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Simulation-based optimization for preform’s dimensions
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The objective of this paper is to optimize preform’s dimensions of the
bevel gear in the forging process. The considered design parameters
include whole height (H), large diameter (D), and chamfer length (B).
Firstly, numerical simulations were applied in conjunction with the
Box-Behnken design (BBD) method and response surface methodology
(RSM) on the DEFORM 3D software to render the relationships of the
preform parameters with the forging load () and filling ratio (Fr). A
non-dominated sorting genetic algorithm-II (NSGA-II) was used to
solve multi-objective optimization problems and search for Pareto
optimal solutions. Finally, the Technique for Order Preference by
Similarity to Ideal Solution (TOPSIS) was adopted to determine the
best solution compromised from the Pareto set. The results indicated
that the optimized preform with multi-criterion has shown better
performance in improving the material flow and ensuring filling cavity.
Therefore, this research is intended to contribute toward making
forging processes of bevel gears more efficient.

Tom tit

Tur khoa:

Phéi dap so b, Banh rang con, Qua
trinh dap, M6 phong, BE mat dap
ung, Thuat toan di truyen.

Muc tiéu ciia bai bao nay 1a tdi wu héa kich thudc phoi dap so bo cua
qué trinh dap banh ring con. Cac tham sb can nhic 1a chiéu cao phoi,
duong kinh phoi, va canh vat. Qua trinh mé phdéng dap banh rang
thyc hién trén phan mém DEFORM 3D két hop v6i ma tran Box-
Behnken dé xay dung phuong trinh hdi quy cua luc dap va ti 1& dién
day trong mbi lién hé v6i cac tham s. Thuat toan di truyén da muc
tiéu dugc sir dung dé giai quyét moi twong quan giira cac ham muyc
tiéu va xay dung do thi Pareto. Ky thuat xac dinh giai phap t6i wu
dugc dung dé xac dinh giai phap tot nhat. Két qua nghién ctru chi ra
rang phéi dap so by duge thiét ké dam bao kha nang dién day cua
banh rang. Nghién ciru nay dugc ki vong nhu mot dong ghop c6 y
nghia dé qua trinh dap banh rang con tré nén hiéu qua hon.
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1. INTRODUCTION

Bevel gears are widely used as an important component of drive mechanisms in the
automotive industry due to high contact ratio and smooth transmission. The bevel gears were
manufactured by means of metal cutting, in which large quantities of metal chips were produced
as waste and metal streamlines were cut off, thus lowering properties. Fortunately, the net-shape
forging technology has become an effective approach in the production of gears. The forging
process possesses several benefits, such as excellent mechanical properties, less raw material,
good tolerance, high productivity, and cost savings, compared to metal cutting.

The realization of optimal performs shapes has attracted the attention of many researchers.
A new approach considering various different performs was proposed to decrease waste
materials and forging loads for complex components [1]. Shao et al. developed a topology-based
approach in order to optimize perform geometries of the blade forging [2]. Similarly, the
artificial neural network was applied to obtain the optimal perform shape for the bevel gear [3].
However, the aforementioned publications indicated that the complex interplay of objective
functions, (e.g. forming force, product quality, and production rate) with respect to perform
parameters is not clearly understood yet, which makes the optimization process rather inefficient
and insufficient. Furthermore, simulations and perform parameter optimization of the bevel gear
precision forging has not been conducted.
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Fig. 1. Bevel gear forging process
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Fig. 2. Forged bevel gear

To overcome the challenge of bevel gear forging accuracy, we introduce a multi-objective
optimization of the preform shape of an automotive bevel gear (Fig. 1 & 2). This is a common
component within the automotive industry, which is manufactured in large quantities. It is
essential to have the reliable model for conducting parametric studies in order to improve the
forging quality and accuracy. Additionally, we found out that altering workpiece parameters
such as the height, diameter, and chamfer length would affect the variation in forming load, die
filling potential, and product uniformity. This is a complicated problem and an effective
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approach remains important issues for improved reliability, durability, and performances, as well
as reduced cost and weight. Therefore, an effective approach describing forging process behavior
and the optimization of performing shape parameters is an important area of research.

In the remainder of this paper, a scientific framework to solve multi-objective optimization
problems is first introduced. Next, a reliable simulation model is developed, and numerical
experiments as well as optimization results are discussed. Finally, conclusions are drawn and
future research is suggested.

2. METHODS
2.1. Optimization problem

As previously discussed in Section 1, two response variables, including the forging load
(F) and filling ratio (Fr) are optimized simultaneously by means of numerical experiments and a
multi-objective optimization process. The filling ratio, an indicator of quantifying die filling, can
be described as follows [4]:

FR — VGear (1)
VWorkpiece
where Vigoripiece and Veeqr are the volume of the workpiece and gear before and after the forging
process, respectively.

For simulation approach, the forging load (F) and filling ratio (Fr) can be calculated by
extracting the result of the forming force components and deformed volumes after each
numerical experiment.

Based on an analysis of the perform parameters and the reference from previous studies,
three key factors, namely, whole height (H), large diameter (D), and chamfer length (B) were
considered as design variables (Fig. 3). The parameter ranges have been selected according to
common technical values used in current bevel gear forging, the capacities of the devices used
(i.e., the forging machine and die), as well as the properties of SCr420R material (Table 1).

According to the discussed analysis, the multi- Chamfer length (B)
objective optimization is stated as follows: ‘ |

Find X = [H, D, B] / ‘

Minimize forging load (F) Large diameter (D)

Maximize filling ratio (Fz)
Constraints:
52.7 < H<58.7 (mm), |

82.9 < D<86.9 (mm), T

Height (H)

10<B<17.2 (mm)
Fig. 3. Design parameters for 2" preform
Table 1. Preform parameters and their levels
Levels Preform parameters
Height H (mm) Diameter D (mm) Chamfer B (mm)

-1 52.7 82.9 10

0 55.7 84.9 13.6

1 58.7 86.9 17.2
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2.2. Optimization approach

A
‘ Determine variables & their ranges ‘
|

‘ Developing the simulation model ‘
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Perform a set of simulations based
on Box-Behnken design

I Define multi-objective

Development of regression models optimization problem
using RSM method
" Perform optimization by
‘ ANOVA analysis ‘ i TGA'"
Determine Entropy weights
o AJN || |
accurate?

‘ Perform TOPSIS ‘

l

‘ Output optimal solution ‘
I

Fig. 4. Systematic procedure for the simulation-based design of experiments and optimization

To obtain the optimal parameters, a simulation-based experimental design and multi-
objective optimization framework are proposed in Fig. 4. The proposed method consists of five
main steps: design of experiments with the Box-Behnken design (BBD) method, performing
numerical experiments, development of regression models using response surface methodology
(RSM)[5], generating the Pareto font by the non-dominated sorting genetic algorithm-II (NSGA-
I)[6], and using the application of techniques for order preference by similarity to the ideal
solution (TOPSIS) to obtain the best optimization point [7].

Table 2. Material properties of SCr420R and SKD61 [8]

Parameters SCr420R SKDé61
Density (g/mm’) 7.85 %10 7.85%10°
Young’s modulus (MPa) 210 x 10° 210 x 10°
Poison ratio 0.3 0.3
Thermal conductivity (W/(m°C)) 355 355
Specific heat (J/(g°C)) 0.46 0.49

2.3. FE-based forging simulation

The thermal-physical properties of the preform and forging die were assumed to be
constant and are presented in Table 2.

For the forming simulations, a FE-based forging process model was designed using a
commercial explicit finite element software DEFORM-3D (Fig. 5). To minimize the simulation
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time, the forging tool was modeled as perfectly rigid, while the workpiece was considered to
have plastic properties. The workpiece was fixed in the X, Y, and Z-directions. The velocity and
displacement of the die are 15 mm/s and 0.1 mm, respectively. The forging tool and various
perform shapes were generated using CATIA V5R20 and then transferred to DEFORM 3D by
means of an STL-format file. The representative outputs of the forging simulation were shown in
Fig. 6.

(a) Forging conditions (b) Upper die © Lower die
Fig. 5. Simulation model of the forming stage

Strain effective (mm/mm) Strain effective (mm/mm) Strain effective (mm/mm)
10.7
7.50

4.19 5.00 713
A H N

210 250 3.56
0.000 I 0.000 I 0.000 I
0.0753 Min 0.146 Min 0.159 Min
3.63 Max s 3.65 Max 3.53 Max

(a) Height of 52.7mm, large (b) Height of 52.7mm, large (c) Height of 55.7mm, large
diameter of 82.9mm, chamfer length  diameter of 86.9mm, chamfer length diameter of 84,9 mm, chamfer
of 13.6mm of 13.6mm length of 13.6mm

Fig. 6. An representative output of simulation

3. RESULTS AND DISCUSSION
3.1. Development of predictive models

The simulation results of the bevel gear forging were shown in Table 3. In the current
paper, a Box-Behnken experimental design with 17 trials for three factors and three levels was
chosen. Among the 17 experiments, 12 trials were performed on the edge of the experimental
space cube, and 5 replicate runs were conducted at its central point. In each simulation, the
inputs were H, D, and B; and the outputs considered were the forging force (F) and filling ratio
(Fr). The response surface models showing the objective functions are expressed as follows:

F =-1004.9822-142.8970H +91.8844D +50.9284B8 + 0.9029 HD )
+0.2840HB —0.7766 DB + 0.6952H* —0.7009D* —0.2789 B>



HOI NGH| KHOA HOC VA CONG NGHE TOAN QUOC VE CO KHi LAN THU V - VCME 2018

F,= 7.5097-0.0956H —0.1000D +0.0484 B + 0.00047 HD

~0.00025HB —0.00049DB + 0.00053H* +0.00048D° + 0.00025 B> )
Table 3. Simulation results
Whole height H Diameter D Chamfer length B Forging force F Filling rate Fy

mm mm mm Ton

55.7 86.9 10.0 218.261 1.000218
58.7 84.9 10.0 240.170 1.000419
58.7 84.9 17.2 197.701 0.989181
55.7 84.9 13.6 170.628 0.986406
52.7 82.9 13.6 108.342 0.991851
55.7 82.9 10.0 159.108 0.988235
55.7 84.9 13.6 170.628 0.986406
55.7 84.9 13.6 170.628 0.986406
55.7 84.9 13.6 170.628 0.986406
52.7 84.9 10.0 154.974 0.994317
55.7 84.9 13.6 170.628 0.986406
58.7 82.9 13.6 186.977 0.989210
58.7 86.9 13.6 250.656 1.000054
55.7 82.9 17.2 121.342 0.990089
55.7 86.9 17.2 158.128 0.987823
52.7 86.9 13.6 150.351 0.991403
52.7 84.9 17.2 100.235 0.993923

The analysis of variance (ANOVA) is used to evaluate the adequacy of developed models.
F-value, a ratio of the regression mean square to the mean square error, is used to prove the
significance of each factor. The large model f-values reach to 164.74 and 147.07 for forging
force and filling ratio, respectively, indicating the regression models are significant. The other
important coefficient is R-sq, which is defined as the ratio of the explained variation to the total
variation, indicates the accuracy of the model. The coefficients of determination R-sq for forging
force and filling ratio were 99.53% and 99.47%, respectively. Consequently, F-values and R-sq
coefficients indicated that the RSM models could be successfully applied as prediction models.

3.2. Factor affects analysis

Fig. 7 is a perturbation plot which illustrates the effects of perform parameters on the
forging forge (F). It is evident from the results that all the input parameters have a significant
effect on the output (F). For the forming load, the condition at a height = 52.7 mm, large
diameter = 82.9 mm, and chamfer length = 17.2 mm can be considered as the lowest force level.
The cause of the characteristic feature is the higher workpiece volume as the perform parameters
increases. Therefore, the minimum value of this objective is achieved when the whole height as
well as the large diameter is at the lowest level and the chamfer length is at the highest level.

The perturbation plot of interactions between the preform parameters and filling ratio (Fr)
can be seen in Fig. 8. As shown in Fig. 8, the condition at a whole height =58.7 mm, large
diameter = 86.9 mm, and chamfer length = 10 mm can be considered as the highest filling level.
It indicates that higher input values are beneficial for ensuring die filling and improving forged
quality.
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Fig. 7. Perturbation plot for

3.3. Optimization results

NSGA-II can converge to the feasible
optimal solutions of both objectives, as shown in
Fig. 9, which means that the formation of the
Pareto front results in the final set of solutions.
46 Pareto solutions are obtained at the end of
NSGA-II operation. Based on the entropy
method, the weight factors calculated of the
forging force () and filling ratio (Fr), are 0.4,
and 0.6, respectively. Coupled with the TOPSIS
approach, the no. 32 solution was selected as the
best solution among all alternatives, which is
depicted as an intersection point between two
pink lines. The perform shape and forged bevel
gear at the end of the operation for experimental
procedures are shown in Fig. 10 and 11,
respectively.
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Fig. 9. Pareto optimal solutions

The values of optimal parameters and objectives can be seen in Table 4.

Fig. 10. Optimal preform

Fig. 11. Forged bevel gear
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Table 4. Optimization results

P ¢ Explanatory variables Responses
arameters B (mm) H (mm) D (mm) F (Tonne) Fr
Optimal design 55.2 86.2 14.6 173.04 1

4. CONCLUSIONS

In summary, a particular approach toward preform optimization of the bevel gear was
presented through an FE model, DOE, ANOVA, genetic algorithm, and multi-criteria
decision-making methods. A 3D FEM model was used to perform a set of forging simulations
based on Box-Behnken experimental designs. Quadratic mathematical models of the forging
load, filling ratio and strain effective deviation were created with a mixed regression model
and response surface methods. The best optimal point of the multi-objective optimization
problem was determined by adopting TOPSIS techniques with entropy weights based on the
Pareto-optimal solutions generated by the NSGA-II algorithm. The results showed that
optimized preform facilitates complete filling of the die cavity and more uniform
deformation. Moreover, optimization results show that FEM coupled with RSM can be used
as a powerful tool for optimization of the complicated forming processes such as the forging
process of the bevel gears.
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