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Residual stress is an important parameter in the evaluation of the performance of a cold rolling spline surface. However, research
on cold rolling spline is rare. To improve the surface property of a spline, an involute spline is selected as the object of this study.

e contour method for determining cold roll-beating residual stress involves measuring the force spatial distribution, performing
a statistical analysis of the experimental results, establishing the parameters for the tooth pro�le for di�erent positions (dedendum,
pitch, and addendum) of residual stress, and determining the e�ect of pressure on the relationship between stress and the depth of
the cold roll-beating. A response surfacemethod is used to establish the spline tooth pro�le of the dedendum, pitch, and addendum
of the residual stress and di�erent depths of the stress layer to obtain the parameters of a multiple regression model and perform a
comparative analysis of the experimental and prediction results. Research indicates that the prediction results have high reliability.

e establishment of this model has important guiding signi�cance to control the residual stress in the cold roll-beating forming
process, optimize the cold roll-beating processing parameters, and improve the surface properties of cold rolling spline.

1. Introduction

Cold roll-beating technology is a new type of chipless near-
net forming technology that enables environmental protec-
tion and energy savings with high eciency, a high material
utilization rate, and an extensive application value in the auto-
mobile industry and the aerospace sector and for major stra-
tegic equipment manufacturing processes. High-speed cold
roll forming is a progressive forming process during nonuni-
form thermal mechanical coupling. 
e forming process of
a workpiece surface will inevitably produce residual stress.
Residual stress can reduce the surface microcrack expansion
of a workpiece and increase its fatigue strength, which will
a�ect the stability of the workpiece size [1–5]. Residual stress
is an important parameter for the surface performance of a
workpiece, and its type and peak size and depth of the work-
ing layer are important factors that a�ect the surface prop-
erties of cold-rolled workpieces. However, various questions
arise during the actual production process. How do di�erent
cold roll-beating process parameters a�ect the workpiece

residual stress state and its distribution? What method can
be employed to predict the surface residual stress of a cold
roll-beating workpiece when setting the cold rolling process
parameters? What method can be employed to optimize the
cold roll-beating process parameters according to the stress
state of the workpiece application? Research on the spatial
distribution and prediction model of the residual stresses
in cold roll-beating during nonuniform thermal mechanical
coupling is necessary. Providing accurate control of residual
stress during cold roll-beating and optimization of the cold
roll-beating processing parameters improve the surface per-
formance of cold roll-beating workpiece forming and have
theoretical signi�cance and high engineering application
value.

In recent years, domestic scientists have investigated
the cold roll-beating plastic forming process using modern
numerical simulation. Cui [6] employed a rigid plastic
numerical simulation method for a cold rolling forming
spline sha��nite element analysis andprovided a preliminary
description of the cold roll-beating process. 
e spline sha�
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in the forming process was determined to be prone to col-
lapse in front of defects, and the causes for collapse were
determined from an angle of deformation force analysis of
mechanics. Cui [7] analyzed the high-speed cold roll-beating
of an involute spline by studying the relationship between
cold roll-beating and workpiece forming motion using a
mathematical model of the forming process of the dynamic
response and stress wave. 
e cold roll-beating process of
metal �ow law and deformationmechanismwere determined
fromamacro perspective.Quan et al. [8] employed an explicit
central di�erence algorithm and the �nite element so�ware
ANSYS/LS-DYNA; the numerical simulation of an involute
spline sha�’s cold rolling forming was realized according to
the calculated results. 
e metal �owing law, the von Mises
stress, and the formed outer diameter of an involute spline
were forecasted; the errors between the simulation results and
the dentiform object of the involute spline were analyzed.
Cui et al. [9–11] employed a forming method to design and
manufacture rollers without an inaccurate outline and con-
structed a math model of rollers outline design, in which the
experimental method was applied to correct the theoretical
outline of rollers. 
ey developed a simulation system of
rollers, veri�ed the correctness of the design andmanufacture
of rollers, and performed a series of process experiments of
an actual spline sha�, which caused the formation of cold-
beating to attain higher machining precision. Li et al. [12]
determined the parameters of the Johnson-Cook dynamic
constitutive equation for 40Cr using experimental methods,
predicted �ow stress based on the constitutive equations, and
compared the real stress with the experimental data. Based
on the comparisons, the true stress calculated based on the
model and the predicted �ow stress are both consistent with
the experimental data, which conclude that the presented
dynamic constitutive model can e�ectively predict the plastic
�ow stress for 40Cr quenched and tempered steel. According
to the principle of an involute spline cold roll-beating, Cui
et al. [13] established the contact model between the rollers
and the spline sha� blank in the process of cold roll-beating
forming via FEM simulation.
ey investigated the formation
mechanism of the involute spline tooth pro�le in the cold
roll-beating forming process and analyzed the node �ow
tracks of the deformation area. Experimental research on
the metal �ow of a cold roll-beating spline is conducted;
the results conclude that the particle �ow directions of the
deformable bodies in a cold roll-beating deformation area
are determined by the minimum moving resistance. Cui and
others [14] established a �nite element model for cold roll-
beating simulation based on the thermal e�ect in di�erent
roller speeds. Based on the simulation results, the change in
equivalent stress due to the thermal-mechanical mechanism
was analyzed, and its in�uence on work hardening was deter-
mined. Zhang and others [15] amended the analytical equa-
tion based on the principal stress method of cold rolling pro-
cessing deformation force analysis solution via a simulation
analysis. In the �eld of residual stress, Valiorgu et al. [16]
developed a new methodology to predict residual stresses
induced in the �nish turning of an AISI304L stainless steel.
Navas et al. [17] measured the surface residual stresses in
AISI 4340 steel bars that were subjected to turning tests via

X-ray di�raction using di�erent cutting speeds and cutting
feeds and cutting tools with di�erent nose radii and surface
states. 
ey determined not only the magnitude but also
the orientation of the principal residual stresses. Jiang et al.
[18] established a �nite element model using elastic-plastic
theory and discussed the e�ect of the original hardness of the
workpiece, the geometry of the cutting tool, and the cutting
conditions on the spatial distribution of the residual stress
on the formed surface. Sun et al. [19] established a three-
dimensional �nite elementmodel of machining and obtained
the variation of surface residual stress with the process
parameters via the cutting process parameter design. 
ey
discussed the impact of �rst cutting and second cutting on
residual stress formation based on the simulation of di�erent
processing procedures. 
ey also performed a cutting exper-
iment to verify the accuracy of the �nite element simulation.
Capello [20] established an empirical relationship between
the residual stress and the machining parameters using
experimental data. Ulutan et al. [21] established a prediction
model of residual stress during thermomechanical coupling
based on an analysis of existing models. Lazoglu et al. [22]
employed elastic-plastic mechanics theory to establish a pre-
diction model of residual stress based on the consideration
of the comprehensive thermal and mechanical e�ect on the
workpiece surface and the stress relaxation problem.Guo [23]
employed a numerical simulation method to study the resid-
ual stress distribution of di�erent materials. Ding [24] simu-
lated an ultraprecise cutting process, proposed an algorithm
that is suitable formeasuring the residual stress on the cutting
surface, processed the simulation data on the MATLAB plat-
form, and employed a statistical method to establish a model
for predicting the residual stress amplitude and depth.

Many scholars have performed considerable research on
theoretical models of residual stress, �nite element simula-
tions, and residual stress prediction models. Although the
forming process, metal �ow, and forming mechanism of cold
roll-beating have been investigated, few studies have focused
on the residual stress in cold roll-beating; in particular,
research on the residual stress distribution prediction model
of cold roll-beating has not been reported. 
erefore, this
study investigates the distribution of residual stress with
di�erent cold rolling parameters and establishes a prediction
model.
e results are expected to provide accurate control of
the residual stress in the cold-forming process and enable the
optimization of the process parameters, which improve the
surface properties of the workpiece a�er the cold roll-beating
process.

2. Experimental Study of the Residual Stress
of Cold Roll-Beating of an Involute Spline

2.1. Experimental Principle. 
e principle of the experiment
to determine the distribution of residual stress on the cold
roll-beating workpiece using the contour method for mea-
surement is shown in Figure 1 [25–27]. 
e presence of an
unknown residual stress �� inside the specimen is assumed.
As shown in Figure 1(a), the specimen is cut in half along
the section to be analyzed and evaluated for the residual
stresses. As the residual stress is released, the cutting surface
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Figure 1: Schematic of the residual stress measurement using the contour method.

contour deforms, as shown in Figure 1(b). According to the
superposition principle of elastic-plastic mechanics, if an
external force is applied, then the cutting surface recovers to
the plane that it occupied before it was cut.
eobtained stress
state is equivalent to the initial residual stress on the plane
prior to cutting, as shown in Figure 1(c).

2.2. Experimental Materials and Parameters. Experiments
were performed with the same batch of normalizing grade
20 steel, the main chemical composition of which is shown in
Table 1.
emodulus of the cold roll-beating involute spline is
2.5, the number of teeth is 14, the pressure angle is 30∘, the
addendum coecient is 0.5, and the dedendum coecient is
0.75.
e cold roll-beating parameters are as follows: the rota-
tional speeds are 1,428, 1,581, 1,806, 2,032, and 2,258 r/min,
and the feed speeds are 21, 28, 35, and 42mm/min.

2.3. Experimental Program. In order to obtain the yield limit
of grade 20 steel, the compression experiment is adopted in
the same material under the same heat treatment process.

is is due to the fact that the material compression is the
main process in the cold roll-beating process. 
e sample
shape is cylinder, the size isΦ8mm× 6mm, and the end faces
parallelism of the sample is 0.002.
e sample manufacturing
process is as follows: turning, slow feeding linear cutting,
grinding, and polishing. 
e MTS universal testing machine
(shown in Figure 2) was used in the grade 20 steel quasi-static
compression experiment.

Based on the parameters of the cold roll-beating spline,
the material is machined to a cold roll-beating blank. 
e
following process is employed: the rollingwheel rotates clock-
wise as the workpiece is pulled out. 
e rolling wheel strikes
each tooth one time as the workpiece rotates in a circle.
Involute spline processing of di�erent cold rolling forming

Figure 2: MTS universal testing machine.

parameters was performed on a ZRMe9 rolling machine.
e
spline of cold roll-beating was shown in Figure 3 and the
spline sample was shown in Figure 4. In the Serein-CMM
type FUNCTION1000 wire cutting machine and using a
0.5mm molybdenum wire with a feed speed of 2mm/min,
a tooth was cut under the cold roll-beating spline; part of the
spline toothwas cut along the tooth curve and involved a cutt-
ing of the specimen along the symmetrical surface, as shown
by the shading in Figure 5, where � = 10mm, � = 4.35mm,
and ℎ = 2.68mm.

One of the sections of the spline tooth specimen is
annealed; next, the two samples are bonded by cutting, with
the cutting section position (the removed volume should be
suciently large to ensure that the release of stress can cause
a sucient amount of deformation), as shown in Figure 6.


e point coordinates of the cutting plane of Figure 6
weremeasured using a Serein-CMMFUNCTION1000 three-
coordinate measuring machine (to reduce the error, both
surfaces produced by cutting must be measured, and a total
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Table 1: Main chemical composition of grade 20 steel (mass fraction, %).

C Si Mn P S Ni Cr

0.20 0.17∼0.37 0.35∼0.65 ≤0.035 ≤0.035 ≤0.30 ≤0.25

Figure 3: Spline of cold roll-beating.

Figure 4: Spline sample.

of four surfaces must be measured). 
e 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). 
e measured data that correspond to
the two planes are subtracted to obtain the measured point
change amount (vector deformation), which is the amount
of deformation caused by the release of the residual stress.
A cubic spline curve �tting algorithm is employed to �t
the variation (the subtracted data) of each measurement
point to a surface. 
e surface is applied to a �nite element
model with the same size as the annealed specimen using
Abaqus so�ware as a boundary condition. To avoid rigid
body displacement during the model analysis, an additional
constraint that does not a�ect the free deformation of the
pro�le is imposed. Next, the �nite element calculation is
conducted. 
e stress on the cut surface is equivalent to
the residual stress at the same position prior to cutting the
sample.

2.4. Experimental Results and Discussion. 
e stress-strain
curve of grade 20 steel quasi-static compression experiment

Y

X

w
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Z

l
2
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0

Figure 5: Specimen shape and cut position of themeasured section.
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Figure 6: Schematic of the specimen cutting scheme.

is shown in Figure 7. Figure 7 shows that the true stress
grows linearly with the increase of true strain reaching the
strengthening stage �rstly; as the cross-sectional area of the
sample increases, the true stress changes slowly as the true
strain increases. Grade 20 steel in the compression process
has no obvious yield stage, taking 213MPa as the yield stress
which corresponds to the true strain 0.0035. Because of the
plastic deformation of the workpiece and the severe friction
between the rolling wheel and the workpiece, the thermal
e�ect is formed during the cold roll-beating process and part
of the energy is released in the form of heat; according to the
law of conservation of energy, the residual stress is less than
213MPa.


e residual stress curve of the dedendum, pitch, and
addendum in three positions in a cold rolling spline with
di�erent rotational speeds and di�erent feed rates is shown
in Figures 8–12.
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Figure 7: True stress-strain curve of grade 20 steel at quasi-static
strain rate.

Figures 8–12 show that the tooth super�cial coat of the
cold rolling spline is composed of the residual compressive
stress, and the residual compressive stress on the surface
of the tooth super�cial coat is small. 
is is due to the
fact that the residual compressive stress of the spline tooth
surface has a certain release a�er cold roll-beating.
e resid-
ual compressive stress increases with the change in the layer
depth; when the layer depth is equal to the depth of the sub-
surface, the residual compressive stress attains its maximum.

e residual compressive stress decreases with an increase in
layer depth; when the depth of the layers increases to a certain
depth, the residual compressive stress is 0, and the residual
stress changes from compressive stress to tensile stress. 
e
residual tensile stress increases with an increase in layer
depth, and the residual tensile stress slowly decreases. 
e
gradient of the residual compressive stress in the subsurface
layer is larger than the subsurface layer. A�er a certain layer
depth, the increased gradient of the residual tensile stress is
larger than the reduction in residual tensile stress. 
e varia-
tion law of the residual stress with the increase of the depth
of the layer with di�erent rotational speeds and di�erent
feed rates is consistent.
e residual compressive stress in the
spline formed at the dedendum is larger than the compressive
stress formed at the pitch. 
e minimum value of the resid-
ual compressive stress is attained at the addendum.
e deep
layer of the residual compressive stress at the spline deden-
dum is larger than the deep layer at the pitch.
edeep layer of
residual compressive stress at the addendum is the minimum
value.

2.4.1. Experimental Error Analysis. 
e experimental error of
the contour method is caused by �tting error of the spline
tooth and cutting plane slightlymoving because of stress relief
during the wire cutting progress; these errors are dicult to
be synthetically calculated and adopt classical residual stress
test XRD compared with the contour method.

Proto-LXRD type X ray stress analyzer was used to test
the surface residual stresses of specimens with rotational
speed being 1806 r/min and feed rate being 28mm/min. 
e

peeling of the spline teeth is tested by electrolysis corrosion
method, and the residual stress in the deep direction of the
spline is obtained by layer-by-layer test. 
e contrast of the
residual stressmeasured by the contourmethod and the XRD
method is shown in Figure 13.


e surface residual stress of the spline tooth pro�le
measured by the contourmethod is obviously lower than that
measured by the XRD method. 
is is because the �tting
error of the spline tooth and the test error are caused by
cutting plane slightly moving because of stress relief during
the wire cutting progress. Although the contour method has
a certain error, the test result still has the same trends as the
XRD test result. As is shown in Figure 13, the residual stress
magnitude and trend obtained by the two methods are very
close to each other. Because of the XRD test, it is dicult
to accurately control the delamination depth, and the Proto-
LXRD system has the error of �tting di�raction peaks.

erefore, the contourmethod can be used to test the internal
stress with high accuracy.

2.4.2. Variation Rule of the Residual Compressive Stress Peak.

e change curve of the peak value of the residual compres-
sive stress with the cold roll-beating rotational speed is shown
in Figure 14.

As shown in Figure 14, the peak residual compressive
stress of the spline at the dedendum is larger than the peak
residual compressive stress at the pitch. 
e peak residual
compressive stress of the addendum is the smallest value.
When the rotational speed increased, the peak residual com-
pressive stress curve of the three positions of the tooth pro�le
increases, and the increase of the residual compressive stress
of the addendum and the pitch is small. When the feed rate
of the cold rolling spline was 21mm/min or 28mm/min, the
peak value of the residual compressive stress at di�erent rota-
tional speeds at the pitch of spline in cold roll-beating form-
ing ranges from 67.4MPa to 80.8MPa. 
e feed rates of the
cold roll-beating spline are 35mm/min and 42mm/min.
e
peak value of the residual compressive stress for di�erent
rotational speeds at the pitch of the spline in cold roll-beating
forming ranges from 79.4MPa to 86.8MPa. 
e increase
of the residual compressive stress at the dedendum is more
signi�cant. Because the nonuniformity of the surface metal
�ow formation of residual stresses is directly related to the
formation of residual stresses during spline cold rolling,
the increase in the rotational speed of the cold roll-beating
increases the nonuniformity of the �ow of the spline surface,
and the peak residual stress increases, especially the degree of
the metal �ow unevenness at the dedendum.
e peak resid-
ual stress increases, especially the unevenness of the metal
�ow at the dedendum, and a maximum increase in the peak
residual stress is attained. At the same feed rate, the increase
in the rotational speed of cold roll-beating causes the amount
of striking to be reduced in each round of the workpiece.

e e�ect of thermal mechanical coupling on the formation
of residual stress increases, and the peak residual stress has
a tendency to decrease. Due to an increase in the rotational
speed of the cold roll-beating, the increase of the peak resid-
ual stress at the pitch is not signi�cant. Because the forming
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Figure 8: Variation curves of the residual stress at a rotational speed of 1,428 r/mm at di�erent feed rates.

of the spline addendum is gradually formed by the �ow of the
metal during the cold roll-beating process, the e�ect of force
on the cold roll-beating is small. A�er the cold roll-beating
process, the residual stress is released at this position; thus,
the peak residual compressive stress at the addendum of the
spline is the minimum value, and the increase of the peak
residual compressive stress at the addendum is small as the
rotational speed of the cold roll-beating increased.


e variations of the peak compressive residual stress
curve with the feed rates of the spline at di�erent rotational
speeds are shown in Figure 15.

As shown in Figure 15, at di�erent rotational speeds, the
peak residual compressive stress at the dedendum, pitch, and
the addendum of the cold rolling spline increased with an
increase in the feed rate. 
e residual compressive stress at
the dedendum exhibited the most signi�cant increase, and
the peak residual compressive stress at the pitch and the

addendum is small due to an increase in the spline feed rate
at the same speed rate. 
e amount of strike increased in
the cold roll-beating process, and the deformation caused
by the force of the cold roll-beating increased. 
e strain
increased to the maximum value at the dedendum; thus, the
peak residual stress at the dedendum also exhibited the most
signi�cant increase.With an increase in the feed rate, the stor-
age range energy in the cold roll-beating process increased;
the workpiece surface needs to balance the tensile stress
within the depth of the workpiece in an extensive range. As
the spline feed rate increased during the cold rolling process,
the larger peak residual compressive stress is formed at the
spline surface.

2.4.3. Variation in the Residual Layer Depth. 
e variation of
the residual stress layer depth curve with rotational speeds is
shown in Figure 16.
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Figure 9: Variation curves of the residual stress at a rotational speed of 1,581 r/min at di�erent feed rates.

As shown in Figure 16, within the range of the cold
roll-beating rotational speed and spline feed rate in the
experiment, the residual compressive stress layer depth in the
super�cial spline pro�le in cold roll-beating indicates that
the residual compressive stress layer depth at the dedendum
is deeper than the residual compressive stress layer depth
at the pitch. 
e residual compressive stress layer depth at
the addendum is the smallest depth. With an increase in
the rotational speed of the cold roll-beating, the residual
compressive stress layer depth at the dedendum decreases,
while the residual compressive stress layer depth at the pitch
and addendum slightly decreases. 
e residual compressive
stress layer depth ranges from 0.7 to 0.8mm at the pitch.
When the spline feed rate is large, the residual compressive
stress layer depth at the dedendum increases because the
increase in the cold roll-beating speed rate causes an increase
in the peak residual compressive stress. However, an increase

in the cold roll-beating speed rate causes a decrease in the
amount of strike. Rolling rounds of a single hit were caused
by the corresponding reduction in strain. 
e strain energy
produced by the amount of strike is reduced, especially the
spline feed rate, which is large in the cold roll-beating. With
an increase in the rotational speed of the cold roll-beating, the
amount of strike and the range of the cold roll-beating force
decrease; thus, the residual compressive stress layer depth is
reduced.


e curves of the relationship between the depth of the
residual compressive stress layer and the feed rate of the spline
for di�erent cold roll-beating speeds are shown in Figure 17.

As shown in Figure 17, the residual compressive stress
of the surface of the spline tooth pro�le increases with an
increase in the spline feed rate amount during the cold roll-
beating process. When the rotational speed of the cold roll-
beating is 1428 r/min and 1581 r/min, the residual compressive
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Figure 10: Variation curves of the residual stress at a rotational speed of 1,806 r/min at di�erent feed rates.

stress layer depth signi�cantly increases.When the rotational
speed of cold roll-beating is 1806 r/min, 2032 r/min, and
2258 r/min, the increase of residual stress layer is not obvious.

is is due to the fact that the residual stress is produced
by the uneven deformation of the workpiece material. In
the high rotational speed, the workpiece material strain
rate increased, causing the material �ow stress to increase
and the workpiece surface of the uneven degree of plastic
deformation also increased. But the increase of speed led to
the reduction of depth of a single hit; the scope of the impact
of rolling force becomes smaller.
erefore, at high rotational
speed, the increase gradient of the residual stress layer depth
is small, and the gradient of the peak residual compressive
stress decreases slowly. When the rotational speed of the cold
roll-beating is 1428 r/min and 1581 r/min, the depth of the

residual compressive stress layer ranges from 0.84 to 0.98mm
at the pitch with di�erent feed rates. 
e rotational speed is
1806 r/min and 2032 r/min when the di�erent feed rates of
cold roll-beating forming at the pitch of the residual pressure
stress layer depth range from 0.71 to 0.73mm.
is �nding is
due to the increase in the amount of spline feed rate, which
causes the roller on the spline of the single shot to increase
the amount of strike a�er an increase in the amount of
deformation.
e cold roll-bearing force eventually produces
residual stress in the deeper surface of the spline surface.
When the cold roll-beating rotational speed is 2258 r/min
with di�erent feed rates of cold roll-beating forming, the
pitch circle at the residual compressive stress layer depth
ranges from 0.68 to 0.73mm.
is result is due to the increase
in the rotational speed of the cold roll-beating, which causes
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Figure 11: Variation curves of the residual stress at a rotational speed of 2,032 r/min at di�erent feed rates.

a reduction in the number of hits of the roller to the spline,
the e�ect range of the roll-beating force, and the depth of the
residual compressive stress layer.

3. Model of the Surface Residual Stress
Distribution of the Spline Shaft Profile


e response surface method has many advantages, such
as the ability to rotate, sequential nature, model stability,
and reduced test times; the method is o�en employed to
solve practical problems because the response estimation
results can approach the real response surface and achieve a
satisfactory prediction.


e experimental results reveal that the in�uence of the
rotational speed and feed rate of the spline on the residual

stress is not independent, and the relationship between the
peak and depth layer of the residual stress curve is nonlinear.

erefore, the second-order estimation regression equation
is employed to establish the surface response model of the
residual stress distribution with variations in the cold roll-
beating parameters.


e second-order regression predictionmodel of the roll-
bearing rotational speed and feed rate interaction of the two
factors is given by

	 (
) = � + �1
1 + �2
2 + �12
1
2 + �11
12 + �22
22, (1)

where 
1 is the rotational speed  in r/min and 
2 is the feed
rate � in mm/min.
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Figure 12: Variation curves of the residual stress at a rotational speed of 2,258 r/min at di�erent feed rates.

3.1. Model of the Peak Value of the Residual Compressive Stress
of Cold Roll-Beating. 
e peak value of the residual stress
on the surface of the tooth pro�le is the dependent variable,
and the rolling wheel speed  and the spline feed rate �
are the independent variables. Using the experimental data,
the roll-beating rotational speeds are 1, 428, 1,581, 1,806, and
2,032 r/min, and the spline feed rates are 21, 28, 35, and
42mm/min. Fitting for formula (1), establish a relationship
model between the peak residual compressive stress and the
parameter of cold roll-beating of the three positions in the
spline tooth pro�le at the dedendum, pitch, and addendum.


emodel of the peak value of compressive residual stress
of the dedendum is expressed as follows:

�RS1 = −80.8066 + 0.0241 − 1.3439�

+ 0.00015603� − 0.0000129872 + 0.0013�2.
(2)


emodel of the peak value of compressive residual stress
of the pitch is expressed as follows:

�RS2 = −22.7056 − 0.0135 − 1.7406�

+ 0.00040866� − 0.0000019152 + 0.0064�2.
(3)


e model of the peak value of the compressive residual
stress of the addendum is as follows:

�RS3 = 15.1303 − 0.0389 − 1.1411� + 0.00014709�

+ 0.0000072942 + 0.0077�2.
(4)

A�er calculation, the test results from the three models
are listed in Table 2.
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Figure 13: 
e contrast of the residual stress measured by the contour method and the XRD method.

Table 2: Test results from the prediction model for the peak residual stress.

Source of variance Sum of square Degree of freedom Complex correlation coecient � value �0.05

Dedendum

SSR 1193.2 5

0.997 636.24 3.33SSE 3.7507 10

SSE 1197.0 15

Pitch

SSR 454.5369 5

0.9883 168.52 3.33SSE 5.4006 10

SST 459.93 15

Addendum

SSR 234.5072 5

0.9864 144.63 3.33SSE 3.2428 10

SST 237.8 15


e test results for the peak residual stress values, which
are listed in Table 2, illustrate that the � value is substantially
larger than �0.05, which indicates that the con�dence levels of
the threemodels exceed 95% and also indicates high accuracy

of the prediction results.
e correlation coecients�2 in the

three models are 99.7%, 98.83%, and 98.64%, which indicate
that the �tting results are reliable and the correlation between
the predicted values and measured values is strong.

According to the model of the residual compressive stress
peak of the tooth pro�le established by formulas (2)–(4), the
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Figure 14: Variation of the peak compressive residual stress curve with rotational speeds at di�erent feed rates.

response surface of the residual stress peak of the tooth pro�le
with the cold roll-beating speed and spline feed rate is shown
in Figure 18.


e response surface shown in Figure 18 illustrates that
the peak of the residual stress increases with an increase in
the roll-beating speed when the feed rate of cold roll-beating
is constant but the amplitude of the increase is not large.
When the cold roll-beating’s rotational speed is constant, the
increase in the residual stress peakwith an increase in the feed
rate is large, especially in the dedendum part.

3.2. Establishment of the Depth Model for the Residual Com-
pressive Stress Layer of Cold Roll-Beating. With the depth of

the residual stress layer on the surface of the spline tooth
pro�le as the dependent variable and the roll-beating rota-
tional speed  and spline feed rate � as the independent vari-
ables and using the experimental data, the cold roll-beating
rotational speeds are 1,428, 1,581, 1,806, and 2,032 r/min, and
the spline feed rates are 21, 28, 35, and 42mm/min. Fitting
for formula (1) establishes a relationship model between the
residual compressive stress layer depths and the parameter
of cold roll-beating of the three positions in the spline tooth
pro�le at the dedendum,pitch, and addendum. 
e model of
the residual compressive stress layer depth of the dedendum
is expressed as follows:



Mathematical Problems in Engineering 13

20 25 30 35 40 45

0

−120

−100

−80

−60

−40

−20

Feed rate (mm/min)

P
ea

k
 o

f 
re

si
d

u
al

 s
tr

es
s 

(M
P

a)

Dedendum

Pitch

Addendum

(a) 1428 r/min

20 25 30 35 40 45

−120

−100

−80

−60

−40

−20

0

Feed rate (mm/min)

P
ea

k
 o

f 
re

si
d

u
al

 s
tr

es
s 

(M
P

a)

Dedendum

Pitch

Addendum

(b) 1581 r/min

20 25 30 35 40 45

0

Feed rate (mm/min)

P
ea

k
 o

f 
re

si
d

u
al

 s
tr

es
s 

(M
P

a)

−120

−100

−80

−60

−40

−20

Dedendum

Pitch

Addendum

(c) 1806 r/min

20 25 30 35 40 45

0

Feed rate (mm/min)

P
ea

k
 o

f 
re

si
d

u
al

 s
tr

es
s 

(M
P

a)

−120

−100

−80

−60

−40

−20

Dedendum

Pitch

Addendum

(d) 2032 r/min

20 25 30 35 40 45
−140

0

Feed rate (mm/min)

P
ea

k
 o

f 
re

si
d

u
al

 s
tr

es
s 

(M
P

a)

−120

−100

−80

−60

−40

−20

Dedendum

Pitch

Addendum

(e) 2258 r/min

Figure 15: Variation of the peak compressive residual stress curve with the feed rates of the spline at di�erent rotational speeds.
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Figure 16: Variation of the residual stress layer depth curve with rotational speeds.

�RS1 = 0.5290 + 0.0002007 + 0.0149�

− 0.0000080521� − 0.000000026072

+ 0.000038265�2.

(5)


e model of the residual compressive stress layer depth
of the pitch is expressed as follows:

�RS2 = 1.1310 − 0.0004789 + 0.0037�

− 0.0000027244� + 0.0000001389952

+ 0.000038265�2.

(6)


e model of the residual compressive stress layer depth
of the addendum is expressed as follows:

�RS3 = 0.0490 + 0.0004266 + 0.0037�

− 0.0000032495� − 0.0000001121312

+ 0.000063776�2.

(7)


e signi�cance test and variance analysis were applied to
models (5)–(7).
e results of the signi�cance test are listed in
Table 3.


e signi�cance test results of the residual stress layer
depth in Table 3 show that the � value is greater than 0.05.
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Figure 17: Curves of the residual compressive stress depth as a function of the workpiece feed rate.
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Figure 18: Continued.
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Figure 18: Corresponding surfaces as functions of the rotational speed and feed rate for the residual stress value of di�erent locations on the
tooth pro�le.

Table 3: Results of the depth prediction model for the residual compressive stress layer.

Source of variance Sum of square Degree of freedom Complex correlation coecient � value �0.05

Dedendum

SSR 0.0328 5

0.9676 59.7443 3.33SSE 0.0011 10

SST 0.0339 15

Pitch

SSR 0.0082 5

0.8825 15.0195 3.33SSE 0.0011 10

SST 0.0093 15

Addendum

SSR 0.0088 5

0.9321 27.4451 3.33SSE 0.0006 10

SST 0.0094 15

In addition, the con�dence level of the threemodels is greater
than 95%, which indicates that the prediction results are
accurate. 
e correlation coecients �2 for the dedendum,
pitch, and addendumare 96.76%, 88.25%, and 93.21%, respec-
tively, which indicate that the �tting results are accurate.
us,
a strong correlation between the predicted values and the
measured values is observed.

According to the residual stress layer depth model, the
residual stress layer depth in the tooth pro�le with the
rotational speed and spline feed rate is shown in Figure 19.


e response surface in Figure 19 shows that the com-
bined e�ect of the roll-beating speed and spline feed rate has
a signi�cant e�ect on the residual compressive stress layer
depth. When the rotational speed is constant, the depth of
the residual compressive stress layer rapidly increases with
an increase in the feed rate, and the growth rate gradually
increases. When the spline feed rate is constant, the depth of
the residual stress layer exhibits a decreasing trend but the
rate of the descent gradually decreases (the top part is slightly
di�erent). 
e residual compressive stress depth layer is the
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Figure 19: Continued.
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(c) Addendum

Figure 19: Response surface of the in�uence of the rotational speed and feed rate on the residual stress layer depth at di�erent positions of
the tooth pro�le.

same as the residual compressive stress depth layer in the
experimental section in terms of the curve trends.

In the cold roll-beating forming process, an increase in
the spline feed rate not only can increase the residual stress
peak and the residual compressive stress layer depth but also
can cause an increase in the contact force of the rolling wheel
and the spline and system vibrations. As a result, the spline
surface quality decreased, and the excessive increase in the
residual stress peak value and the residual compressive stress
depth layer caused machining deformation of the workpiece.
However, an overly small feed rate will a�ect the processing
eciency. 
erefore, the processing conditions should be
appropriate with the increased feed rate but the increase
should not be excessive. Increasing the roll-beating rotational
speed can also increase the peak value of the residual stress of
the spline surface but reduces the contact force between the
rolling wheel and the spline and the depth of the residual
compressive stress layer; therefore, a better spline surface
quality can be obtained.

4. Contrast Analysis of
the Predicted and Experimental Results
of the Established Model


e residual stress peak values and residual compressive
stress layer depth were experimentally obtained, and a model

for the comparative analysis for a roll-beating rotational
speed of 2,258 r/min and spline feed rates of 21, 28, 35, and
42mm/min was established.
e comparative analysis results
of the residual stress peak values and residual stress layer
depth are shown in Figures 20 and 21.

Figure 20 shows that the curve change tendency of the
predicted results for the residual stress peak value at di�erent
spline feed rates is consistent with the experimental results.
According to the calculation results, the maximum relative
error of the residual stress peak value between the predicted
results and the experimental results in the dedendum is
2.38%.
emaximum relative error of the residual stress peak
value between the predicted results and the experimental
results in the dedendum is 3.3%.
emaximum relative error
of the residual stress peak value between the predicted results
and the experimental results in the dedendum is 3.14%.

Figure 21 shows that the curve change tendency of the
predicted results for the residual stress peak value at di�erent
spline feed rates is consistent with the experimental results.
According to the calculation results, the maximum relative
error of the residual compressive stress layer depth between
the predicted results and the experimental results in the
dedendum is 6.5%. 
e maximum relative error of the
residual compressive stress layer depth between the predicted
results and the experimental results in the pitch is 6.1%. 
e
maximum relative error of the residual compressive stress
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Figure 20: Contrast analysis of residual compressive stresses at
di�erent positions of the tooth pro�le.
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Figure 21: Comparative analysis for the compressive residual stress
layer at di�erent locations on the tooth pro�le.

layer depth between the predicted results and the experimen-
tal results in the addendum is 10%.


is analysis indicates that the residual stress peak value
and the residual compressive stress layer depth model can
be employed to control the residual stress and optimize the
parameters of the cold roll-beating process.

5. Conclusions


e residual stress distribution at the surface of the spline
tooth pro�le was measured for cold roll-beating, the mea-
surement data were analyzed, and the in�uence of di�erent

cold roll-beating parameters on the spatial distribution of the
residual stress in di�erent parts of the spline tooth pro�le was
clari�ed. 
e main conclusions are as follows.

(1) Cold roll-beating in the spline tooth pro�le surface
causes the formation of residual compressive stress, the
residual compressive stress on the spline tooth pro�le surface
is small, the residual compressive stress increases with an
increase in the surface layer depth, and themaximumresidual
compressive stress is attained when the layer depth attains a
certain depth. As the depth of the layer increases, the residual
compressive stress decreases. When the depth of the spline
tooth pro�le pitch reaches a certain position (0.68–0.98mm),
the residual compressive stress of the spline tooth pro�le is 0,
and the residual tensile stress is formed with an increase in
the depth of the layer.

(2) 
e residual compressive stress at the dedendum is
higher than the residual compressive stress at the pitch and
the addendum, and the smallest residual compressive stress
is attained at the addendum.

(3) Increases in the spline feed rate and rotational speed
can cause an increase in the residual compressive stress peak
value of the tooth surface pro�le of the cold roll-beating spline
sha�. A signi�cant increase in the range of the peak value
of the residual compressive stress was observed at the deden-
dum, and the peak value of the residual compressive stress
at the pitch and the addendum did not signi�cantly increase.

e peak value of the residual compressive stress at the pitch
ranges from 67.4MPa to 80.8MPa.

(4) 
e depth of the residual compressive stress layer at
the dedendum is deeper than the residual compressive stress
layer at the pitch, and the depth of the residual compressive
stress layer at the addendum is minimal. 
e increase of the
rotational speed of the cold roll-beating decreases the depth
of the residual compressive stress layer at the addendum,
and the depth of the residual compressive stress layer at the
pitch and the addendum slightly decreases. An increase in the
spline feed rate will increase the residual compressive stress
layer depth.

(5) In this paper, the second-order regression surface
model of the residual stress distribution of cold roll-beating
forming is established with a high degree of credibility due
to the maximum relative error of the peak of the residual
compressive stress of 3.3%, and the maximum relative error
of residual compressive stress layer depth is 6.1% at the pitch.

e residual stress distribution and the residual compressive
stress layer depth of the super�cial spline pro�le can be pre-
dicted for di�erent cold roll-beating parameters. 
e surface
performance of the spline of cold roll-beating forming should
be improved, and the forming process parameters should be
determined according to the required residual stress state.
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