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The aim of this work is to control the physical and mechanical properties of a spline surface and achieve a reasonable choice of
high-speed cold roll-beating processing parameters. The surface residual stress and surface work hardening at the indexing circle
serve as the main evaluation indices of the physical and mechanical properties of the spline surface. The influence degree of the
processing parameters on each evaluation index is analyzed using Taguchi theory. An optimized model for improving the Taguchi
process capability index that combines Taguchi theory with entropy theory is established, and the integral process capacity index
is optimized via the generalized price reduction gradient method. The results of the optimization and the verification test are
implemented in a high-speed cold roll forming test for comparison. The results show that the influence of processing parameters
on the physical andmechanical properties of the splash surface of the cold roll can be ordered as follows: feed rate> roll round radius> cold roll-beating speed. In addition, the spline surface physical and mechanical properties of the optimal processing parameters
were obtained for the combination of a cold rolling speed of 1581 r/mm, feed rate of 42mm/min, and roll round radius of 2mm.

1. Introduction

High-speed cold roll-beating forming is a high-efficiency,
high-quality, green, plastic forming technology that is widely
used in aerospace applications, automotive applications,
machine tool fabrication, and other types of manufacture
of industrial experimental parts [1–3]. Cold roll beating is
a complex forming process influenced by multiple factors.
The forming process is implemented under nonuniform
thermodynamic coupling of high stress and large deforma-
tion and results in a certain degree of work hardening and
residual stress in the workpiece surface. Of the cold rolling
processing parameters involved in the forming process of
stress application, deformation has the strongest influence
and is associated with changes in the physical andmechanical
properties of the workpiece surface. However, in the actual
production and processing phases, the scientific problems
that urgently need solutions are how to weigh the influence

of the process parameters on the physical and mechanical
properties of the surface of the cold roll spline and how to
control the surface physical and mechanical performance to
enhance the use of cold rolling parts. Therefore, identifying
the influence of the cold rolling process parameters on the
spline surface hardening and residual stress and determining
the reasonable processing parameters of surface hardening
and residual stress to control the surface physical and
mechanical properties are of great scientific significance and
engineering application value regarding the improvement
of the physical and mechanical properties of the cold roll-
beating spline surface.

In the context of cold roll forming technology, Kurz estab-
lished a finite element simulation model to study the interac-
tion between the metal plastic deformation field and stress
field during cold roll-beating forming and calculated the key
parameters of the cold roll-beating plastic forming process,
including the metal workpiece strain and stress size [4].
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Table 1: Chemical composition of the 20 steel (mass fraction, %).

Carbon Silicon Manganese Phosphorus Sulfur Nickel Chromium
0.20 0.17–0.37 0.35–0.65 ≤0.035 ≤0.035 ≤0.30 ≤0.25

Mingshun et al. improved the cold roll-beating forming
principle by introducing an analytical formula to obtain
the deformation force using the principal stress method
and then using Abaqus to establish a high-speed cold roll-
beating simulation, analyzing the variation law of deforma-
tion force and the influence law of process parameters on
the deformation force and further analyzing the influence
of the process parameters on the surface properties of a
cold roll-beating workpiece [5, 6]. Cui et al. performed
simulated cold rolling experiments and scanning electron
microscopy at room temperature and studied the dislocation
mechanism and the work-hardening rate of 20 steel; they
identified the relationships between the dislocation density
and the strain and between the work-hardening rate and
the dislocation density [7]. Yan et al. established a cold roll-
beating screw numerical simulation program and analyzed
the microstructure deformation, hardness distribution, and
hardened layer distribution of the screw through the analysis
of stress field and strain field numerical simulation results
and screw cold roll-beating forming test results; in addition,
numerical simulations and experiments were combined to
study the metal flow law in the process of screw cold rolling
[8]. Ding et al. improved the surface performance of cold roll-
beating forming splines and studied the influence of cold roll-
beating forming parameters on the distribution of residual
stress and the depth distribution of the residual compressive
stress in the tooth root, index circle, and tooth tip of a spline
tooth profile by measuring the distribution of residual stress
at the splitting circle of the cold roll-beating spline via the
contour method [9].

In the application of Taguchi theory, to study the effect
of the inclination angle, axial depth of cutting, spindle speed,
and feed rate on the surface integrity of the workpiece during
the milling process of the titanium coated carbide ball mill,
Masmiati and Sarhan used the Taguchi optimization method
to determine the degree of impact on the surface integrity of
the workpiece, and the control parameters were determined
with minimal variability; the results showed that the opti-
mization results can improve the residual stress and micro-
hardness in the inclined end milling process [10]. To study
the surface roughness of glass fiber plastic processed with
diamond (PCD), Palanikumar selected the cutting speed,
feed speed, and cutting depth for the cutting parameters and
analyzed the influence of these parameters on the surface
roughness using a Taguchi test design to determine the
optimal cutting conditions forminimizing the surface rough-
ness [11]. Rupajati et al. used the fuzzy logic of the Taguchi
method on the wire-cutting process to optimize the casting
layer thickness and the surface roughness simultaneously. By
transforming the optimization of complex multiperformance
characteristics into the optimization of a single response
performance index, they found that a combination of the
Taguchi method and fuzzy logic in the wire-cutting process

effectively improves the wire-cutting process performance
[12]. Chen et al. used the Taguchi method and multiobjective
quantum-behavior particle swarm optimization to optimize
the surface roughness of 7075-T6 aluminum alloy in end
milling. First, they used Taguchi orthogonal arrays and
variance analysis to determine the critical factors of surface
roughness; they then used the response surface method
to construct a surface roughness prediction model; finally,
they used a multiobjective quantum-behavior particle swarm
optimization algorithm to optimize the surface roughness.
The results showed that the surface roughness produced using
the algorithm is better than the surface roughness under
nonoptimal conditions [13].

In view of the above background, scholars have per-
formed substantial research on the physical and mechanical
properties of the surface of a cold roll-beating forming work-
piece from the aspects of stress and strain, metal flow, and
microstructure evolution. In addition, many scholars have
cited Taguchi theory in the field of technical processing for
workpiece surface performance prediction and optimization.
However, there have been few studies on the optimization of
cold roll-beating forming in the actual research process; in
particular, the application of Taguchi method optimization
to the physical and mechanical properties of the spline
surface of high-speed cold roll beating has not been reported.
Therefore, in this study, the experimental results of spline
cold rolling are used to calculate the influence degrees of
the forming parameters on the physical and mechanical
properties of a spline surface using the Taguchi method.
In addition, entropy theory is used to improve the Taguchi
process capability index, establishing an optimized model
for improving the index function of the Taguchi process.
Moreover, the generalized step-down gradient method is
used to optimize the overall process capability index to
obtain the appropriate processing parameters to optimize the
physical and mechanical properties of a high-speed cold roll-
beating spline surface. Through the study of the cold roll-
beating forming test and using Taguchi theory, the control
of surface hardening and residual stress and the selection of
cold rolling parameters in the splicing cold forming process
are realized to improve the physical mechanics of the spline
surface performance.

2. Forming Experiment of a Spline under
High-Speed Cold Roll Beating

2.1. Experimental Materials. The blank material of the spline
cold roll-beating experiment is 20 steel, whose main chem-
ical composition is shown in Table 1. After a normalizing
treatment at 910∘C, the yield strength is 245MPa, the elastic
modulus is 206GPa, and the tensile strength is 410MPa. The
formed spline is an involute spline.The spline has the follow-
ing properties: the modulus is 2.5, the pressure angle is 30
degrees, and the number of teeth is 14.
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Table 2: Factor level table.

Experimental level Experimental factors
Cold roll-beating speed, 𝑛 (r/mm) Feed rate, 𝑓 (mm/min) Fillet radius of hobbing wheel, 𝑟 (mm)

1 1428 21 1
2 1581 28 1.5
3 1806 35 2
4 2032 42 2.5
5 2258 51 3

Figure 1: The spline specimen.

2.2. Experimental Equipment. The cold roll-beating process
of the involute spline was conducted on a Swiss Grob ZRm
9 roller. The surface hardness was measured using an HVS-
1000N microhardness instrument. The Serein-CMM FUNC-
TION 1000 three-coordinatemeasuring instrument was used
tomeasure the residual stress of the profilemethod.The grain
size change of the spline tooth surface was observed using a
JSM-5610LV scanning electron microscope. The spline tooth
was cut using an sf-40jc low-speed wire-cutting electrical
discharge machine.

2.3. Experimental Procedures. The cold roll-beating process
of the involute spline was performed on the roller by pulling
out theway.A segment of the spline gearwas cut using a linear
cutting machine, as shown in Figure 1. After grinding and
polishing the spline tooth specimen, the Victorinox hardness
in the circular specimen wasmeasured using the HVS-1000N
microhardness tester normal to the surface from the outside
to the interior. Three points were measured on this part. The
distance between eachmeasuring point was 0.2mm.The load
was 1N at each measurement, and the loading time was 10 s.

In theWEDM-LS procedure, using a 0.1mm bronze wire,
a tooth is cut off from the spline at the speed of 2mm/min,
and then the specimen is cut along the symmetrical surface
shown in the shaded part of Figure 2(a) at a feed rate of
0.5mm/min.Thedimensions of each specimen are as follows:𝑙 = 10mm, 𝑤 = 4.35mm, and ℎ0 = 2.68mm. The
point coordinates of the cutting plane of Figure 2(a) were
measured using a Serein-CMM FUNCTION 1000 three-
coordinate measuring machine (to reduce the error, both
surfaces produced by cutting must be measured, and a total

of four surfaces must be measured). The measurement was
performed at 0.01×0.01mm intervals using the reciprocating
measurement method (a single measurement track along the
direction parallel to the cutting line is required to cover the
two surfaces). As the annealed samples can be considered
to not contain residual stress, when the cutting is done, any
form of deformation of the unannealed specimen relative to
the corresponding position of the annealed specimen can be
attributed to the release of residual stress. Aftermeasurement,
the measured data that correspond to the two planes are
subtracted to obtain the measured point change amount
(vector deformation). This is the amount of deformation
caused by the release of the residual stress of the specimen.
A curved surface regarding the small change (an annealed
specimen relative to the one that was not) corresponding to
each measured point is fitted using the three-order spline
fitting algorithm. Then, the surface was inverted and taken
as a boundary condition to be applied to the finite element
model, which had the same size and shape as the deformed
specimen, using Abaqus software. The material model taken
in the simulation analysis was a static stress-strain one, which
was established using quasi-static compression tests on 20
steel on the experiment platform. Then, finite element static
solution is performed in Abaqus software; the deformed
model is restored to the shape before cutting. In order to avoid
the rigid body displacement in themodel analysis process, an
additional constraint that does not affect the free deformation
of the contour is imposed on the corner node at the other end
of the model, consistent with the literature [14–16]. Finally,
the stress on the cut surface of the model obtained after the
solution is obtained is equivalent to the residual stress at the
same position when the sample is not cut. The extraction
direction and position are shown in Figure 2(b). The residual
stress at the spline circle is extracted by the position and
direction of 𝑏, and the extraction node spacing is about
0.05mm (there is some distortion so it is not possible to select
nodes with strict regular spacing), where ℎ𝑎 = 2.20mm, ℎ𝑑 =1.39mm, and ℎ𝑓 = 0.5mm.

2.4. Orthogonal Experimental Design for the Cold Roll-Beating
Spline. In the experiment of the spline formed by cold roll
beating, the cold roll-beating speed, feed speed, and fillet
radius of the hobbing wheel have an important influence on
the surface residual stress and the work-hardening degree
of the cold roll-beating spline surface. Therefore, the three
parameters are chosen as the research factors. Experiments
are conducted using a three-factor and five-level L25 orthog-
onal array table, as shown in Table 2.
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Figure 2: Measurement scheme of residual stress using the contour method.

Table 3: Experimental results for the cold roll-beating spline.

Experiment
serial number

Processing parameters Degree of work hardening,𝐻V (%)
Residual stress,𝛿 (MPa)

𝑛 𝑓 𝑟 Test
point 1

Test
point 2

Test
point 3

Average
value

Test
point 1

Test
point 2

Test
point 3

Average
value

1 1 1 1 140.97 140.95 140.96 140.96 −67.38 −67.44 −47.44 −67.42
2 1 2 2 143.32 143.36 143.37 143.35 −72.73 −72.66 −72.71 −72.7
3 1 3 3 147.58 147.65 147.66 147.63 −79.37 −79.38 −79.39 −79.38
4 1 4 4 148.65 148.74 148.74 148.71 −82.99 −83.01 −83.03 −83.01
5 1 5 5 149.05 149.09 149.07 149.07 −87.09 −87.13 −87.11 −87.11
6 2 1 2 140.22 140.28 140.25 140.25 −68.77 −68.73 −68.78 −68.76
7 2 2 3 142.49 142.51 142.44 142.48 −75.14 −75.17 −75.17 −75.16
8 2 3 4 146.35 146.27 146.34 146.32 −78.8 −78.76 −78.81 −78.79
9 2 4 5 147.39 147.41 147.43 147.41 −83.03 −83.05 −83.04 −83.04
10 2 5 1 148.09 148.11 148.07 148.09 −87.08 −87.04 −87.09 −87.07
11 3 1 3 140.84 140.89 140.88 140.87 −72.14 −72.13 −72.18 −72.15
12 3 2 4 141.94 141.88 141.94 141.92 −49.49 −79.52 −79.46 −79.49
13 3 3 5 145.88 145.94 145.94 145.92 −84.79 −84.85 −84.85 −84.83
14 3 4 1 146.75 146.79 146.81 146.78 −88.04 −88.01 −88.04 −88.03
15 3 5 2 148.5 147.5 148 148 −73.07 −73.03 −73.02 −73.04
16 4 1 4 139.85 139.89 139.84 139.86 −79.01 −79.05 −79.06 −79.04
17 4 2 5 142.01 142.03 142.02 142.02 −82.74 −82.78 −82.79 −82.77
18 4 3 1 145.75 145.83 145.85 145.81 −84.65 −84.59 −84.65 −84.63
19 4 4 2 147.68 147.73 147.75 147.72 −87.94 −87.94 −87.91 −87.93
20 4 5 3 149.04 149.01 149.01 149.02 −74.78 −74.76 −74.71 −74.75
21 5 1 5 139.66 139.75 139.75 139.72 −78.57 −78.62 −78.55 −78.58
22 5 2 1 142.32 142.38 142.41 142.37 −83.19 −83.28 −83.28 −83.25
23 5 3 2 146.17 146.22 146.21 146.2 −83.28 −83.26 −83.21 −83.25
24 5 4 3 148.21 148.21 148.25 148.23 −84.83 −84.88 −84.9 −84.87
25 5 5 4 148.86 148.89 148.89 148.88 −88.22 −88.26 −88.15 −88.21

2.5. Experimental Results for the Cold Roll-Beating Spline. For
each cold roll-beating spline specimen, the work-hardening
degree and the residual stress of 3 points are measured at
the graduation circle. According to (1), the average mea-
sured value (𝑅∗) for each specimen is calculated with its

measured value. The experimental results are shown in
Table 3.

𝑅∗𝑖 =
𝑄∑
𝑗=1

𝑅𝑖𝑗𝑄 . (1)
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Table 4: Signal-to-noise ratio of the cold roll-beating spline experimental results.

Experiment serial number Signal-to-noise ratio of
work-hardening degree,𝐻S/N (dB)

Residual stress
signal-to-noise ratio, 𝛿S/N (dB) 𝑍S/N (dB)

1 42.982 36.576 39.779
2 43.128 37.231 40.180
3 43.383 37.994 40.689
4 43.447 38.383 40.915
5 43.468 38.801 41.135
6 42.938 36.747 39.843
7 43.075 37.520 40.298
8 43.306 37.929 40.618
9 43.371 38.386 40.879
10 43.411 38.797 41.104
11 42.976 37.165 40.071
12 43.041 38.006 40.524
13 43.282 38.571 40.927
14 43.333 38.893 41.113
15 43.405 37.271 40.338
16 42.914 37.957 40.436
17 43.047 38.357 40.702
18 43.276 38.550 40.913
19 43.389 38.883 41.136
20 43.465 37.472 40.469
21 42.905 37.906 40.406
22 43.068 38.408 40.738
23 43.299 38.408 40.854
24 43.419 38.575 40.997
25 43.457 38.910 41.184

In the equation, 𝑖 is the experimental serial number and 𝑄 is
the number of experimental test points (𝑄 = 3).
2.6. Analysis of the Experimental Results for the Cold Roll-
Beating Spline. The signal-to-noise ratio (S/N) is the parame-
ter that describes the relationship between active ingredients
and components. Therefore, the Taguchi method uses this
ratio as the evaluation feature of the optimization design and
analysis of the physical andmechanical properties of the cold
roll-beating spline surface to study the influence degree of the
machining parameters on the mechanical surface properties
of the cold roll-beating spline [17–19]. Because the cold
roll-beating hardening process can significantly improve the
surface strength of the spline, under external force, plastic
deformation occurs when the local spline stress exceeds
the yield limit of the material. Because work hardening
limits the continuous development of plastic deformation, the
safety of splines and fittings can be improved. The cold roll-
beating spline experimental results show that the spline tooth
surface residual stress is compressive.The increase of residual
compressive stress can reduce the expansion of microcracks
on the spline surface and improve the fatigue strength of

the spline. Therefore, the degree of work hardening and
residual stress is characterized by the-larger-the-better char-
acteristic given by (2). The processing results are shown in
Table 4.

The signal-to-noise ratio (dB) of the-larger-the-better
characteristic is expressed as follows:

𝑆𝑁𝑖 = −10 lg(1𝑟
𝑟∑
𝑖=1

1𝑅2𝑖 ) . (2)

In order to further explore the influence degree of
the large objective function, ANOVA was used to analyze
the degree of difference of each design variable. The total
difference is equal to the sum of squared deviations (SS) and
the sum of the deviations of cold roll-beating speed, feed
speed, and rolling wheel fillet radius, as given by (3)-(4). The
difference between the different processing parameters in the
spline cold roll-beating test is calculated by the sum of the
average deviations of the average result of cold roll-beating
test according to (5). The formula for calculating the degree
of freedom of each factor is as shown in (6), and the degree
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Table 5: The table of variance data analysis.

SS Degrees of freedom, 𝑓 Mean square, V Statistics, 𝐹 Contribution rate, 𝑝
Cold roll-beating speed, 𝑛 0.166 4 0.0415 4.61 7.49%
Feed rate, 𝑓 1.963 4 0.4907 54.52 80.69%
Fillet radius of the hobbing wheel, 𝑟 0.223 4 0.0558 6.2 11.83%
Unknown factor, 𝑒 0.036 3 0.009 / /
Sum 2.388 / / / 100%

of freedom error is calculated using (7). The analysis results
of the variation are shown in Table 5.

SS𝑇 = SS𝑛 + SS𝑓 + SS𝑟 + SS𝑒 (3)

SS𝑇 = 𝑛∑
𝑖=1

𝑦2𝑖 − 𝐺2𝑁 (4)

SS𝐿 = 𝑡∑
𝑗=1

𝑆𝑦2𝑖𝑡 − 𝐺2𝑁 (5)

𝑓𝑇 = 𝑗 − 1 (6)

𝑓𝑒 = 𝑓𝑇 − 𝑓𝑛 − 𝑓𝑓 − 𝑓𝑟. (7)

Among the parameters in the equations, SS𝑇, SS𝑛, SS𝑓,
SS𝑟, and SS𝑒 are the total difference of all parameters, the
difference of cold roll-beating speed, the difference of feed
speed, the difference of round radius of rolling wheel, and
the difference of unknown factors, respectively. 𝑦𝑖 is the
comprehensive signal-to-noise ratio for each spline cold roll-
beating test, 𝐺 is the sum of the comprehensive signal-to-
noise ratios of each test result, 𝑁 is the total number of
experiments (𝑁 = 25), 𝑆𝑦2𝑖 is the sum of all 𝑦𝑖 under each
parameter 𝐿, 𝑗 is the horizontal quantity of the processing
parameter 𝐿, and 𝑡 is the number of repetitions at each level
of the processing parameter.𝑓𝑇,𝑓𝑛,𝑓𝑓,𝑓𝑟, and𝑓𝑒 are the total
degrees of freedomof all parameters, the degree of freedomof
cold roll-beating speed, the degree of freedom of feed speed,
the degree of freedom of round radius of rolling wheel, and
the degree of freedom of unknown factors, respectively.

The coefficient of variation analysis shows that a higher
contribution rate (𝑝 = 80.69%) corresponds to a greater
impact. Thus, Table 5 indicates that the influence of feed
speed (contribution rate 𝑝 = 80.69%) on the physical and
mechanical properties of cold roll-beating spline surface is
the most significant. The round corner radius (contribution
rate 𝑝 = 11.83%) is the second most significant, and the
cold roll-beating speed has the least impact (contribution rate𝑝 = 7.49%).

3. Optimization Analysis of the Physical and
Mechanical Properties of Cold Roll-Beating
Spline Surfaces

According to the literature [20, 21], the test results of the
cold rolling test are combined with the analysis of variance
and the test of variance homogeneity. The influence of the
three factors on the rotational speed of cold rolling, the feed

rate, and fillet radius of hobbing wheel and the interaction
of its two orders are studied. And they are analyzed by
Pareto diagram and two-order interaction factor diagram,
from which it can be concluded that there is no interaction
between the round radius of roll wheel and cold rolling speed
and feed rate. The interaction between the cold rolling speed
and the feed rate is weak. Therefore, it is determined that
the rotational speed of the cold rolling, the feed rate, and
the radius of the round angle of the rolling wheel are the
design variables.Work hardening and residual stress are used
as the optimization objective.Themathematical optimization
algorithm is used to establish the mathematical relationship
between the design variables and the optimization targets.

The Taguchi method can effectively optimize multipa-
rameter or multitarget machining systems and has the char-
acteristics of simple realization, fast convergence, and global
optimization [22–24]. However, in terms of multiobjective
optimization issues, because the goals in the global analysis
of the process of the weight are different, it is necessary to
improve the traditional Taguchi method. Entropy theory is
used primarily to measure the impact of an evaluation of a
certain index on the evaluation object. Thus, entropy theory
is used to determine the weight of each target, and then the
weight value is used to correct and improve the traditional
Taguchi process capability index function and to establish
a goal optimization function; once again, the generalized
simple gradient is used to optimize the objective function.

3.1. Establishment of the Physical andMechanical Performance
Evaluation Index Weight of a Cold Rolling Spline Based on
Entropy Theory. There are 𝑛 evaluation level combinations
and𝑚 evaluation indices.The test results are used to establish
the evaluation matrix given in

𝐷𝑚×𝑛 =
[[[[[[
[

𝑑11 𝑑12 ⋅ ⋅ ⋅ 𝑑1𝑛𝑑21 𝑑22 ⋅ ⋅ ⋅ 𝑑2𝑛... ... ... ...
𝑑𝑚1 𝑑𝑚2 ⋅ ⋅ ⋅ 𝑑𝑚𝑛

]]]]]]
]
. (8)

Among the variables, 𝑑𝑚𝑛 represents each response value.
In the spline cold roll-beating forming test data, because

the evaluations of the cold roll-beating spline surface physical
and mechanical properties of the two indicators of the
numerical range and units are different, the objective direc-
tion of each evaluation index is also different; as a result, the
Taguchi algorithm is used to obtain the signal-to-noise ratio
of each evaluation index, and then the calibration parameters
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Table 6: Cold roll-beating spline entropy weight.

Index Work-hardening
degree

Residual
stress

Entropy (𝐻𝑖) 0.999943 0.999952
Entropy weight (𝑤𝑖) 0.5421 0.4579
Subjective entropy weight (𝜏𝑖) 0.60000 0.40000
Integrated entropy weight (𝑊𝑖) 0.6397 0.3603

of the cold roll-beating spline evaluation matrix are used to
standardize the standard matrix𝑋2×25, as shown in

𝑋2×25 = [42.982 43.128 ⋅ ⋅ ⋅ 43.419
36.576 37.231 ⋅ ⋅ ⋅ 38.910] . (9)

To characterize the cold roll-beating spline in produc-
tion and processing and in comprehensive consideration of
practical applications, the subjective entropy weight of the
hardening degree and residual stress of the surface layer
is determined using the cold roll-beating spline surface
hardening specification matrix formula (9). According to
(10), the subjective entropy weight is modified, and the
synthesized entropy weight is obtained, as shown in Table 6.

𝐿 𝑖𝑗 = 𝑋𝑖𝑗∑𝑛𝑗=1𝑋𝑖𝑗
𝐻𝑖 = −1

ln𝑁
𝑛∑
𝑗=1

𝐿 𝑖𝑗 ln 𝐿 𝑖𝑗
𝑤𝑖 = 1 − 𝐻𝑖𝑚 − ∑𝑚𝑖=1𝐻𝑖
𝑊𝑖 = 𝜏𝑖𝑤𝑖∑𝑚𝑖=1 𝜏𝑖𝑤𝑖 .

(10)

In the formula, 𝐿 𝑖𝑗 is the proportion of the 𝑖th index under the𝑗th test;𝐻𝑖 is the entropy of the 𝑖th evaluation index;𝑤𝑖 is the
entropy weight of the 𝑖th evaluation index, also known as the
objective entropy weight; 𝜏𝑖 is the subjective entropy weight;
and𝑊𝑖 is the subjective and objective entropy weight; among
them, 𝐿 𝑖𝑗 ∈ [0, 1],𝐻𝑖 ∈ [0, 1], 𝑤𝑖 ∈ [0, 1], and ∑𝑚𝑖=1 𝑤𝑖 = 1 for𝑖 = 1, 2, 3, . . . , 𝑚.
3.2. Optimization of the Traceability Function of Taguchi
Process Capability for the Physical and Mechanical Properties
of the Cold Roll-Beating Spline Surface. The Taguchi process
capability index can be considered an extension of the mean
square error.The optimal level combination of each response
value to the target is obtained in the case where the response
variance is small; this approach is preferred for situations
with target values and upper and lower tolerance lines [25–
27]. Therefore, the evaluation index of the physical and
mechanical properties of the cold roll-beating spline surface
is constructed using the Taguchi process capability index to
construct the optimization function, as shown in

max: Total 𝐶pm = (𝐷1 ⋅ 𝐷2 ⋅ 𝐷3 ⋅ ⋅ ⋅ 𝐷𝑖)1/𝑖 . (11)

However, the influence of each evaluation index on the
physical and mechanical properties of the finishing surface is
different.Therefore, the entropy weight theory is used to cor-
rect and improve the traditional Taguchi process capability
index optimization function of (11), as shown in

max: Total 𝐶pm = 𝐷1𝑊1 ⋅ 𝐷2𝑊2 ⋅ 𝐷3𝑊3 ⋅ ⋅ ⋅ 𝐷𝑖𝑊𝑖 . (12)

Here, 𝐶pm is the total expected value of the process capability
index; 𝑊𝑖 is the comprehensive entropy weight of each
evaluation index; 𝐷𝑖 is the expected value of each evaluation
index, where 𝑖 = 2; and the expected value 𝐷𝑖 of each
evaluation index is calculated using

𝐷𝑖 = exp {−𝑘𝑖 ⋅ [(𝛾𝑖 − 𝑇𝑖)2 + 𝜆𝑖2]} . (13)

As described elsewhere [26], the polynomial regression
model in (14) is fitted with the cold roll-beating test data in
Table 3, and the significance test results of each evaluation
index fitting model are obtained; next, the fitting mean 𝛾𝑖 and
the fitting standard deviation 𝜆𝑖 are obtained; 𝑘𝑖 is the loss
factor [26].

𝑅𝑖 = 𝛽0 + 𝛽1𝑛 + 𝛽2𝑓 + 𝛽3𝑟 + 𝛽12𝑛𝑓 + 𝛽13𝑛𝑟 + 𝛽23𝑓𝑟
+ 𝛽11𝑛2 + 𝛽22𝑓2 + 𝛽33𝑟2 + 𝛽123𝑛𝑓𝑟 + 𝛽112𝑛2𝑓
+ 𝛽113𝑛2𝑟 + 𝛽221𝑓2𝑛 + 𝛽223𝑓2𝑟 + 𝛽331𝑟2𝑛
+ 𝛽332𝑟2𝑓 + 𝛽111𝑛3 + 𝛽222𝑓3 + 𝛽333𝑟3 + 𝜀.

(14)

In order to determine whether the regression model
fitting degree is good or bad, the significance test andANOVA
results of (14) are shown in Tables 7 and 8.

From Tables 7 and 8, the 𝑃 values of the two regression
models are all below 0.0001. The complex correlation coef-
ficients of the model are 95.63% and 98.44%, and it can be
shown that the fitting result is reliable.

Because this cold roll-beating spline is used in agri-
cultural equipment, the spline bears relatively large loads.
Based on the actual working conditions of the failure and
damage, we set the cold roll-beating spline surface work-
hardening capacity as 𝐻V ∈ [139.6%, 149.6%], the cold roll-
beating spline surface residual stress as 𝛿 ∈ [−69.79, −88.21],
the machining parameters to the cold roll-beating speed as𝑛 ∈ [1200, 2500], the feed speed as 𝑓 ∈ [20, 50], and
the roll-beating wheel round corner radius as 𝑟 ∈ [1, 3.5].
According to (12), we solve the spline surface hardening
degree and residual stress process capability index. Next,
the generalized simple gradient method is used to optimize
the overall Taguchi process capability index. The traditional
Taguchi optimization results and this paper’s optimization
results are summarized in Table 9.

Through the analysis of the optimization results in
Table 9, from the perspective of overall process capability
index, 𝐶pm of the present method is bigger than 𝐶pm of
traditional Taguchimethod, so themethod used in this article
is better than the other methods. The optimal processing
technology parameters are determined as follows: cold roll-
beating speed of 1574.5 r/mm, feed speed of 43.21mm/min,
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Table 7: Significant test of work-hardening degree regression model.

Sources of variance Sum of squares Degrees of freedom Complex correlation coefficient 𝐹 value 𝑃 value
Regression 0.013 9 0.9563 117.28 <0.0001
Residual 7.665 × 10−5 6
Total 0.014 15

Table 8: Significant test of residual stress regression model.

Sources of variance Sum of squares Degrees of freedom Complex correlation coefficient 𝐹 value 𝑃 value
Regression 551.7982 5 0.9844 176.5416 <0.0001
Residual 8.7515 14
Total 560.5497 19

Table 9: Optimization results.

Evaluation index Fitted mean Fitting residual error Total 𝐶pm

Traditional Taguchi method Work-hardening degree 145.12 21.48
Residual stress 79.72 34.328 1.802

Present method Work-hardening degree 147.2 22.9048
Residual stress 81.32 36.688 3.6241

Table 10: Optimization results verification experiment configuration.

Experiment serial
number Cold roll-beating speed Feeding speed Roll-beating round

radius
Optimization results experiment I 1581 42 2

Contrast validation experiment

II 1581 51 2
III 1581 35 2
IV 1581 42 3
V 1581 42 1.5
VI 1428 42 2
VII 1806 42 2

and roll-beating wheel round corner radius of 2.06mm.
Because the cold roll-beating processing uses a step speed
change, the abovementioned cold roll-beating spline surface
physical and mechanical performance optimization results
are adjusted to a cold roll-beating speed of 1581 r/mm, feed
speed of 42mm/min, and roll-beating wheel round corner
radius of 2mm.

4. Experimental Verification and Contrast
Analysis of the Optimization Results of the
Physical and Mechanical Properties of the
Cold Roll-Beating Spline Surface

From the above Taguchi signal-to-noise ratio analysis, the
effect of the cold roll-beating parameters on the surface
physical andmechanical properties can be ordered as follows:
feeding speed > roll-beating round radius > cold roll-beating
speed; therefore, according to the above optimization results,
7 groups of experiments are established, as shown in Table 10.

According to Table 10, we verify the experiment parame-
ter set for each group of experiment selected spline split cir-
cles at the same location three times to measure the residual
stress and microhardness values; the experiment results are
shown in Figure 3. The microstructure of the circular surface
of the spline was observed under 1000 electron microscopy
images, as shown in Figure 4.

The results of the surface hardening and residual stress
experiment of the spline index circle are shown in Figure 3.
In Figure 3(a), the work-hardening degree of the Group
II experimental results is larger than that of the Group I
experimental results, but the difference is not large; theGroup
III experimental results are closer to those of the Group
I experiment, with the results of the Group I experiment
exhibiting greater work hardening than the other groups
of experimental results. In Figure 3(b), the first experiment
results of residual stress on all of Group I are larger than
the results of the other groups of experiments; the Group
I experimental results feature the second largest difference
between two groups of experiment results, and relative to
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Figure 3: Cold roll-beating splash experimental results.

the experiment results of the Group III experiment, the
difference is greater. Therefore, considering the influence of
each experimental parameter on the physical andmechanical
properties of the spline surface, we conclude that the first set
of experiment parameters is better than those of the other
groups; as a result, the Taguchi results are verified as reliable.

According to the surface microstructure morphology of
the test spline index circle in Figure 4, a difference exists
in the degree of change in the crystal structure of each
group. Overall, in the first group of experiments, the crystal
unevenness is higher, the crystals are stretched more sig-
nificantly, the crystals and their inclusions are crushed, the

degree of refinement of the other groups is more prominent,
and the fiber tissue density is greater. As the degree of
deformation of the spline and the density of the fiber directly
affect the physical and mechanical properties of the spline
surface, we conclude from the first group of tests that the
degree of hardening and residual stress of the other groups is
more significant, thereby establishing the accuracy of Taguchi
process capability index optimization model.

5. Conclusions

By studying the forming experiment of spline cold rolling and
the mirror scanning experiment, the experimental results of
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Group I experiment

Group II experiment

Group IV experiment

Group VI experiment Group VII experiment

Group V experiment

Group III experiment

Figure 4: Microstructures of the surfaces of the spline index circle specimens.
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the physical and mechanical properties of the spline surface
were analyzed using Taguchi theory; based on the results, the
following conclusions were obtained:

(1) Taguchi theory indicates that the feed rate plays a
leading role in the physical andmechanical properties
of the spline surface and that the round corner radius
has the second most important impact; the impact of
the cold roll speed is minimal.

(2) Using the Taguchi process capability index to opti-
mize the model, the optimal machining parameters
are as follows: cold roll-beating speed of 1581 r/mm,
feed rate of 42mm/min, and roll rounded radius of
2mm.

(3) By observing the spline tooth surface microstructure,
Taguchi process capability index model optimization
results at the spline indexing process at the surface
layer of metal flow and grain refinement degree are
more obvious than in the other groups, demon-
strating that the optimization results are better in
improving the physical and mechanical properties of
the spline surface.
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