
concentration. The die cavity is designed according to the outer surface contour of the
blank, and a through-hole is designed at the bottom for installing the ejector pin.

Punch cane surface

Punch transition fillet

@) (b)

Figure 4. 3D model diagram: (a) cold extrusion punch and its main wear areas, and (b) cold
extrusion die.
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The cold extrusion die for one-step forming of thin-walled special-shaped holes is
shown in Figure 5. The cold extrusion die is made of AISI D2 die steel. The punch and die
are, respectively, divided into 235,276 and 315,386 grids. The H62 alloy material, used as
the blank, is divided into 114,237 grids. The simulation step length is set at 0.0020 s/step.
The simulation results obtained using Deform-3D Ver 11.0 software are shown in Figure 6,
indicating that the thin-walled special-shaped hole part is free of defects.

/ Punch (AISID2)
Symmetrical plane of
. Blank (H62) blank boundary
Die (AISID2)

(a) (b)

Figure 5. Cold extrusion die structure (a) and finite element model (b).

~

Figure 6. Cold extrusion simulation results of thin-walled hole parts with special-shaped.

3.3. Analysis of Simulation Results

As shown in Figure 7a, the wear of the punch mainly occurs in the conical surface
and the transition filet area, with the most severe wear occurring at the transition filet,
where the wear depth reaches 3.32 x 107> mm. The allowable value of equivalent stress of
cold extrusion dies is usually required to be lower than 2500-3000 MPa. Combined with
Figure 7b, it can be seen that the overall stress distribution of the punch is uniform, with
the maximum equivalent stress being 1200 MPa, which meets the design requirements for
cold extrusion dies.
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Figure 7. Wear depth diagram (a) and equivalent stress diagram (b), as well as the main wear regions
of the punch in the wear depth diagram.

4. Integrated Application of Taguchi-TOPSIS Method
4.1. Experimental Design Process

To systematically investigate the effects of process parameters on the wear depth and
equivalent stress of the punch during its working process, orthogonal experiments were
designed using SPSSAU software [44—47]. Taking five process parameters as input variables,
the wear depth and equivalent stress are calculated, respectively, using the Archard wear
model and the Von Mises yield criterion, serving as output indicators for evaluating the
forming quality of the part and the service life of the punch. The Taguchi method was
employed to conduct signal-to-noise ratio analysis on each output response, obtain the
optimal level combination of each parameter under single-objective optimization, and
perform simulation verification. By integrating TOPSIS to coordinate the multi-objective
optimization relationship between wear depth and equivalent stress, the signal-to-noise
ratio in the Taguchi method is standardized and normalized, transforming the dual-output
objectives into a single indicator—the closeness degree—that comprehensively reflects the
degree of proximity to optimality.

4.2. Evaluation Indicators and Orthogonal Experiments

According to the Archard wear theory, the wear depth of the punch mainly depends
on factors such as the surface normal pressure, the relative sliding velocity between the
punch and the preform, and the hardness of the punch. The normal pressure on the
punch is influenced by the coupling of multiple parameters during the extrusion process,
including extrusion speed, punch cone angle, punch transition filet, friction coefficient,
and punch hardness. Given the aforementioned complex interrelationships, the extrusion
speed, punch cone angle, punch transition filet, friction coefficient, and punch hardness
are identified as key process parameter variables to systematically investigate the effects
of these five process parameters on wear depth and equivalent stress. The orthogonal
experiment table is shown in Table 2.
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Table 2. Orthogonal Experiment Factors and Levels.
Factor
Level Extrusion Speed Punch Cone Punch Transition Friction Punch Hardness
(mm-s—1) Angle (°) Filet (mm) Coefficient (HRCQ)

1 12 50 1.2 0.08 47

2 14 55 1.4 0.10 49

3 16 60 1.6 0.12 51

4 18 65 1.8 0.14 53

5 20 70 2.0 0.16 55
4.3. Taguchi Analysis

In the Taguchi method, the signal-to-noise ratio is a crucial indicator for evaluating
the stability and reliability of system responses, achieving the optimization of design
objectives by suppressing variation and enhancing robustness. To reduce the risk of punch
failure, the wear depth W and equivalent stress P are considered as the-smaller-the-better
characteristics, derived from Equation (3).

S/N — 10 xlog( Sy 42 3
(wd,Es) = —10 x log ;Zizl yi ®3)
where S/ Ny, gs) represents the signal-to-noise ratio of wear depth and equivalent stress, n
is the total number of experiments, and in this study, n = 25. y; is the output response value
corresponding to the i-th group of experiments, wherei=1,2,3, ..., n.

To enhance the rigor and reliability of the experimental design, the Taguchi method
was implemented using SPSSAU software based on predetermined factor levels, which
yielded 25 orthogonal experimental runs. Finite element simulations for each run were then
conducted using Deform-3D Ver 11.0 software. The specific data are presented in Table 3.
Table 3. Analysis of the Taguchi Method: Objective Results and Signal-to-Noise Ratio.

Input Output Response
Exp. No Extrusion Punch Punch Friction Punch Wd
Speed Cone Transition Coeffi- Hardness (x10-5 mm) S/INwa) Es (MPa) S/N (gs)
(mm-s—1) Angle (°) Filet (mm) cient (HRQ)

01 12 50 12 0.08 47 3.35 89.49 859 —58.67
02 12 55 1.6 0.14 55 2.53 91.93 1050 —60.42
03 12 60 2.0 0.10 53 3.25 89.76 1090 —60.74
04 12 65 1.4 0.16 51 2.92 90.69 1110 —60.90
05 12 70 1.8 0.12 49 3.20 89.89 956 —59.60
06 14 50 2.0 0.14 51 3.22 89.84 1030 —60.25
07 14 55 14 0.10 49 3.41 89.34 951 —59.56
08 14 60 1.8 0.16 47 3.31 89.60 1070 —60.58
09 14 65 1.2 0.12 55 2.57 91.80 957 —59.61
10 14 70 1.6 0.08 53 2.87 90.84 1140 —61.13
11 16 50 1.8 0.10 55 2.84 90.93 947 —59.52
12 16 55 12 0.16 53 2.85 90.90 1070 —60.58
13 16 60 1.6 0.12 51 2.77 91.15 1050 —60.42
14 16 65 2.0 0.08 49 3.57 88.94 1040 —60.34
15 16 70 1.4 0.14 47 3.53 89.04 1070 —60.58
16 18 50 1.6 0.16 49 3.52 89.06 952 —60.00
17 18 55 2.0 0.12 47 3.73 88.56 1130 —61.06
18 18 60 14 0.08 55 2.78 91.11 1110 —60.90
19 18 65 1.8 0.14 53 2.70 91.37 903 -59.11
20 18 70 1.2 0.10 51 2.89 90.78 1010 —60.08
21 20 50 14 0.12 53 2.85 90.90 858 —58.66
22 20 55 1.8 0.08 51 3.13 90.08 1010 —60.08
23 20 60 12 0.14 49 3.32 89.57 1200 —61.58
24 20 65 1.6 0.10 47 3.75 88.51 1080 —60.66
25 20 70 2.0 0.16 55 2.72 91.30 958 —59.62
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4.4. Range Analysis

The extrusion speed, punch cone angle, punch transition filet, friction coefficient,
and punch hardness were defined as factors A, B, C, D, and E, respectively, with wear
depth and equivalent stress serving as the response indicators. Analysis of the signal-to-
noise (S/N) ratio from the Taguchi method revealed that both response indicators were
suboptimal (see Table 4). With wear depth as the optimization goal, the significance
of each process parameter’s influence is punch hardness > punch transition rounded
angle > friction coefficient > punch cone angle > extrusion speed. Based on the magnitude
sorting of the signal-to-noise ratio extreme difference R, the optimal process parameters
under this target are A1B5C1D3ES5 (extrusion speed of 12 mm-s—1, punch cone angle of 70°,
punch transition filet of 1.2 mm, friction coefficient of 0.12, and punch hardness of 55 HRC).
With equivalent stress as the optimization goal, the significance order of each parameter
is taper angle > dial transition filet > friction coefficient > dial hardness > extrusion speed.
Based on the extreme difference analysis results, it was determined that the optimal process
parameter combination under this target was A1B1C4D3E5 (extrusion speed of 12 mm-s—1,
punch cone angle of 50°, punch transition filet of 1.8 mm, friction coefficient of 0.12, and
punch hardness of 55 HRC).

Table 4. Analysis results of the range of signal-to-noise ratio for wear depth and equivalent stress.

Maximum Wear Depth Maximum Equivalent Stress
Level A B C D E Level A B C D E
1 90.35 90.04 90.50 90.09 89.04 1 —60.06 —59.42 —60.10 —60.22 —60.31
2 90.28 90.16 90.21 89.86 89.36 2 —60.22 —60.34 —60.12 —60.11 —60.21
3 90.19 90.23 90.29 90.46 90.50 3 —60.28 —60.84 —60.52 —59.87 —60.34
4 90.17 90.26 90.37 90.35 90.75 4 —60.23 —60.12 —59.77 —60.38 —60.04
5 90.07 90.37 89.68 90.31 91.41 5 —60.12 —60.20 —60.40 —60.33 —60.01
Delta 0.28 0.33 0.82 0.60 2.37 Delta 0.22 1.42 0.75 0.51 0.33
Rank 5 4 2 3 1 Rank 5 1 2 3 4
Opt A1B5C1D3E5 Opt A1B1C4D3E5

Figure 8 shows the main effect curves of the signal-to-noise ratio for wear depth and
equivalent stress. The main effects plot of wear depth shown in Figure 8a indicates that as
the extrusion speed increases from Al to A5, the signal-to-noise ratio exhibits a continuous
declining trend, suggesting a positive correlation between extrusion speed and wear depth.
The punch cone angle reaches its highest point in terms of B5 signal-to-noise ratio among
the five levels, with the smallest wear depth. As the punch cone angle increases, the overall
signal-to-noise ratio gradually rises, and the wear depth gradually decreases, indicating a
negative correlation between the punch cone angle and the wear depth. The transition filet
of the punch achieves the maximum signal-to-noise ratio (SNR) at C1, with the minimum
wear depth. From C2 to C4, as the transition filet increases, the SNR shows an upward
trend. Within this parameter range, increasing the filet radius helps reduce wear depth
and extend the service life of the punch. However, further increasing the filet radius leads
to a decline in SNR and an exacerbation of wear depth. The friction coefficient shows
inflection points at both D2 and D3, with the signal-to-noise ratio reaching its maximum
value and the wear depth being the smallest at D3. As the hardness of the punch increases,
the signal-to-noise ratio maintains an overall continuous upward trend, indicating that
increasing hardness helps enhance its wear resistance and reduce wear depth. In-depth
analysis based on the Archard wear model reveals that as the extrusion speed increases, the
signal-to-noise ratio continuously decreases, and the wear depth correspondingly increases.
This trend aligns with the direct positive correlation between relative velocity (v) and wear
depth (W) in the Archard model. Changes in the punch cone angle induce alterations in
the vertical contact pressure (p). An increase in the cone angle leads to a reduction in the
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Signal-to-noise ratio of Tool wear-Wear depth
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vertical component force, thereby decreasing the contact pressure (p) and reducing the
wear depth. The influence of the punch cone angle on wear behavior is consistent with the
predictions of the Archard model. As the hardness of the punch increases, the wear depth
gradually decreases, confirming the direct negative correlation between mold hardness (H)
and wear depth (W) as described in the Archard model.
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Figure 8. Main effects plot for signal-to-noise ratio of wear depth (a) and equivalent stress (b).

In conclusion, according to the theoretical framework of the Archard model, there is a
direct correlation between the extrusion speed, punch cone angle, punch hardness, and the
wear depth (W). The influence of the punch transition filet and the friction coefficient on
the wear depth exhibits an indirect correlation.

The main effect plot of the equivalent stress signal-to-noise ratio shown in Figure 8b
indicates that the equivalent stress signal-to-noise ratio at the intermediate extrusion speed
exhibits a distinct inflection point at A3, with the overall trend approximating a quadratic
function. A3 represents the minimum value with the highest equivalent stress, while A1l
has the highest signal-to-noise ratio and the lowest equivalent stress. For the punch cone
angle, Bl demonstrates the highest signal-to-noise ratio, indicating the best stress condition,
whereas B3 has the lowest signal-to-noise ratio and the highest equivalent stress. As the
punch transition filet increases from C3 to C4, the signal-to-noise ratio gradually rises,
which is beneficial for extending service life. However, in the ranges of C1 to C3 and C4 to
C5, an increase in the transition filet leads to a decline in the signal-to-noise ratio, adversely
affecting service life. The friction coefficient D3 achieves the optimal value, resulting in the
minimum equivalent stress on the punch. As the punch hardness increases, the overall
signal-to-noise ratio exhibits an upward trend, with E5 having the highest signal-to-noise
ratio and the lowest equivalent stress, showing a similar trend to the change in wear depth.

In conclusion, when taking the wear depth as the optimization objective, the optimal
combination of process parameters is AIBSC1D3ES5 (extrusion speed of 12 mm-s~!, punch
cone angle of 70°, punch transition filet of 1.2 mm, friction coefficient of 0.12, and punch
hardness of 55 HRC). When taking the equivalent stress as the optimization objective, the
optimal combination is AIB1C4D3E5 (extrusion speed of 12 mm-s~!, punch cone angle
of 50°, punch transition filet of 1.8 mm, friction coefficient of 0.12, and punch hardness of
55 HRC).



Metals 2025, 15, 1192 12 of 21

4.5. Simulation Analysis

As shown in Figure 9, when wear depth is the optimization target, the punch wear
depth is significantly reduced, reaching an optimal wear depth of 2.46 x 107> mm and
an equivalent stress of 1110 MPa. As shown in Figure 10, when equivalent stress is the
optimization target, the resulting punch has an optimal equivalent stress of 689 MPa and a
wear depth of 2.60 x 107> mm.

Tool wear - Wear depth (total) (mm)  Stress - Effective (MPa)
0.0000246 1110

751

0.0000164

0.00000821 .

0.000 28.3

(a) (b)

Figure 9. The simulation results with wear depth as the optimization objective, where (a) is the wear
depth diagram and (b) is the equivalent stress diagram.

Tool wear - Wear depth (total) (mm)  Stress - Effective (MPa)

0.0000260 I
| 0.0000173
0.00000867 . 235 .

Figure 10. The simulation results with equivalent stress as the optimization objective, where (a) is the
wear depth diagram and (b) is the equivalent stress diagram.
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4.6. TOPSIS Analysis

To address the limitation of the Taguchi method in balancing wear depth and equiv-
alent stress, this paper introduces the TOPSIS method to transform the signal-to-noise
ratios of both into closeness degrees, thereby achieving multi-objective optimization
decision-making.

Step 1: Let the standardized matrix be denoted as Z, where each element z;; is cal-
culated from the original data using the larger-the-better characteristic standardization
formula, as given in Formula (4).

xl-j

zjj = ;i=1,2,...... ym,j=1,2,...... N 4)

=1 xlzj

In the standardized relationship, let z,, and zs represent the standardized values of
wear depth and equivalent stress, respectively, and x,, and xs represent the original values
of the signal-to-noise ratios for the corresponding indicators. Through calculation, it can
be obtained that }"x2, ~ 203479.80 and }_x? ~ 90572.29, with the corresponding norms
being 451.0874 and 300.9523, respectively. Partial data of the orthogonalized matrix X and
the standardized matrix Z, which are composed of 25 objects to be evaluated and two
evaluation indicators, are shown as follows.

[89.49 —58.67 ] [0.1983 —0.1949

9193 —-60.42 0.2037 —0.2007

86.76 —60.74 0.1989 —0.2018
X = 7 =

89.57 —61.58 0.1985 —0.2046

88.51 —60.66 0.1962 —0.2015

191.30 —59.62 | 10.2023 —0.1981 |

Step 2: The calculation formulas for the positive ideal solution Z;" and the negative
ideal solution Z;~ are derived from Formulas (5) and (6).

X
Zi+ - % ()
i=1%;
i
Zi_ _ Z:llt’l = (6)
i=1%;

Through calculation, Z,, Z,,, Z§ and Z; are 0.2037, 0.1962, —0.1949 and —0.2046,
respectively.

Step 3: Calculate the Euclidean distance. The Euclidean distance of the positive ideal
solution for the i-th group is D;",and that of the negative ideal solution is D;", as derived
from Formulas (7) and (8).

ler = \/ww(zw —2?5)2 + ws (Zs - Zj)Z @)

D; = \/ww(zw - Z;)2 + ws (zs — Z;)Z ®)

where wy, and ws are the weights for wear depth and equivalent stress, respectively, both of
which were set to 0.5. The symbols z; and z; denote the positive ideal solutions for wear
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depth and equivalent stress, respectively, while z;, and z; represent their corresponding
negative ideal solutions.

Step 4: Calculate the relative closeness degree C; using Formula (9).

Ci= ©)
' D +D;

Through calculation, Table 5 is obtained. By observing Table 5, it can be seen
that the proximity value of the 19th experimental group is 0.8488, which is the high-
est among the 25 combinations, reflecting its optimal comprehensive performance across
different objectives.

Table 5. TOPSIS closeness degree data table.

Maximum Wear Depth Maximum Stress

Exp. No D: D; G SIN(ci)
Xt Zw Xs Zg
01 89.49 0.1983 —58.67 —0.1949 0.0038 0.0070 0.6481 —3.7671
02 91.93 0.2037 —60.42 —0.2007 0.0041 0.0060 0.5940 —4.5242
03 89.76 0.1989 —60.74 —0.2018 0.0059 0.0028 0.3218 —9.8482
04 90.69 0.2010 —60.90 —0.2023 0.0055 0.0038 0.4086 —7.7740
05 89.89 0.1992 —59.60 —0.1980 0.0038 0.0051 0.5730 —4.8369
06 89.84 0.1991 —60.25 —0.2002 0.0049 0.0037 0.4302 —7.3265
07 89.34 0.1980 —59.56 —0.1979 0.0045 0.0049 0.5212 —5.6599
08 89.60 0.1986 —60.58 —0.2012 0.0057 0.0029 0.3372 —9.4422
09 91.80 0.2035 —59.61 —0.1980 0.0021 0.0070 0.7692 —2.2792
10 90.84 0.2013 —61.13 —0.2031 0.0060 0.0038 0.3877 —8.2300
11 90.93 0.2015 —59.52 —-0.1977 0.0025 0.0062 0.7126 —2.9430
12 90.90 0.2015 —60.58 —0.2012 0.0047 0.0045 0.4891 —6.2120
13 91.15 0.2020 —60.42 —0.2007 0.0042 0.0049 0.5384 —-5.3778
14 88.94 0.1971 —60.34 —0.2005 0.0061 0.0030 0.3296 —9.6402
15 89.04 0.1973 —60.58 —0.2012 0.0063 0.0025 0.2840 —10.9336
16 89.06 0.1974 —60.00 —0.1993 0.0054 0.0038 0.4130 —7.6809
17 88.56 0.1963 —61.06 —0.2028 0.0076 0.0013 0.1460 —16.7129
18 91.11 0.2019 —60.90 —0.2023 0.0053 0.0043 0.4479 —6.9763
19 91.37 0.2025 -59.11 —0.1964 0.0013 0.0073 0.8488 —1.4238
20 90.78 0.2012 —60.08 —0.1996 0.0037 0.0050 0.5747 —4.8111
21 90.90 0.2015 —58.66 —0.1949 0.0015 0.0078 0.8387 —1.5278
22 90.08 0.1996 —60.08 —0.1996 0.0044 0.0043 0.4942 —6.1219
23 89.57 0.1985 —61.58 —0.2046 0.0077 0.0015 0.1630 —15.7562
24 88.51 0.1962 —60.66 —0.2015 0.0070 0.0022 0.2391 —12.4284
25 91.30 0.2023 —-59.62 —0.1981 0.0024 0.0063 0.7241 —2.8040

Step 5: The larger-the-better characteristic signal-to-noise ratio is used as its evaluation
index, which is derived from Formula (10).

S/Nic,) = —10 x zog<i2'.’ 1) (10)

i=1,,2
Yi

where 5/N(c,) represents the proximity signal-to-noise ratio, n is the total number of
experiments (in this study, n = 25), and yi is the output response value corresponding to
the i-th experimental group, wherei=1,2, 3, ..., n. The calculation results are shown in
Table 5.

Table 6 indicates that both the mean value of proximity and the optimal parame-
ter combination in the signal-to-noise ratio analysis are A1B1C4D3E5 (extrusion speed
of 12 mm-s~!, punch cone angle of 50°, punch transition filet of 1.8 mm, friction coeffi-
cient of 0.12, and punch hardness of 55 HRC). The significance analysis indicates that the
influence degrees of various process parameters on the target response, in descending
order, are as follows: punch hardness > punch cone angle > punch transition filet > fric-
tion coefficient > extrusion speed. As shown in Figure 11, the main effect curves exhibit
generally consistent changing trends, demonstrating good robustness.
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Table 6. Analysis of Mean Relative Closeness and S/N Ratio Range.

G S/N(Ci)
Level A B C D E Level A B C D E
1 0.5091 0.6085 0.5288 0.4615 0.3308 1 —6.1501 —4.6491 —6.5651 —6.9471  —10.6569
2 0.4891 0.4489 0.5000 0.4738 0.3996 2 —6.5876  —7.8462 —6.5743 —7.1381 —8.7148
3 0.4707 0.3616 0.4344 0.5730 0.4892 3 —7.0213  —9.4802 —7.6483 —6.1469  —6.2823
4 0.4860 0.5190 0.5931 0.4640 0.5772 4 —7.5210 —6.7091 —49536  —7.9929  —5.4484
5 0.4918 0.5087 0.3903 0.4744 0.6495 5 —7.7277  —6.3231 —9.2664 —6.7826  —3.9054
Delta 0.0384 0.2469 0.2028 0.1115 0.3187 Delta 1.5776 4.8311 4.3128 1.8460 6.7515
Rank 5 2 3 4 1 Rank 5 2 3 4 1
Opt A1B1C4D3E5 Opt A1B1C4D3E5

. A

s

Mean-Topsi

Signal-to-noise ratio of Topsis proximity

022

140.16 47 49 S 53 55 - 7
Punch hardness
(HRC)

65 70 12 14 16 18 20 008
Punch cone  Punch transition
angle(?) JSillet (mm)

(HRC)

Factor Factor

(a) (b)
Figure 11. Main Effects Plot for SN Ratios of Wear Depth (a) and Equivalent Stress (b).

4.7. Validation of the Finite Element Model

The initial scheme, shown in Figure 12, had a parameter combination of an extrusion
speed of 20 mm-s~!, a punch cone angle of 60°, a transition filet of 1.2 mm, a friction coeffi-
cient of 0.14, and a punch hardness of 49 HRC. This configuration resulted in a wear depth
of 3.32 x 10~° mm and an equivalent stress of 1200 MPa. After optimization, the scheme
is numbered as Figure 13, with a wear depth of 2.60 x 10~°> mm and equivalent stress of
689 MPa. Through a comparison between the conditions before and after optimization, as
shown in Figure 14, it can be observed that after multi-objective optimization, the wear
depth decreased by 21.68% and the equivalent stress decreased by 42.58%, indicating that
the multi-objective collaborative optimization strategy significantly enhanced the wear
resistance and mechanical properties of the punch.

Tool wear - Wear depth (total) (mm)  Stress - Effective (MPa)
0.0000332 g 1200

0.0000222 799
0.0000111

400
0.000 I * 0.000 I
) (b)

Figure 12. The simulated cloud diagrams under the initial scheme: (a) is the cloud diagram of wear

(a

depth, and (b) is the cloud diagram of equivalent stress.
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Tool wear - Wear depth (total) (mm)  Stress - Effective (MPa)

0.0000260 T 689
0.0000173 462
0.00000867 235

L 0.000 ! 784
(a) (b)

Figure 13. The simulated cloud diagrams under the optimized scheme: (a) is the wear depth cloud
diagram, and (b) is the equivalent stress cloud diagram.
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Figure 14. Comparison of Wear Depth and Equivalent Stress Before and After Optimization.

5. Processing and Trial Production
5.1. Processing and Assembly

The punch was fabricated from AISI D2 steel, and its complex profile was machined
using Electrical Discharge Machining (EDM). The original blank of the punch is pressed
into the punch sleeve by a hydraulic press. The interference fit achieves a secure connection
between the punch, the sleeve, and the outer jacket, effectively suppressing radial shaking
during the working process and ensuring stable positioning of the punch, as shown in
Figure 15a. After assembly, the punch is fixed on the magnetic base, and the electrode is
held by the electrode fixture for precision machining and forming. The morphology of
the punch after machining is shown in Figure 15b. After electrode machining, the surface
roughness of the punch is relatively high. To ensure the forming quality of the parts and the
service life of the punch, the working surface is polished and ground. After the machining
of the slender, special-shaped cross-section punch is completed, the assembly work of the
entire mold set is carried out. The general assembly drawing of the mold is shown in
Figure 16.
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Figure 15. The punch in electrode processing, with figure (a) showing the preparation diagram before
processing and figure (b) showing the punch after processing.

Figure 16. Mold general assembly drawing.

5.2. Trial Production and Testing

Throughout the entire stamping test process, the die operated smoothly, and the
forming process was continuous and stable. The numerical simulation results indicated
that the maximum wear depth of the punch was 2.60 x 107> mm, and the minimum
deviation in the formed part’s dimensions was 0.03 mm. After the calculation, under
the optimal combination of process parameters, the estimated output of qualified parts
is approximately 1153 pieces. To systematically evaluate the quality, consistency, and
process stability during mass production, a total of 1150 parts were trial-produced. These
parts were stored for one year to release residual stress. The last three trial-produced
parts were selected as test samples (Figure 17) for specialized forming quality inspection.
The test results indicated that all forming quality indicators of the parts met the technical
requirements. The specific test data are summarized in Table 7, and the test results for each
of the three samples can be viewed in the Specification. Macroscopic observation of the
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wear morphology of the punch after trial production was conducted (Figure 18), revealing
that the actual wear was mainly distributed in the conical surface and filet transition
areas, which were highly consistent with the wear distribution areas predicted by finite
element simulation.

y i 4 K i

Figure 17. Sample diagram.

Table 7. Parts forming quality inspection results table.

No. Inspection Item Unit I“SPeCtloﬁxﬁgi‘e‘ﬁ e«SIz“Techmcal Y Specil;atlon P
1 Length of upper rectangular cavity mm Universal Measuring Microscope 9,006 9.014  9.016  9.016
2 Width of upper rectangular cavity mm Universal Measuring Microscope 458 0.08 4.52 4.51 4.52
3 Diameter of upper cylindrical cavity mm Universal Measuring Microscope @6,68‘0-09 6.64 6.63 6.64
4 Length of lower rectangular cavity mm Universal Measuring Microscope 9+0.036 9.012  9.013  9.021
5 Width of lower rectangular cavity mm Universal Measuring Microscope 458 0.03 451 451 451
6 Diameter of lower cylindrical cavity mm Universal Measuring Microscope @6,63’0-09 6.64 6.62 6.63
7 Surface roughness (Ra) of profiled um Surface roughness tester <1.6 14 1.4 14

thin-wall bore
8 Overall length mm Digital caliper 25195 25.0 25.0 25.0
9 Flange height mm Digital caliper 7.6% 5 7.5 7.4 7.5
10 Diameter of flange cylindrical surface mm Digital caliper 17.21°,, 17.06 17.04 17.06
11 Diameter of minor cylindrical surface mm Digital caliper @14.0°,, 13.9 13.9 13.9

Figure 18. Extrusion-shaped hole punch.

6. Conclusions

1. For the optimization of the thin-walled special-shaped hole punch for the fine, elon-
gated, and irregularly shaped cross-section of an aviation motor brush holder, this
study designed an L25(56) orthogonal experimental table with five factors and five
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levels based on the Taguchi design method and using SPSSAU software. Signal-
to-noise ratio and range analyses were conducted on the experimental results to
quantify the significance of the influence of various process parameters on wear depth
and equivalent stress. The analysis indicates that when the wear depth is taken as
the optimization objective, the influencing weights in descending order are punch
hardness > punch transition filet > friction coefficient > punch cone angle > extru-
sion speed. When the equivalent stress is taken as the optimization objective, the
influencing weights in descending order are punch cone angle > punch transition
filet > friction coefficient > punch hardness > extrusion speed.

2. The Taguchi-TOPSIS integrated application method was employed, using the collabo-
rative proximity of each target response value as the basis for weight determination
and combining it with range analysis to derive the optimal process parameter combi-
nation. The optimal process parameter combination is as follows: extrusion speed of
12 mm-s—1, punch cone angle of 50°, punch transition filet radius of 1.8 mm, friction
coefficient of 0.12, and punch hardness of 55 HRC. Compared with the initial pro-
cess parameter combination, this optimized combination reduced the wear depth by
21.68% and the equivalent stress by 42.58%, significantly improving the part forming
quality and the service life of the punch.

3. This study validates the Taguchi-TOPSIS integrated framework through coupled
numerical and physical experiments. The results demonstrate that this method signif-
icantly reduces the required experimental effort while efficiently identifying a robust
parameter set. This leads to substantial savings in manufacturing costs, alongside
improved qualification rates and productivity for thin-walled special-shaped parts in
cold extrusion. Consequently, it provides a reliable and cost-effective multi-objective
optimization strategy for addressing complex process parameter challenges.

Based on the findings of this study, future research should focus on the following di-
rections to further advance this field: (1) expanding the value ranges of process parameters
to explore a broader optimization space; (2) implementing neural network algorithms and
developing generalized machine learning models to achieve accurate prediction of optimal
process parameters; (3) validating the determined optimal parameters using industrial-
grade equipment to ensure practical applicability; (4) establishing more precise mapping
relationships between process parameter combinations and performance metrics; and
(5) incorporating uncertainty quantification methods to enhance process stability and relia-
bility. These efforts would collectively provide a more systematic theoretical foundation and
practical framework for the extrusion of precision thin-walled special-shaped components.
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