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Abstract: The cold roll-beating forming (CRBF) process is a particular cold plastic bulk forming
technology for metals that is adequate for shaping the external teeth of important parts. The process
parameters of the CRBF process were studied in this work to improve the process performance. Of the
CRBF process characteristics, the forming forces, tooth profile angle, surface roughness, and forming
efficiency were selected as the target indices to describe the process performance. Single tooth
experimental tests of ASTM 1045 steel were conducted with different roll-beating modes, spindle
rotation speeds, and feed speeds. Using analysis of variance (ANOVA) and regression analysis,
the influence of the process parameters in each index was investigated, and regression models of
each index were established. Then, the linear weighted sum method and compound entropy weight
method were used to determine the process parameters for multi-objective optimization. The results
show that the impact capacity and optimum value range of the process parameters vary in different
indices, and that, to achieve the comprehensive optimum effect of a small forming force, high product
quality, and high forming efficiency, the optimal process parameter combination is the up-beating
mode, a spindle rotation speed of 801 r/min, and a feed speed of 960 mm/min.

Keywords: plasticity forming; cold roll-beating forming; process parameter; multi-objective
optimization

1. Introduction

As important mechanical products, gears, spline shafts, and other transmission parts are widely
used in various mechanical products [1,2], the rapid development of major industries, such as
automobile, aircraft, special engineering machinery, and wind and nuclear power equipment, has led to
a huge demand for transmission parts with higher performance [3,4]. In the production of mechanical
parts, objectives such as creating a lightweight design, establishing short process chains, and improving
material and energy efficiency are difficult to meet using the current cutting methods to shape the
external teeth of transmission parts [3,5,6]. Plastic forming, as a near-net shape forming technology,
is a promising method to solve some of the problems in traditional cutting. As such, the new process
and novel production equipment have received attention [7,8]. Among the varieties of plastic forming
technologies, cold roll-beating forming (CRBF) is an incremental metal bulk forming technology for
forming the external teeth of high-load transmission parts, and it has the advantages of environmental
protection, flexibility, and lower cost. It has a wide range of application prospects in the automobile
industry, the aerospace sector, and equipment manufacturing [9–11].

Some studies have been carried out on the CRBF process, and some research results have been
published. On the basis of the kinematics of the CRBF process, Fengkui Cui et al. [12,13] analyzed

Metals 2019, 9, 405; doi:10.3390/met9040405 www.mdpi.com/journal/metals

http://www.mdpi.com/journal/metals
http://www.mdpi.com
https://orcid.org/0000-0003-0483-8954
https://orcid.org/0000-0001-5434-4763
http://dx.doi.org/10.3390/met9040405
http://www.mdpi.com/journal/metals
https://www.mdpi.com/2075-4701/9/4/405?type=check_update&version=2


Metals 2019, 9, 405 2 of 19

and studied the forming process of involute spline cold roll-beating in which the workpiece was
continuously indexed. In view of the forming error caused by the continuous indexing motion of
workpiece, a design and modification method of the rolling wheel were put forward, and a technological
scheme of roll wheel manufacturing was provided that improved the geometric accuracy of involute
spline CRBF. Mingshun Yang et al. [14] established a simplified mathematical model for describing
the residual height of the formed tooth bottom under the assumption of rigid plastic deformation,
and they discussed the influence of process parameters on the residual height of the tooth bottom.
These studies illustrate the basic kinematic characteristics of the CRBF process. On the basis of these
studies, there have been some numerical simulation and experimental studies dedicated to the metal
deformation characteristics and mechanism of the CRBF process. Fengkui Cui [15] and Xinqin Gao [16]
established a simplified finite element model of the CRBF process and simulated the material behavior
and changes in the principal stress, hydrostatic pressure, and principal strain of the deforming area.
Then, the metal deformation characteristics of the CRBF process were given. On the basis of the
deformation characteristics, a constitutive model of the material for the CRBF process was further
studied [17–19]. The results of these studies provide guidance for simulating the CRBF process and
explaining the forming mechanism. Through the simulation of a complete tooth groove CRBF process,
Xiaoming Liang et al. [20] analyzed changes in the radial and tangential forming force throughout
the whole forming process and discussed the influence of the roll-beating mode on forming forces.
Fengkui Cui et al. [21] linked the plastic deformation of metal to the surface residual stress that occurs
during the CRBF process by observing the grains changing in the spline tooth profile section, and they
explained the residual stress generation in terms of the forming mechanism. Zhiqi Liu et al. [11]
performed an experimental study on the CRBF mechanism from the microcosmic point of view.
The depth of the microhardness layer and the model of grain evolution during the CRBF process were
established. Fengkui Cui et al. [10,22,23] measured the residual stress, hardness, and roughness of a
spline surface fabricated by CRBF, and a series of empirical expressions were obtained to describe the
effects of the roll-beating speed and feed rate on these indices.

On the basis of clear characteristics and the forming mechanism of CRBF, there is a need for further
quantitative discussion about the effect of process parameters on the CRBF process to promote the
practical application of CRBF. In particular, to improve the process performance of CRBF, it is necessary
to clarify the influence of process parameters on the forming force, forming quality, and forming
efficiency. In view of this situation, ASTM 1045 steel was tested by a CRBF experiment on the outer
teeth. The empirical formulas of the indices of the forming force, product quality, and forming efficiency
under different process parameters were established according to the experimental results. The aim of
this study is to determine the influence of different process parameters on CRBF and provide a method
to realize the comprehensive optimization of the forming force, forming quality, and forming efficiency
by judiciously selecting the appropriate process parameters.

2. Materials and Methods

2.1. Description of CRB Process

CRBF is a special intermittent free cold forging process. It is different from the quasi-static forming
process of die forging, drawing, rolling, etc. During the CRBF process, the metal is subjected to
intermittent impacts at a certain frequency, and the deformation produced by each impact is small.
The deformation zone continuously migrates through the feed of the workpiece, and the amount
of deformation gradually accumulates to accomplish the final forming purpose. For different types
of parts, the process of forming the external tooth profile in CRBF can be described by the single
tooth groove forming process. A schematic diagram is presented in Figure 1. The roller is assembled
eccentrically on the spindle, and the geometric profile of the roller is designed according to the profile
of the target tooth. The spindle rotation drives the roller to roll-beat the workpiece, and the roller
can rotate around the roller shaft as it beats and rolls the workpiece. During the forming process,
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the workpiece is fed continuously to accumulate the plastic deformation caused by each roll-beating
of the roller. Finally, a tooth groove consistent with the profile of the target tooth is formed on the
workpiece. When the feed direction of the workpiece is clear, we can change the rotation direction
of the spindle to choose the mode of the CRBF process. In order to express this clearly in a way
similar to the milling process, CRBF can be defined by a coordinate system in which the y-axis is
the feed direction of the workpiece and the z-axis is perpendicular to the workpiece to be processed.
As such, when the angular velocity direction of the spindle rotation is consistent with the x-axis, it is an
up-beating mode; when it is inconsistent, it is a down-beating mode. Through the above description of
the CRBF process, it can be understood that the main processing parameters are spindle rotation speed,
feed speed, and roll-beating mode.

Metals 2019, 9, x FOR PEER REVIEW 3 of 19 

 

groove forming process. A schematic diagram is presented in Figure 1. The roller is assembled 
eccentrically on the spindle, and the geometric profile of the roller is designed according to the 
profile of the target tooth. The spindle rotation drives the roller to roll-beat the workpiece, and the 
roller can rotate around the roller shaft as it beats and rolls the workpiece. During the forming 
process, the workpiece is fed continuously to accumulate the plastic deformation caused by each 
roll-beating of the roller. Finally, a tooth groove consistent with the profile of the target tooth is 
formed on the workpiece. When the feed direction of the workpiece is clear, we can change the 
rotation direction of the spindle to choose the mode of the CRBF process. In order to express this 
clearly in a way similar to the milling process, CRBF can be defined by a coordinate system in which 
the y-axis is the feed direction of the workpiece and the z-axis is perpendicular to the workpiece to 
be processed. As such, when the angular velocity direction of the spindle rotation is consistent with 
the x-axis, it is an up-beating mode; when it is inconsistent, it is a down-beating mode. Through the 
above description of the CRBF process, it can be understood that the main processing parameters are 
spindle rotation speed, feed speed, and roll-beating mode. 

w

y
z

x

Workpiece

Roller

Spindel

Roller Axis

 

Figure 1. Schematic of the cold roll-beating (CRB) principle of an external tooth groove. 

2.2. Material Characterization 

The material of the workpieces was ASTM 1045 steel for the CRBF experiment because it has 
good mechanical properties and manufacturability, and it is widely used to manufacture functional 
parts. The main chemical composition of the material is shown in Table 1.  

Table 1. Chemical composition of ASTM 1045 steel (mass fraction, %). 

Element C Si P S Cr Mn 
wt.% 0.46 0.32 0.035 0.04 0.22 0.62 

The main deformation of materials during the forming process is compression deformation. 
After normalization, a compression test was carried out by a 100-kN mechanical testing machine 
(MTS Inc., Eden Prairie, MN, USA). The size of the sample was Φ6 mm × 10 mm, and the 
down-pressure velocity was 0.5 mm/min. Figure 2 illustrates the experimental result. 

Figure 1. Schematic of the cold roll-beating (CRB) principle of an external tooth groove.

2.2. Material Characterization

The material of the workpieces was ASTM 1045 steel for the CRBF experiment because it has good
mechanical properties and manufacturability, and it is widely used to manufacture functional parts.
The main chemical composition of the material is shown in Table 1.

Table 1. Chemical composition of ASTM 1045 steel (mass fraction, %).

Element C Si P S Cr Mn

wt.% 0.46 0.32 0.035 0.04 0.22 0.62

The main deformation of materials during the forming process is compression deformation.
After normalization, a compression test was carried out by a 100-kN mechanical testing machine (MTS
Inc., Eden Prairie, MN, USA). The size of the sample was Φ6 mm × 10 mm, and the down-pressure
velocity was 0.5 mm/min. Figure 2 illustrates the experimental result.
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Figure 2. Stress-strain curve of ASTM 1045 steel.

For the CRBF experiment, the material was made into workpieces by wire-electrode cutting and
milling. The length along the feed direction of the workpiece was 45 mm. The surface hardness and
roughness of the workpieces were HV 180–220 and Ra 0.8–1.6, respectively.

2.3. Experimental Setup

According to the principle of the external tooth groove CRBF, a CRBF device was designed and
realized by a horizontal milling machine to carry out the forming experiment, as shown in Figure 3.
In this CRBF device, the roller is eccentrically mounted on the spindle through a roller shaft and two
bearings (INA NKXR20Z, INA Inc., Nuremberg, Germany), and the axial clearance is adjusted by
two sets of gaskets. The radius of the trajectory of the roller edge is 74 mm, and the roller is made
of 20CrMnTi. After quenching and tempering treatment, the surface of the roller is conditioned and
Rockwell hardness number reaches 58–64 HRC. The dimensions and tooth detail of the roller are
shown in Figure 4.
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The spindle rotation speed, feed speed, and roll-beating mode were chosen as the research
factors. The spindle rotation speeds are 475 r/min, 950 r/min, and 1500 r/min. The feed speeds of the
workpiece are 30 mm/min, 60 mm/min, 120 mm/min, 240 mm/min, 480 mm/min, and 960 mm/min.
The different roll-beating modes of the CRBF process were realized by changing the rotation direction
of the spindle. The experiments were carried out with all combinations of all process parameters at all
levels. The experimental implementation scheme is shown in Table 3. The roll-beating depth was set at
2.5 mm, and the workpiece was coated with lubricating oil.

During the forming process, a piezoelectric three-direction force sensor PCB261A03 (PCB Inc.,
Buffalo, NY, USA) was used to obtain forming force data. After removing oil from the surface of
the experimental tooth grooves with a metal cleaning agent, the three-dimensional macroscopic
geometrical data of the surface geometry of the tooth grooves were measured and obtained by the
super 3-D microscope system VHX-5000 (Keyence Inc., Osaka, Japan). The measuring accuracy of
this instrument is 0.01 mm. The surface roughness of the tooth wall was measured by laser confocal
microscopy using the DCM 3D (Leica Inc., Wetzlar, Germany).

3. Results

For metal bulk forming technology, forming forces, forming quality, and forming efficiency are
the important objectives that we are interested in optimizing.

In the coordinate system described in Figure 1, the forming force in the x-direction was low during
the forming process because of the geometric symmetry of the tooth shape of the roller. The forming
force in the z-direction Fz is the main forming force in the CRBF process, and the forming force in the
y-direction Fy determines the main shaft torque load and the workpiece feed system load of the forming
equipment. Fz and Fy directly affect the design of the forming equipment and the implementation of
the forming process.

Figure 5 shows Fz and Fy measured in the up-beating and down-beating modes for a spindle
rotation speed of 475 r/min and a feed speed of 240 mm/min. For the same forming equipment and
workpiece, the total time of the CRBF process is mainly related to the feed speed. Figure 5 shows that
the actual roll-beating lasts nearly 16.5 s when the feed speed is 240 mm/min and that the forming forces
of CRBF form a pronounced sharp pulse. This is consistent with the characteristics of intermittent
impact loading in the CRBF process. In either mode, the Fz peak of each roll-beating gradually increases
in the early stage of the forming process; then, it reaches the maximum and remains stable, after which
it decreases gradually until the end of the forming process. Therefore, Fzam—the average value of the
Fz peak of each roll-beating in the stability region—is used to characterize Fz. The Fy peak of each
roll-beating during the CRBF process also has increasing, stable, and decreasing regions. However,
the Fy peak of each roll-beating in the stable region is not the maximum of the whole forming process,
differing from the pattern for Fz and varying for different roll-beating modes: In the up-beating mode,
the maximum Fy is obtained between the increasing and stable regions, and the maximum Fy in the
down-beating mode occurs before the end of the stable region. For practical applications, the maximum
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Fy of the whole forming process is worth more than the average value of the Fy peak of each roll-beating
in the stable region. As such, to express the maximum Fy of the whole forming process, Fymax is used
to characterize Fy in the CRBF process.
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For product quality attributes, this paper mainly considers geometric accuracy, surface roughness,
and hardening. The geometry accuracy of the single tooth profile is usually described by profile error
and lead error. The lead error is primarily determined by the feeding straightness of the feed system
of the forming equipment and the axial positioning accuracy of the spindle rotation. The lead error
is not sensitive to the process parameters analyzed in this paper. There is an obvious tooth profile
error in the tooth groove formed by CRBF because, in the real forming process, the material has elastic
recovery, which produces profile errors. These profile errors mainly appear as angle errors in the tooth
profile, as shown in Figure 6. When the roller roll-beats the workpiece, the metal extends along the
tooth profile. After the roller leaves the workpiece, the metal flowing along the tooth profile has elastic
recovery, which ultimately makes the angle of the tooth groove wall smaller than the tooth profile
angle of the roller. The above discrepancy in the tooth angle is defined as the angle error of the tooth
profile and is represented by β. For a different roll-beating mode, roll-beating speed, and feed speed,
the stress field and hardening of metals are different, and this variation affects the elastic recovery.
As such, β is obviously affected by the process parameters. Therefore, β is used to characterize the
geometry accuracy in this paper.
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Figure 6. Schematic of profile error generation.

Transmission parts mainly transfer power through tooth wall meshing. Reducing the surface
roughness of the tooth wall directly improves the service life and transfer efficiency of the parts and
reduces the working vibration. Therefore, the surface roughness is an important standard of surface
quality. To facilitate measurement, each groove formed in the experiment was divided into two parts
by the middle of the tooth bottom using wire-electrode cutting. The length of the specimen was 10 mm
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along the tooth’s lead direction, as shown in Figure 7. It can be seen that the desired surface finish of
the tooth wall can be achieved by grinding.
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Figure 7. Experimental forming of parts and specimens.

From the measurement of the surface roughness of the tooth wall, it was observed that the
micro-morphology of the tooth wall formed by CRBF is an irregular fish-scale pattern, as shown in
Figure 8. This phenomenon is caused by the multiple rolling of the surface of the workpiece and the
rotation of the roller in the roll-beating process. Therefore, surface roughness Sa of the tooth wall is
used to characterize the surface quality.
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Figure 8. Surface morphology of tooth wall.

The metallographic structure of the metal after CRBF is shown in Figure 9. As a result of the strong
plastic deformation of the metal during the forming process, the grain was refined and highly fibrous
on the tooth wall and tooth bottom. Because of the impact loading of CRBF, the grain refinement
and fibrosis are mainly concentrated in the surface layer of the metal. Comparing the metallographic
structure of the tooth top, tooth wall, and tooth bottom, it can be found that the grain refinement
degree of the tooth bottom near the tooth wall is the highest, and the grain refinement degree is the
weakest at the tooth top.
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Figure 9. Metallographic structure of different parts of formed tooth groove: (a) Tooth top; (b) tooth
wall; (c) tooth bottom.
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The hardness of each part was measured. The hardness at the position of the tooth top, tooth wall,
and tooth bottom near the tooth wall is 256, 292, and 310 HV, respectively. The hardness of the
internal metal, which does not change in structure, is 210 HV. This is consistent with the change
in grain refinement. The hardness of the tooth wall resulting from the use of different process
parameters was measured. The results show that the hardening rate is between 135% and 145%,
and the hardening degree is not very sensitive to the change in process parameters. This is because
the change in processing parameters has little effect on the metal deformation after final forming.
Therefore, workpiece hardening is not considered as an index of forming quality in this study.

For the forming efficiency, the feed speed is directly used to characterize the forming efficiency.
The research objectives and their corresponding indices are shown in Table 2.

Table 2. Research objectives and their corresponding indices.

Object
Forming Forces Forming Quality

Forming Efficiency
Fz Fy

Geometry
Accuracy

Surface
Roughness

Characteristic The form of sharp
pulse

Obvious tooth
angle error

Irregular fish-scale
pattern

Positive correlation
with feed speed

Index Fzam Fymax β Sa f

The experimental results of the above indices and corresponding process parameters are listed in
Table 3, in which the results for β and Sa are the average of the two sides of the tooth wall. In addition,
in order to facilitate mathematical representation and analysis, the variable m is used to denote the
roll-beating mode: m = 1 represents up-beating and m = −1 represents down-beating.

Table 3. CRBF experimental results.

Serial
Number

Roll-Beating
Mode, m

Spindle Rotation
Speed, w (r/min)

Feed Speed,
f (mm/min) Fzam (N) Fymax (N) β (◦) Sa (µm)

1 1 475 30 17,051 3457 1.18 0.079
2 1 475 60 18,540 3996 1.07 0.087
3 1 475 120 20,752 4528 1.20 0.124
4 1 475 240 23,175 5125 1.36 0.135
5 1 475 480 27,656 5625 1.51 0.099
6 1 475 960 31,515 6154 1.65 0.085
7 1 950 30 18,391 3534 1.07 0.108
8 1 950 60 20,747 4087 0.92 0.113
9 1 950 120 22,028 4529 0.82 0.155
10 1 950 240 25,928 5022 0.55 0.165
11 1 950 480 27,436 5595 0.61 0.138
12 1 950 960 31,702 6288 1.09 0.109
13 1 1500 30 18,361 3689 0.62 0.165
14 1 1500 60 20,048 4509 0.59 0.242
15 1 1500 120 22,494 5330 0.46 0.253
16 1 1500 240 24,219 5659 0.32 0.265
17 1 1500 480 27,781 6632 0.42 0.280
18 1 1500 960 33,179 7415 1.03 0.232
19 −1 475 30 16,592 2958 0.77 0.075
20 −1 475 60 19,392 3173 0.26 0.090
21 −1 475 120 20,933 3526 0.16 0.110
22 −1 475 240 23,185 3626 0.08 0.112
23 −1 475 480 26,707 3590 1.12 0.088
24 −1 475 960 30,204 3561 1.81 0.073
25 −1 950 30 17,636 3914 0.80 0.093
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Table 3. Cont.

Serial
Number

Roll-Beating
Mode, m

Spindle Rotation
Speed, w (r/min)

Feed Speed,
f (mm/min) Fzam (N) Fymax (N) β (◦) Sa (µm)

26 −1 950 60 19,201 4284 0.48 0.140
27 −1 950 120 21,470 4361 0.12 0.147
28 −1 950 240 23,501 4461 0.09 0.166
29 −1 950 480 26,194 4419 0.60 0.174
30 −1 950 960 29,737 4321 1.33 0.117
31 −1 1500 30 16,222 4407 0.55 0.172
32 −1 1500 60 18,807 4984 0.50 0.261
33 −1 1500 120 21,210 5349 0.34 0.266
34 −1 1500 240 22,936 5784 0.19 0.296
35 −1 1500 480 26,577 5722 0.48 0.296
36 −1 1500 960 30,288 5576 1.22 0.200

4. Discussion

4.1. Significance Analysis of Process Parameters to Objectives

ANOVA was used to test the significance of each process parameter, and the results are shown in
Table 4. The probability of F(0.05) > F is represented by the P value of the right-sided test. When the F
value of the objective is greater than F(0.05) and the P value is less than 0.05, the factor has a significant
effect on the objective [24,25].

Table 4. Significance analysis of process parameters to objectives.

Source F(0.05)
Fzam Fymax β Sa

F P F P F P F P

m 4.139 60.18 <10−4 410.64 <10−4 36.32 <10−4 0.34 0.5746
w 3.295 8.33 0.0074 453.89 <10−4 27.17 <10−4 482.2 <10−4

f 2.545 817.55 <10−4 253.6 <10−4 27.43 <10−4 33.7 <10−4

m × w 3.295 8.76 <10−4 94.49 <10−4 11.57 0.0025 2.42 0.1390
m × f 2.545 2.28 0.1249 98.27 <10−4 6.47 0.0062 1.23 0.3621
w × f 2.255 2.38 0.0943 6.00 0.0045 2.28 0.1055 4.21 0.0164

The results of ANOVA show that for the ranges of the tested levels, the three process parameters
have a significant influence on Fzam, for which the most important factor is feed speed, the second most
important is the roll-beating mode, and the least important is the spindle rotation speed. The interaction
item m × w is significant for Fzam, and m × f is considered statistically non-significant. The F value of w
× f is larger than F(0.05), but the P value is bigger than 0.05. These values indicate that, although the
influence of w × f on Fzam is very weak, it still has some impact.

All the tested sources of variation in Fymax are significant, and the order of importance of those
sources is w > m > f > m × f > m × w > w × f.

Each process parameter has a significant influence on β, and m is the most important factor.
The parameters w and f almost have the same effect on β. Of the interactive terms, m × w and m × f are
significant. P > 0.05, the w × f interaction is considered statistically non-significant, but its F value is
bigger than F(0.05), so its impact cannot be ignored.

For Sa, m and the interaction terms containing m are not significant. So, from a statistical view,
it can be asserted that the change in roll-beating mode does not affect the roughness of the tooth wall.
All the other sources are significant, and w is the most important.

4.2. Regression Models

Because m is not a continuous variable—i.e., it only takes values of 1 or −1—a piecewise function,
denoted by T(w, f ), that consists of two polynomial models is used to characterize the response of Fzam,



Metals 2019, 9, 405 10 of 19

Fymax, and β to the influences of the different parameters. Meanwhile, given that m is irrelevant to Sa,
T(w, f ) is directly used to express Sa. The functional form of T(w, f ) is a polynomial model which is
widely used in regression analysis and empirical modeling. The function is shown in Equation (1).
In order to ensure regression accuracy, the degrees of freedom of w and f in the function T(w, f ) are 2
and 3, respectively, and the interaction between w and f is accounted for.

T(w, f ) = a00 + a10w + a01 f + a20w2 + a11w f + a02 f 2 + a21w2 f + a12w f 2 + a03 f 3 (1)

Table 5 gives the final regression model of each index. The applicable range of these regression
models is within the range of the experimental parameters. The term R2 denotes the prediction
capability of the regression equations. Generally, an R2 value greater than 0.9 indicates that the
regression equation is acceptable for fitting the experimental data, and an R2 value greater than 0.95
indicates that all predicted values are reliable and quite close to the actual values. Apart from the R2

value of β’s regression model in the down-beating mode being slightly less than 0.95, the R2 values of
all the other regression models are higher than 0.95. Furthermore, the P values of all regression models
are less than 10−4, as shown in Table 4.

Table 5. Regression models and validation results.

Regression Model
R2

P
m = 1 m = −1

Fzam =


11060 + 11.82w + 58.81 f − 0.00506w2

− 0.02087w f − 0.07666 f 2

+ 7.724× 10−6w2 f + 5.563× 10−6w f 2 + 4.027× 10−5 f 3 , m = 1

14440 + 4.462w + 50.55 f − 0.002426w2
− 0.009655w f − 0.07253 f 2

+ 5.319× 10−6w2 f − 4.689× 10−7w f 2 + 4.076× 10−5 f 3 , m = −1

0.9926 0.9886 <10−4

Fymax =


3600− 1.13w + 13.02 f + 0.0007435w2

− 0.00103w f − 0.02282 f 2

+ 1.377× 10−6w2 f − 7.974× 10−7w f 2 + 1.357× 10−5 f 3 , m = 1

1711 + 2.599w + 7.194 f − 0.0005536w2
− 0.000828w f − 0.01656 f 2

+ 1.659× 10−6w2 f − 2.078× 10−6w f 2 + 1.139× 10−5 f 3 , m = −1

0.9818 0.9849 <10−4

β =


1.418− 0.0004332w + 0.001788 f + 2.494× 10−9w2

− 5.875× 10−9w f
+ 2.469× 10−6 f 2 + 1.634× 10−9w2 f + 2.569× 10−9w f 2

− 2.609× 10−9 f 3 , m = 1

0.5644 + 0.0005123w− 0.005542 f − 1.711× 10−7w2
− 3.932× 10−6w f

+ 2.249× 10−5 f 2 + 1.259× 10−9w2 f + 6.398× 10−10w f 2
− 1.479× 10−8 f 3 , m = −1

0.9567 0.9480 <10−4

Sa = 0.09151− 0.0001148w + 0.0004310 f + 1.124× 10−7w2 + 3.031× 10−7w f
−1.407× 10−6 f 2 + 4.014× 10−13w2 f − 2.876× 10−10w f 2 + 1.003× 10−9 f 3 0.9563 <10−4

From the established regression models, the predicted values of the indices resulting from the
process parameters in Table 3 were obtained. Then, we plotted these points to the coordinates that define
the experimental values compared with the predicted values, as seen in Figure 10. The distribution
of these points is not related to the form and coefficient of the regression equation but only to the
fitting error. Figure 10 shows that the points are close to the straight line of y = x, and the error of the
predicted values versus experimental values is distributed uniformly. These results indicate that the
regression models have high fitting ability.
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As such, according to the results of the above analysis, it is proved that the established regression
models can effectively and reliably describe the influence of the tested process parameters on Fzam,
Fymax, β, and Sa.

4.3. Influence of Process Parameters on Each Index

In accordance with the regression equations listed in Table 5, Figures 11–14 illustrate the relation
surface between each index and process parameter.
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Figure 11 shows that in the different roll-beating modes, the change rules of Fzam with w and f are
consistent, but the change in Fzam in the up-beating mode is larger. The value of f has a great influence
on Fzam, where lower f means smaller Fzam. The degree of this effect is greater when f is less than
400 mm/min, below which Fzam decreases rapidly with decreasing f. The effect of w on Fzam varies
in different f regions. When f is in the lower range, Fzam increases first and then decreases with the
increase in w. At higher f values, Fzam decreases first and then increases when w increases. However,
the range of Fzam changes is limited by only changing w. Therefore, the down-beating mode and low f
are enough to significantly reduce Fzam.

As shown in Figure 12, the change trend of Fymax resulting from f and w varies for the different
roll-beating modes, and the change range of Fymax in the up-beating mode is larger. For up-beating,
with an increase in w, Fymax decreases first and then increases. Compared with w, f has a greater
influence on Fymax. Increasing f leads to an obvious increase in Fymax. When f is small and w is
near 900 r/min, Fymax is the smallest. In the down-beating mode, Fymax is more affected by w than f.
Fymax and w are proportional to each other. In response to increasing f, Fymax increases rapidly and
then decreases. As such, the down-beating mode, low w, and small f or f close to 780 mm/min are
advantageous for reducing Fymax.

The whole change range of β is smaller in the up-beating mode. β decreases with the increase
in w. In the low-w region, increasing f causes β to increase. In the high-w region, β decreases first
and then increases when f grows, and the minimum β value is obtained around f = 450 mm/min.
In the down-beating mode, β is weakly affected by w and decreases slightly with an increase in w. β is
strongly influenced by f. As a result of increasing f, β decreases first and reaches the minimum; when f
is near 240 mm/min, β increases and reaches the maximum near f = 840 mm/min. Figure 13 shows that
in different roll-beating modes, setting w to 1280–1500 r/min and setting f to 30–590 mm/min allows β
to be controlled at its lower level.

As shown in Figure 14, Sa increases when w increases. With increasing f, Sa increases rapidly first
and then decreases gradually. Sa is the maximum at w = 1500 r/min and f = 350 mm/min. When w is
within 450–870 r/min and f is within 600–960 mm/min, Sa is controlled under 0.1 µm.

In addition, for the single tooth forming process, a higher f value means higher forming efficiency.

4.4. Optimize

From the above analysis, it can be seen that the influence of each process parameter on the forming
force, forming quality, and forming efficiency indices has its own characteristics. There are some
contradictions between the ranges of the process parameters, and these conflicts result in each index
having its own optimal value at the same time; in order to determine the process parameters that
allow each index to achieve comprehensive optimization, the linear weighted sum method was used
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to establish the comprehensive evaluation function E for Fzam, Fymax, β, Sa, and forming efficiency,
as shown in Equation (2).

E =
n∑

i=1

Ciei j (2)

In Equation (2), i denotes the ordinal number of the index (in this case, i = 1, 2, ..., 5); j is the
number of the process parameter combination; eij represents the evaluation value of the ith index
obtained under the jth process parameter combination; C is the weight coefficient, and the sum of the
weight coefficients is 1. The function E allows corresponding weight coefficients to be assigned to
each index according to the importance of each index, and it includes the linear combination of the
multiple indices. It reduces the multi-objective optimization problem to the numerical optimization of
the function E, which realizes the comprehensive optimization of the multiple objectives.

To solve the above, the first step is to get the evaluation value of each index so that they have the
same order of magnitude. The Min-Max normalization function is used to convert the index data into
the evaluation value. So, all the evaluation values of each objective range from 0 to 1. This Min-Max
function takes two forms, as shown by Equations (3) and (4), in which O represents the data of each
index. In this case, Fzam, Fymax, β, and Sa are normalized by Equation (3), and f is normalized by
Equation (4).

ei j =
maxOi j −Oi j

maxOi j −minOi j
(3)

ei j =
Oi j −minOi j

maxOi j −minOi j
(4)

In the range of process parameters, m = [−1, 1], w ∈ [475, 1500], f ∈ [30, 960], and the maximum
and minimum values of each index are solved. The results are shown in Table 6.

Table 6. The maxOij and minOij values of each index.

Index i maxOij minOij

Fzam 1 33,163 16,987
Fymax 2 7441 2968
β 3 2.1013 0.0282

Sa 4 0.3007 0.0476
f 5 960 30

The entropy weight method was used to determine the weight coefficients, as it has strong
objectivity and is widely applicable to practical engineering optimal problems [26]. This method uses
the evaluation data of a sample to calculate the entropy weight coefficient of each index as the weight
coefficient of each index. In order to calculate the entropy weight coefficient, it is first and foremost
necessary to determine a large enough sample of evaluation values. Given the range of the process
parameters, with the interval steps of w and f set to 5, there are 77,044 combinations of the different
process parameters. Then, the evaluation values for each index under each group of process parameters
are calculated by the regression model in Section 4.2, Equations (3)–(4), and Table 6. As such, we get a
5 × 77,044 evaluation matrix as the sample data. Then, the entropy weight coefficient of each index is
obtained by Equations (5) and (6), in which Hi represents the entropy value of the ith index, and ci is
the entropy weight coefficient for the ith index. During the calculation, it is important to note that
when f is 30, calculating H5 is meaningless. To avoid this, the value of 30 for f is replaced by 30.00001
in these calculations.

Hi = −

k∑
j=1

ei j
k∑

j=1
ei j

ln
ei j

k∑
j=1

ei j

ln k
(5)
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ci =
1−Hi

n−
n∑

i=1
Hi

(6)

However, the weight coefficient obtained by this method has a lack of horizontal comparison
among the objectives. Accordingly, to reflect the importance of the different objectives, an additional
subjective weight coefficient λ is added to the entropy weight coefficient to get a composite weight
coefficient, which is the C in Equation (2). The composite weight coefficient can be calculated by
Equation (7). The subjective weight coefficient is given according to the importance of each objective.
For the CRBF process, the first considered object is the forming quality, followed by the forming force
and forming efficiency. Consequently, the subjective weight coefficients of β and Sa in the evaluation of
tooth profile angle error and tooth wall roughness are large. Among them, considering that the tooth
wall roughness is maintained at a certain level under the different process parameters, the subjective
weight coefficient of Sa is smaller than that of β. For the indices used to evaluate the forming force,
compared with Fzam, Fymax is more important since it directly reflects the torque required of the spindle
and the load of the feed system during the forming process. A smaller Fymax implies lower energy
consumption. Therefore, the subjective weight coefficient of Fymax is slightly higher than that of Fzam.
The forming efficiency and Fzam are a set of contradictory indices for CRBF. High efficiency means a
large feed speed. However, with a large feed speed, Fzam is larger, as shown in Figure 11. A larger
Fzam means that the forming equipment is subjected to a greater load, which speeds up the wear of the
equipment parts and increases the cost of the forming process. As such, it is appropriate to assign Fzam

and f the same subjective weight coefficients. The results of the weight coefficient calculations are
listed in Table 7.

Ci =
λici

n∑
i=1
λici

;
n∑

i=1

λi = 1 (7)

Table 7. The weight coefficients of objectives.

Objective Number, i Entropy Weight
Coefficient, ci

Subjective Weight
Coefficient, λi

Composite Weight
Coefficient, Ci

1 0.1786 0.15 0.1413
2 0.1240 0.175 0.1145
3 0.1578 0.275 0.2289
4 0.1672 0.25 0.2205
5 0.3724 0.15 0.2947

From Equations (2)–(4), the regression model of the indices, Table 6, and Table 7, the extended
expression of the comprehensive evaluation function E is obtained, as shown in Equation (8).

E =



0.5397 + 7.351× 10−5w− 1.103× 10−3 f − 7.303× 10−8w2 + 5.934× 10−7w f + 2.207× 10−6 f 2

− 2.835× 10−10w2 f − 6.132× 10−11w f 2
− 1.285× 10−9 f 3 , m = 1

0.6527− 6.206× 10−5w− 7.234× 10−5 f − 4.367× 10−8w2 + 2.757× 10−7w f − 2.002× 10−7 f 2

− 2.283× 10−10w2 f + 2.372× 10−10w f 2 + 1.1175× 10−10 f 3 , m = −1

(8)

For the process parameter ranges, m = [−1, 1], w ∈ [475, 1500], and f ∈ [30, 960], and the surface
graph of the comprehensive evaluation function E is obtained and shown in Figure 15. The coordinates
of each point on the surface represent a process parameter combination and the evaluation values
resulting from this process parameter combination. A higher evaluation value corresponds to a more
reasonable combination of process parameters in order to achieve the comprehensive process effect
of a small forming force, high forming quality, and high forming efficiency. It can be seen that in the
up-beating and down-beating modes, the evaluation value of the process parameter combination is
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higher in the ranges of w ∈ [475, 1200] and f ∈ [600, 960], respectively. In the case of w and f, with a
minimum interval of 1, the vertex coordinates of the comprehensive evaluation function surface at
m = −1 and m = 1 are (850, 882, 0.6354) and (801, 960, 0.6664), respectively. Subsequently, it is concluded
that for CRBF, the optimum process parameters according to the comprehensive consideration of
forming forces, forming quality, and forming efficiency are the following: Up-beating mode, a spindle
rotation speed of 801 r/min, and a feed speed of 960 mm/min.
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With the optimal process parameters, a confirmation experiment was repeated three times, and the
average values of Fzam, Fymax, β, and Sa from the experiments are shown in Table 8. A comparison
of predicted and experimental results reveals that the experimental results are close to the optimal
solution obtained from the predicted model. The percentage errors between the prediction results and
the confirmation experimental results are less than 7%.

Table 8. Optimal solution and confirmation experiment results.

Item Fzam (kN) Fymax (kN) β (◦) Sa (µm) f (mm/min) Evaluation

Optimal solution 29,700 4010 1.411 0.09714 960 0.6664
Experimental 29,814 4108 1.51 0.091 960 0.6568

Percentage error 0.55 2.44 6.99 6.32 0 1.42

Next, taking the experiments in Table 3 as control experiments and using the measured data of
each index, the comprehensive evaluation value of each experiment was obtained by Equations (2)–(4).
Comparing the comprehensive evaluation values from the confirmation experiment and the control
experiments, it can be seen that the control experimental results are not higher than the confirmation
experimental evaluation values, as shown in Figure 16. Therefore, it can be asserted that the regression
models for Fzam, Fymax, β, and Sa are correct, and the method of process parameter selection for
multi-objective optimization of the CRBF process in this paper is feasible.
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5. Conclusions

In this paper, the influences of several process parameters on the CRBF process were studied by
forming an external tooth with ASTM 1045 material. The purpose was to derive a method for selecting
process parameters that result in a balance between the forming forces, product quality, and forming
efficiency. The following conclusions can be drawn:

(1) The feed speed plays a leading role in the peak value of the main forming force during the
CRBF process, and the roll-beating mode has the second most important impact; the impact
of the spindle rotation speed is minimal. For the forming force in the feed direction, the most
influential parameter is the spindle rotation speed, followed by the roll-beating mode and feed
speed. The down-beating mode, low feed speed, and low spindle rotation speed are conducive to
reducing forming forces.

(2) The influence of the CRBF process on the geometric accuracy of the tooth profile primarily
manifests in the tooth profile angle error. The most influential parameter is the roll-beating mode,
followed by the spindle rotation speed and feed speed. A high spindle rotation speed and low
feed speed bring the profile of the formed tooth groove closer to the tooth profile of the roller.

(3) The surface roughness of the tooth wall obtained by CRBF can be similar to that of a ground
tooth wall. The most important impact parameter is the spindle rotation speed, followed by the
feed speed. A low spindle rotation speed and high feed speed are good for reducing the surface
roughness of the tooth wall.

(4) The regression models of different indices were established and showed that the judicious selection
of process parameters is an important issue in CRBF. The linear weighted sum method and the
compound entropy weight method were used to determine the process parameters that result in
a good balance between the forming forces, product quality, and forming efficiency. The results
show that to get the comprehensive optimum effect of a small forming force, high product quality,
and high forming efficiency, one should set the roll-beating mode, spindle rotation speed, and feed
speed to up-beating, 801 r/min, and 960 mm/min, respectively. In addition, given a multi-objective
optimization problem, the prediction model of the forming forces, tooth angle error, and surface
roughness of the tooth wall for CRBF and the process parameter selection method can be used
reliably in similar experiments and theoretical studies.
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