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Abstract
Hot rolling forming technology can effectively improve the fatigue strength of straight face gears. In this paper, the tech-
nology related to rolling forming is investigated, and the mathematical tooth surface of straight face gear is derived. The 
numerical model of hot rolling is established by introducing an example, and the equivalent stress field, strain field, and the 
metal flow trend of gear teeth are analyzed. The influence law of friction coefficient, rolling temperature, rotational speed, 
and feed rate on the metal streamline is explored, and technological parameter optimization based on metal streamline defect 
analysis is realized. According to the technological parameter analysis, the rolling test of straight face gear is realized on the 
hot rolling test bench, and the optimal metal streamline analysis is performed. The internal microstructure and the morpho-
logical characteristics of the metal streamline for the gear teeth after hot rolling are observed by using electron microscopy, 
and the distribution pattern of metal streamline in different parts is analyzed. It is shown that a better distribution of metal 
streamline can be obtained by hot rolling, which is beneficial to improve the bending fatigue and contact fatigue strength 
of straight face gear.
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1  Introduction

Straight face gear is used for the transmission of motion and 
power between intersecting shafts. It has advantages of com-
pact structure, high degree of overlap, strong interchange-
ability, and good shunting effect, which have outstanding 
advantages in civil and military field, especially in the avia-
tion field.

At present, there are problems such as low processing effi-
ciency, low material utilization rate, and insufficient fatigue 
strength of gear teeth in the cutting process for straight face 
gear, which seriously restrict the industrial application of 
straight face gear. For this reason, relevant scholars have 
carried out research on the near net forming technology of 

rolling. Zhao Bing studied the forming mechanism of axial 
rolling of straight cylindrical gears and analyzed the elec-
tromagnetic induction heating principle and the gear axial 
rolling process and forming mechanism [1]. Ma Ziyong pro-
posed a new process of forced tooth-splitting axial rolling 
forming and conducted an in-depth study on the principle 
of the new forming process [2]. Zhang Yanzhen et al. opti-
mized the process for the defects in the forming results of 
hot rolled–curved bevel gears to avoid the problem of uneven 
material flow of the wheel blank [3]. Wang Yongqin et al. 
conducted experiments on axially fed warm rolling cylindri-
cal gears and compared the rolling forces under warm rolling 
and cold rolling conditions [4]. Wang Yu et al. studied the 
axial rolling process with forced tooth separation, proposed 
the axial rolling method with forced tooth separation, and 
performed experimental verification [5]. Liu Huimin put 
forward the principle of determining the number of teeth, 
the modulus of the spur gear, and the external dimension of 
the rolling wheel suitable for rolling forming, analyzed the 
influence law of the process parameters on the gear tooth 
forming with the help of DEFORM-3D software, and carried 
out simulation verification [6]. Zhang Qingjie revealed the 
influence of various processing parameters on rolling force 
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and forming defects by simulating and analyzing the form-
ing process of spiral bevel gear [7]. Fu Xiaobin revealed the 
mechanism of the effect of process parameters on the change 
of internal metal organization in rolling large-modulus cylin-
drical gears [8]. Zhao Jun et al. took the spiral bevel gear as 
the research object and carried on the technological analy-
sis to the spiral bevel gear roll forming [9]. Cui Minchao 

et al. investigated the axial rolling outer spline process and 
experimentally verified the possibility of machining the 
outer spline by axial feed [10]. Li Long reduced the roll-
ing force and improved the quality of formed gear teeth by 
studying cold roll-beating of tooth grooves machining [11]. 
Ma Qun verified the feasibility of cold extrusion process-
ing technology for odd teeth by analyzing and studying the 
cold roll-beating processing technology [12]. Zhang Yuming 
studied the life of the gear rolling wheel and optimized the 
forming process parameters [13].

Metal streamline has an important influence on the 
structural strength, contact fatigue life, and light weight 
of mechanical products. Therefore, the investigation of the 
evolution of metal streamline in the manufacturing process 
and the analysis of the distribution of metal streamline in 
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Fig. 3   Tool involute coordinate system
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mechanical parts after the end of manufacturing are of sig-
nificant research value, which is worthy of further study.

Chekotu, Josiah Cherian provided a theoretical basis for 
reducing the metal flow pattern of extruded profiles and the 
optimized design of dies by analyzing the metal flow pattern 
and metal flow state of extruded profiles [14]. Min Fanlei 
made the metal streamline of blank complete and coher-
ent through mold design to reduce the extrusion load and 
reduce the local damage of the die and then prolong the life 
[15]. Deng Lei aimed at the phenomenon of metal stream-
line disorder in the forming process of rib-web parts, and a 
back-pressure-controlled forming method that can control 
the direction of metal flow was obtained by analyzing the 
influence of process parameters on metal flow [16]. Accord-
ing to geometric characteristics of aluminum alloy com-
plex components with lateral branch, Feng Wei proposed 

enveloping forming process to form the components, and 
its metal streamline was simulated by DEFORM-3D [17].

However, the current research on rolling technology is 
mainly focused on cylindrical gears and bevel gears, and 
the research on metal streamline is mainly focused on pump 
body, hubs, cake forgings, and so on, while few scholars 
have proposed research on the analysis of rolling forming 
technology for face gear and its metal streamline.

In this paper, the roll forming technology of straight 
gears is to be used as the research object, and the metal 

Table 1   Geometric parameters of straight face gear and cutter

Parameter Face gear Cylindrical gear

Modulus/(mm) 4
Pressure angle/(°) 20
Reference cone angle/(°) 90
Number of teeth 75 22
Addendum coefficient 1
Tip clearance coefficient 0.25

Fig. 5   Gear tooth surface diagram

Fig. 6   3D diagram of gear

Fig. 7   Simulation model of hot rolling forming of straight face gear
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streamline structure of hot roll forming is to be used 
as the research emphasis. By tooth surface model con-
struction and numerical analysis of rolling forming, the 
research on the metal flow trend of hot rolling form-
ing and the influence law of metal streamline structure 
defects of straight face gears is to be realized, and by the 
hot rolling test and metallographic observation, the analy-
sis of the morphological characteristics and distribution 
pattern of the metal streamline is to be completed, which 
provides technical basis for the research on improving 
the fatigue strength of straight face gears and analysis of 
fatigue resistance mechanization. The research context 
diagram is shown in Fig. 1.

2 � Mathematical model of hot rolling 
forming of straight face gear

As an important link in the research of straight face gear 
hot rolling, the accuracy and scientificity of the simula-
tion test data of hot rolling have a great significance. 
Therefore, based on the machining principle of face 
gear, the tooth surface equation of face gear is deduced 
in this paper, and the three-dimensional model of face 
gear is established by using MATLAB and UG software, 
which will provide a scientific basis for the accuracy 
of the simulation test of hot rolling of face gear and 
a theoretical basis for the subsequent metal streamline 
analysis.

2.1 � Derivation of tooth surface equation

The gear tooth surface is formed by rotating and envelop-
ing the cylindrical gear tooth surface. The shape gear of 
the face gear tooth surface is an involute cylindrical gear, 
and the skiving cutter is used as a machining tool during 

processing. As shown in Fig. 2, the machined face gear 
and the involute cylindrical gear rotate in space around 
their own axes at a fixed speed ratio, and the space surface 
enveloped by the cylindrical gear teeth is the face gear 
tooth surface.

The end profile of the involute cylindrical gear is shown in Fig. 3.
According to the definitions of involute and cylindri-

cal gear end face parameters, the involute equation for 
both tooth faces of a cylindrical gear is expressed uni-
formly as

rb is the base radius of the tool involute; �s is the angle 
parameter of the point on the tool involute; us is the position 
parameter of the point on the involute along the gear axis 
direction; “ ± ” represents the two tooth surfaces of the tool 
“ ab ” and “ cd ,” respectively. �m is the angle from the line of 
symmetry of the tool tooth groove to the starting point of 
the involute.

So the unit normal vector n(s)
s

 of the tool tooth surface is

According to the principle of the face gear tooth surface 
formation, the coordinate system for face gear slotting is 
established as shown in Fig. 4, the axis of tool rotation as 
the coordinate axis zs , the axis of face gear rotation as the 
coordinate axis z1 , and the intersection of the spatial lines of 
the two coordinate axes as the common coordinate origin. 
The fixed coordinate system of the tool Nm is Sm , the fixed 
coordinate system of the face gear to be machined N1 is Sf  , 
the coordinate system of the tool rotation is Ss , and the coor-
dinate system of the face gear rotation N1 is S1 . �s and �1 are 
the angles of rotation of the tool and the face gear around 
their own axes, respectively.

The equation of the tooth surface of face gear is

Since the face gear tooth surface is the envelope of the gen-
erating flank moving in space, the following meshing equation 
is satisfied

When machining, the track surface traveled by the top 
circle of the cutting tool is called the root transition surface 
of the face gear.

(1)rs(us, �s) =

⎡⎢⎢⎢⎣

±rb(sin(�m + �s) − �scos(�m + �s))

−rb(cos(�m + �s) + �ssin(�m + �s))

us
1

⎤⎥⎥⎥⎦

(2)n
(s)
s

=

⎡
⎢⎢⎣

±cos(�m + �s)

−sin(�m + �s)

0

⎤⎥⎥⎦

(3)r1(us, �s,�s) = M1f (�1)MfmMms(�s)rs(us, �s)

(4)f1(us, �s,�s) =
�r1

�us
×

�r1

��s
∙
�r1

��s

= 0

Table 2   Hot rolling forming parameter setting

Parameter Value

Mold gear material H13
Machined gear material 20CrMnTi
Machined gear mesh quantity 150000
Machined gear temperature(℃) 950, 1050, 1150
Friction coefficient 0.1, 0.2, 0.4
Mold gear initial temperature (℃) 25℃
Ambient temperature (℃) 25℃
Mold gear feed rate (mm/s) 0.1, 0.2, 0.4
Convection coefficient (N/sec/mm/C) 0.02
Emissivity in heat transfer 0.7
Heat transfer coefficient (N/sec/mm/C) 5
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By transforming the tool top line from the tool motion 
coordinate system Ss to the face gear motion coordinate sys-
tem S1 , the face gear tooth root transition surface is obtained

Similarly, the above equation needs to satisfy the follow-
ing engagement equation

(5)r
∗

1
(us, �

∗

s
,�s) = M1f (�1)MfmMms(�s)r

∗

s
(us, �

∗

s
)

(6)f2(us, �
∗

s
,�s) =

�r1

�us
×

�r1

��∗
s

∙
�r1

��s

= 0

Please refer to reference [18] for the specific derivation 
process.

2.2 � 3D modeling

Based on the derivation of tooth equations of face gears, 
a MATLAB program is written to calculate the cor-
responding geometric parameters and the tooth coor-
dinates of face gear. The basic parameters are shown 
in Table 1.

(a) Load 25% 

(b) Load 50% 

(c) Load 100% 

(d) Finishing 

Fig. 8   Equivalent stress field of hot rolling of gear with straight tooth surface
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The basic parameters in Table 1 are brought into the 
face gear tooth surface program written by MATLAB to 
calculate the face gear tooth surface coordinate points and 
generate the face gear tooth surface diagram, the face gear 
tooth surface diagram generated by the MATLAB program 
to solve the tooth surface coordinate points is showed in 
Fig. 5, and the solved face gear tooth surface coordinates are 
saved as “.dat” file and imported into UG. The 3D model of 
the face gear is generated by stitching, arraying, and crop-
ping commands in UG (Fig. 6).

The volume of the teeth of straight face gear is obtained 
by the volume measurement function of UG software, 

and the relevant dimensions of the wheel billet blank are 
obtained based on the equal volume method. Based on the 
geometric dimension and tooth point data of the machined 
gear, 3D modeling of hot rolling mold gear, rolled gear, 
and drive shaft by using UG. The STL file is extracted and 
imported into DEFORM-3D FEM software for pre-process-
ing, and the finite element model for hot rolling of straight 
face gear is established (as shown in Fig. 7). In the simula-
tion analysis, the mold gear rotates around its own axis, and 
the processed gear is mounted on the spindle and rotated 
under the drive of servo motor. The mold gear rotates around 
its own axis and feeds along the axial direction of the face 

(a) Load 25% (b) Load 50% 

(c) Load 100% (d) Finishing 

Fig. 9   Equivalent strain field of hot rolling of gear with straight tooth surface
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gear. As the feed increases, the face gear blank undergoes 
plastic deformation under the extrusion of the cylindrical 
gear, and the raised part carries out parametric motion with 
the teeth of the cylindrical gear to produce the tooth shape of 
the face gear. The simulation parameter settings are shown 
in Table 2.

3 � Numerical simulation on metal flow in hot 
rolling

In the hot rolling process of straight face gear, the metal flow 
trend is depended on the strain of stress and strain, and the 
reasonableness of the metal streamline is also affected by 
the strain of process parameters of rolling processing. In this 
paper, the distribution of equivalent stress and equivalent 
strain in the hot rolling process of face gear is used to ana-
lyze the metal flow trend of wheel blank. According to the 
processing technological parameters of friction, feed rate, 
rotational speed, and temperature, the defect analysis of the 
metal streamline is carried out through the changes of the 
values of each technological parameter. Thus, the fatigue 
resistance mechanism of hot rolling metal streamline of 
straight face gear is revealed.

Table 3   Lubricant friction coefficient when hot rolling steel

Lubricant type Rolling temperature 
(°C)

Friction factor range

Spindle oil 950 ~ 1150 0.037 ~ 0.159
Graphite 950 ~ 1150 0.16 ~ 0.28
No lubricant 950 ~ 1150 0.38 ~ 0.44

Fig. 10   Vector diagram of metal flow velocity

(a) Friction coefficient is 0.1

(b) Friction coefficient is 0.2   

(c) Friction coefficient is 0.4 

Fig. 11   Metal streamline results with different friction coefficients

(a) Feed rate is 0.1mm/s 

(b) Feed rate is 0.2mm/s 

(c) Feed rate is 0.4mm/s 

Fig. 12   Metal streamline results with different feed rates
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3.1 � Stress and strain analysis of hot rolling

3.1.1 � Equivalent stress analysis of rolling

Equivalent stress analysis is use of stress contours to represent 
the stress distribution inside the model. It can be seen from the 
equivalent stress diagram of the hot rolling–forming process 
of the face gear that in the initial tooth division stage, the mold 
gear is in contact with the gear blank, the tooth top of the mold 
gear extrudes the tooth groove of the gear blank, the stress 
concentration at the tooth groove of the gear blank, the tooth 
groove, etc. The equivalent stress is too large, and the equiva-
lent stress in other areas is small; in the gear tooth–forming 
stage, the equivalent stress near the contact between the mold 
gear and the gear blank increases, and the stress area gradu-
ally increases; when the feed depth reaches the target value, 
the equivalent stress value of the blank reaches the maximum 
value, and the stress area is also the most concentrated; in the 
finishing stage, the stress gradually decreases, and the stress 
area gradually converges (as shown in Fig. 8).

From the above analysis, in the hot rolling process of 
the face gear, the initial stress distribution state is relatively 
simple. With the increase of the feed rate, the stress spreads 
from the surface of the billet to the bottom of the billet, and 
the stress distribution area gradually becomes larger.

3.1.2 � Equivalent strain analysis of rolling

During the hot rolling process of the face gear, the equiva-
lent strain of gear blank in different stages presents different 
distributions, the equivalent strain at the initial tooth split-
ting stage is mainly distributed in the superficial region of 

(a) Rotational speed is 30 mm/r 

(b) Rotational speed is 50 mm/r 

(c) Rotational speed is 70 mm/r 

Fig. 13   Metal streamline results with different rotational speeds

(a) Temperature is 950°C 

(b) Temperature is 1050°C 

(c) Temperature is 1150°C 

Fig. 14   Metal streamline results with different initial rolling tempera-
tures

(a) Fold     (b) Fracture    (c) Mix 

Fig. 15   Metal streamline defects

Table 4   Weight of metal streamline defects

Metal streamline defects Fold Fracture Mix

w
i
(%) 31.2 42.8 26
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the billet and is only limited to the region where the billet is 
in contact with the mold wheel. Equivalent strain at the top 
of the billet is almost zero, and there is no strain at the heart 
of the billet, indicating that the rolling of straight face gear is 
mainly a process of local deformation of the superficial layer 
of the billet. When the feed amount reaches 50%, equivalent 
effect strain value increases, and the most obvious strain of 
equivalent effect strain value is at the root of the tooth. When 
the feed rate reaches 100%, the equivalent strain of the entire 
tooth profile of the gear blank increases to a certain extent, 
and further deformation occurs in the tooth thickness direc-
tion as well as in the radial direction of the gear blank. In 
the finishing stage, the billet teeth are formed, and it can be 
seen that the equivalent effect is basically uniformly distrib-
uted in the tooth profile direction. From the whole rolling 
forming evolution process, the maximum equivalent strain 
in different stages is in the tooth root area at the midpoint of 
the tooth width (as shown in Fig. 9).

It can be seen from the above analysis that during the 
rolling process, the groove of the gear blank is continuously 
squeezed by the tooth top of the mold gear, and the defor-
mation of the groove of the gear blank is the largest, so the 

equivalent strain of the groove of the gear blank is too large, 
and the maximum strain occurs at the offset tooth root of 
gear blank.

According to the analysis of equivalent stress and 
equivalent strain, it can be seen that during the rolling 
process, with the extrusion of the mold gear, the changes 
of the stress and strain of the gear blank are transferred 
from the tooth top to the tooth root and gradually increase. 
Therefore, as shown in the vector diagram of metal flow 
velocity, under the extrusion action of the tooth surface of 
the die, the surface metal material of the gear blank flows 
from the top of the tooth to the root of the tooth, resulting 
in the tightest metal material at the root of the gear blank 
formed by rolling. At the same time, some metal materi-
als flow to the small end and the top of the tooth profile to 
form burrs and lugs. These two excess materials need to be 
removed by machining after rolling (as shown in Fig. 10).

Therefore, based on the simulation analysis of the 
equivalent stress, equivalent strain, and metal flow veloc-
ity vector of hot rolling of straight face gear, it can be 
seen that during the hot rolling forming process, the metal 
material on the surface of the gear blank basically flows 
linearly from the top to the root of the tooth, and the metal 
material at the root of the gear blank is the densest.

3.2 � Influence of technological parameter setting 
on metal streamline of hot rolling

In this paper, the side section of face gear wheel blank is 
taken as the observation object, and the change of metal 
streamline of face gear is observed by setting the deforma-
tion of grid. At the same time, the influence law of friction 
coefficient, rolling feed speed, rotating speed, and rolling 
temperature on metal streamline in the forming process of 
gear wheel blank is to be analyzed.

3.2.1 � Influence of friction coefficient on metal streamline

In the rolling process, there are many factors that affect the 
flow of forming material of the machined gear teeth, and 
the friction between the tooth surfaces belongs to a complex 
mixed friction state in which liquid friction, dry friction, 
and boundary friction coexist. For the friction state, since 
both liquid friction and boundary friction are related to the 
lubrication state of the mold gear tooth surface and the rolled 

Table 5   Test factors and levels

Level Factor

A (°C) B (r/min) C (mm/s) D

1 950 0.1 30 0.1
2 1050 0.2 50 0.2
3 1150 0.4 70 0.4

Table 6   Simulation calculation results of orthogonal test

Scheme Factor Metal streamline 
defect (%)

A (°C) B (r/min) C (mm/s) D

1 950 30 0.1 0.1 26
2 950 50 0.2 0.2 31.2
3 950 70 0.4 0.4 100
4 1050 30 0.2 0.4 42.8
5 1050 50 0.4 0.1 57.2
6 1050 70 0.1 0.2 42.8
7 1150 30 0.4 0.2 57.2
8 1150 50 0.1 0.4 68.8
9 1150 70 0.2 0.1 74
k
1

52.4 42 45.9 52.4
k
2

47.6 52.4 49.3 43.7
k
3

66.7 72.3 71.5 70.5
R 19.1 30.3 25.6 26.8

Table 7   Good level and range 
of various factors

Factor R Good level

A 19.1 k
2

B 30.3 k
1

C 25.6 k
1

D 26.8 k
2
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gear tooth surface, therefore, the influence of lubrication 
state on the metal streamline is essentially the influence of 
friction factor between the mold gear and the machined gear 
on metal flow.

Three methods are usually adopted in rolling: no lubri-
cant, graphite lubrication, and spindle oil lubrication. The 
range of friction factors corresponding to different lubricants 
in hot rolling process can be obtained by looking up the data 
(as shown in Table 3), and 0.1, 0.2, and 0.4 are the average 
friction factor corresponding to the three lubricating states. 
Therefore, this paper selects these three different parameters 
as variables to analyze the influence law of friction coeffi-
cient on metal streamline.

Other parameters are set as follows: initial rolling tem-
perature 950 ℃, mold feed speed 0.1 mm/s, and gear blank 
speed 30 r/min (as shown in Fig. 11).

3.2.2 � Influence of feed rate on metal streamline

The parameters of mold feed rate are selected as 0.1 mm/s, 
0.2 mm/s, and 0.4 mm/s as the test parameters for simula-
tion. Other parameters are set as follows: friction coefficient 
is 0.1, initial rolling temperature is 950 ℃, and gear blank 
speed is 30 r/min. As shown in Fig. 12, the metal streamline 
on the surface layer of the gear blank will break and fold as 
the mold feed rate increases. The larger the feeding speed 
is, the more serious the fracture and folding defects of the 
metal streamline are.

3.2.3 � Influence of rotational speed on metal streamline

The rotational speed of the gear blank are selected as 
30 mm/r, 50 mm/r, and 70 mm/r as the test parameters for 
the numerical simulation. Other parameters are set as fol-
lows: feed rate is 0.1 mm/s, friction coefficient is 0.1, and 
initial rolling temperature is 950 °C. Figure 13 shows the 
morphological distribution of metal streamline at differ-
ent gear blank rotational speeds. As the rotational speed 
increases, chaotic and fractured defects appeared for the 
metal streamline between the gear blank and the tooth pro-
file, and the displacement of metal streamline on the top 
and side parts of the teeth are increased significantly with 
increasing speed. Under the influence of the violent flow of 
surface material, the streamlines within the tooth profile are 
disordered in terms of configuration and formation, and the 
effect of the rotational speed of the gear blank on the shape 
of the metal streamline is greater than that of other techno-
logical parameters.

3.2.4 � Influence of heating temperature on metal 
streamline

As the initial rolling temperature increases, the plasticity 
of the gear blank metal material increases, and the defor-
mation resistance decreases. The simulated initial rolling 
temperatures are set as 950 °C, 1050 °C, and 1150 °C. Other 
parameters are set as follows: friction coefficient is 0.1, feed 
rate is 0.1 mm/s, and gear blank speed is 30 r/min (as shown 
in Fig. 14). As the temperature increases, the plasticity of 
the metal material decreases substantially, and the metal 
streamline is prone to fracture, and the tooth profile surface 
layer is more easily deformed in the ultra-high temperature 
environment.

Fig. 16   The relationship 
between each parameter level 
and the scale factor

Table 8   Optimal parameter combination

A (°C) B (r/min) C (mm/s) D

1050 30 0.1 0.2
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3.2.5 � Analysis of metal streamline defects

A reasonable metal streamline should meet the following 
three points: firstly, the metal streamline of the processed 
gear is basically consistent with the profile of the gear teeth, 
and the streamline distribution should be coherent; secondly, 
the metal streamline direction of the gear teeth is parallel to 
the direction of the maximum tension and perpendicular to 
the maximum tangential stress during the meshing work of 
the processed gear; thirdly, there are no defects such as fold-
ing, fracture, and mixing inside the gear teeth.

By observing the results of the simulated metal streamline 
for each technological parameter combination rolling, the main 
defects appeared in this simulation are folding, streamline frac-
ture, and mixing flow (as shown in Fig. 15). By means of the 
observation of simulation of technological parameters, it is 
found that streamline fracture defects occur frequently, which 
is most obvious the rotating speed of the wheel blank reaches 

70 mm/r. The reason for when the tooth surface of the mold 
gear meshed with the wheel teeth of the processed gear, a small 
amount of metal material does not flow according to the normal 
flow path due to the mixed friction between the tooth surfaces; 
the metal streamline of tooth surface appears discontinuous and 
then cuts off, which seriously affects the profile of the gear 
teeth, and has a significant impact on the mechanical properties 
and mechanical properties of the processed gear. The main rea-
son for the occurrence of folding defects is the influence for the 
rotational speed of the processed gear and the rolling feed speed 
of mold gear. The folding defects make the properties of the 
metal material anisotropic, which has a great influence on the 
tensile strength and fatigue life of the metal, but folding defects 
only occur on the tooth surface of the gear teeth, and the gear 
tooth profile did not cause serious distortion. Metal streamline 
mixing is less frequent, and the situation is relatively mild and 
mainly exists on the tooth surface, which does not have a great 
impact on the overall streamline distribution of the gear teeth.

Fig. 17   Tooth shape and metal 
streamline diagram based on 
optimal technological parameter 
combination
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3.3 � Technological parameter optimization

According to the analysis of metal streamline defects, 
the combination of DEMATEL (decision-making trial 
and evaluation laboratory) and orthogonal test analysis is 
used to realize the optimization of hot rolling technologi-
cal parameters of straight face gear, and theoretical basis 
for hot rolling test and optimal metal streamline analysis 
are provided.

3.3.1 � Determination of metal streamline defect weight

In this paper, DEMATEL is used to assign weights to the 
metal streamline defects. The basic steps are as follows:

1.	 According to the collected relevant data, the initial 
matrix F is established.

2.	 The initial matrix F is standardized to get F′.

3.	 The comprehensive impact matrix F′′ is established.

4.	 Influencing degree, influenced degree, center degree, 
and cause degree of each factor are calculated. Q rep-
resents the row sum of matrix F′′ , and D represents the 

(7)F = [fij] =

⎡
⎢⎢⎢⎣

0

⋅ ⋅ ⋅

⋅ ⋅ ⋅

0

⋯ f
1n

⋯ ⋯

⋯ ⋯ ⋯ ⋯

fn1 ⋅ ⋅ ⋅ ⋯ 0

⎤
⎥⎥⎥⎦
, i, j = 1, 2, ..., n

(8)
F� =

F

n
max
i=1

�
n∑
j=1

fij

�

(9)F
′� = limk→∞

(
F
′ + F

′2 +⋯F
�k
)
= F

′
(
I − F

′
)−1

Fig. 18   Tooth shape and metal 
streamline diagram based on 
scheme 1 in the orthogonal test

1450 The International Journal of Advanced Manufacturing Technology (2023) 125:1439–1456



1 3

column sum of matrix F′′ . Then influencing degree is 
Q , influenced degree is D , center degree is Q + D , and 
cause degree is Q − D.

5.	 According to center degree Q + D and cause degree 
Q − D , the weight wi is calculated.

(10)Qj =

n∑
j=1

fij, i = 1, 2,⋯ , n

(11)Dj =

n∑
i=1

fij, j = 1, 2,⋯ , n

According to the calculation method, the weight distri-
bution of metal streamline defects is calculated (as shown 
in Table 4).

3.3.2 � Analysis of orthogonal test

The four processing technological parameters such as initial 
rolling temperature, rotational speed, feed rate, and friction 
coefficient are simulated in orthogonal test; this simulation 
test factors and levels are shown in Table 5. A is the initial 
rolling temperature, B is the rotational speed of processing 
gear, C is the feed rate, and D is the friction coefficient.

This test is based on four factors and three levels. The 
L9(34) orthogonal table is selected, and the metal streamline 
defect weight is used as the evaluation index. The machined 
gear is simulated according to the 9 variable combinations 
in Table 6; the influence degree ki (i = 1, 2, 3) and range R 
of element based on metal streamline defects are analyzed.

Table 7 shows the range and optimal level of each param-
eter. The size of the range value R reflects the degree of 
influence of each parameter on the metal streamline defects 
in hot rolling of straight face gear. The larger the range value 
R , the greater the influence of factors on the metal stream-
line defects and vice versa. From the range values obtained 
in Table 6, it can be seen that the parameter B (rotational 
speed) has the greatest influence on the technical streamline 
defects. Due to the increase of the meshing speed between 
the processed gear and the mold gear, with the increase of 
meshing times per unit time, the processed gear material is 
moved violently in a high-temperature environment, and rel-
atively serious metal streamline defects are resulted. When 
the speed reaches more than 70r/min, the metal streamline 
is severely fractured and accompanied by folding and mixed 
flow defects. Secondly, when the friction force, feed rate, 
and initial rolling temperature gradually increase, the prob-
ability of occurrence of metal streamline defects will also 
increase. The value ki (i = 1, 2, 3) in Table 7 is the degree of 
metal streamline defect, and the smaller the value, the better 
the metal streamline.

(12)
wi =

√
(Q + D)2 + (Q − D)2

n∑
i=1

√
(Q + D)2 + (Q − D)2

Fig. 19   Experimental setup diagram

Fig. 20   Experimental steps for 
rolling of face gear Installation 

of face gear 
blank

Induction 
coil heating Rolling feed

Post-processing 
of face gear 

forming
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According to Table 7 and Fig. 16, the degree of influ-
ence of technological parameters on metal streamline 
defects is as follows: the rotational speed of the wheel 
blank, the friction coefficient, the feed rate of the mold 
gear, and the initial rolling temperature. The optimal com-
bination of technological parameters is obtained (as shown 
in Table 8).

3.3.3 � Simulation comparison verification

In this paper, the optimal technological parameters and 
scheme 1 in the orthogonal test are selected to simulate the 
hot rolling of face gear. The tooth shape and metal stream-
line diagram after rolling are shown in Figs. 17 and 18.

According to the comparison of the tooth shape diagram 
of the two process parameter combination, it can be seen that 
the tooth profile based on scheme 1 in the orthogonal test 
has slight defects, and the tooth profile based on the optimal 
technological parameters is more complete. It shows that the 
optimal technological parameter combination can effectively 
suppress the forming tooth profile defects and improve the 
forming quality of the face gear.

According to the comparison of metal streamline diagram 
of the two process parameter combination, it can be seen that 
there are slight mixed flow defects in metal streamline at 
the tooth top and pitch circle of scheme 1 in the orthogonal 
test, the metal streamline based on the optimal technological 
parameters is relatively coherent and basically consistent 
with the gear tooth profile.

Therefore, the results proved that the metal streamline 
and the tooth shape based on the optimal technological 
parameters are better than those in scheme 1.

4 � Hot rolling test and metal streamline 
analysis

4.1 � Experimental verification

In this paper, hot rolling test of face gear is conducted on 
hot rolling test table. According to the two technological 
parameters combination of scheme 1 extracted from the 

A=1050   B=30r/min        A=950   B=30r/min 
C=0.1mm/s  D=0.2           C=0.1mm/s  D=0.1 

Fig. 21   Top view of gear

a

b

c

d

Fig. 22   Metal streamline of single gear tooth based on optimal tech-
nological parameters

c

a

b

d

Fig. 23   Metal streamline of single gear tooth based on scheme  1 in 
the orthogonal test
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orthogonal test and the optimal technological parameters, 
the face gear blank is rolled and processed in a continuous 
feed rolling process, and a comparative test is carried out. 
The experimental setup is shown in Fig. 19.

The basic steps of face gear rolling are as follows (as 
shown in Fig. 20).

The top view of face gears with the two technological 
parameters combination (as shown in Fig. 21).

4.2 � State and analysis of metal streamline

The sections of the formed gear teeth are sampled by 
wire cutting. Then rough grinding and fine grinding are 
performed to eliminate the machining marks left by wire 
cutting, followed by polishing. The metal streamline of 
different parts of the tooth are obtained by observing the 
metal streamline of the tooth top, tooth surface, tooth root, 
and tooth core (as shown in Figs. 22, 23, 24 and 25).

From the macroscopic streamline, the ferrite and 
pearlite structures of the wheel material are plastically 
deformed by the compressive stress of the mold gear. Dur-
ing the continuous rolling process, the ferrite and pearl-
ite structures are gradually elongated and finally forms a 
band-like structure distributed along the rolling direction 
of the mold gear.

It can be seen that the metal streamline is consistent 
with the gear tooth profile based on the optimal technologi-
cal parameter combination (as shown in Fig. 22), and the 
streamline is complete and coherent; based on the techno-
logical parameter combination of orthogonal test scheme 1 
(as shown in Fig. 23), the metal streamline at the tooth sur-
face is not clear enough, and a certain degree of mixed flow 
defects appeared.

The microscopic streamline analysis is carried out from 
tooth root, the surface of tooth pitch circle, tooth top, and 
tooth core.

(a) Tooth root 

(b) Tooth surface 

(c) Tooth top 

(d) Tooth core 

Fig. 24   Samples of metal streamlines diagram of optimal technological parameters
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Tooth root: compared with other parts, the metal struc-
ture at the root of gear tooth is the densest, with the 
largest deformation and the highest density of ferrite 
and pearlite. The closer to the tooth surface, the finer 
the metal streamline and the smaller the grain size.
Tooth surface: the microstructure at the pitch circle of 
gear teeth is also deformed ferrite + pearlite metal struc-
ture, which is larger than that in other parts. The grain 
distribution along the tooth profile is gradually coarse 
from outside to inside. The metal streamline density in 
this area is obviously lower than that in the tooth root. In 
addition, there are obvious large deformed ferrites and 
fine ferrite + pearlite structures at the pitch circle of gear 
teeth.
Tooth top and tooth core: the main components of the 
tooth top and tooth core are deformed ferrite + pearlite, 
and the metal streamline density decreases obviously. At 
the same time, there are fine broken grains in this area.

According to the comparison of micro-streamline 
between the two groups of process parameter combina-
tions (as shown in Figs. 24 and 25), it can be seen that 
the micro-streamline after process optimization has com-
plete deformation streamline, and its distribution state is 
better than that of the other group of process parameter 
combinations. At the same time, the plastic deformation 
of the rolling gear based on the optimal combination of 
process parameters increases, the streamline density of 
the gear surface increases obviously, the pearlite belt and 
ferrite belt are finer, and the grain breakage phenomenon 
is more severe.

Therefore, according to the analysis of metal stream-
line, it can be proved that the effectiveness of the optimi-
zation of the technological parameters, the better metal 
streamline distribution is obtained of straight face gear 
by hot rolling technology, and the metal streamline at the 
tooth root is the most compact. The metal streamlines of 

(a) Tooth root 

(b) Tooth surface 

(c) Tooth top 

(d) Tooth core 

Fig. 25   Samples of metal streamline diagram scheme 1 from the orthogonal test
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tooth surface, tooth top, and tooth center are almost per-
pendicular to the normal direction of tooth profile, which 
is beneficial to improve the bending fatigue and contact 
fatigue strength and prolong work life of straight face 
gears.

5 � Conclusions

In this paper, the numerical model of hot rolling form-
ing of straight face gear was established, the numerical 
simulation of rolling straight face gear was completed, the 
simulation of metal streamline deformation characteris-
tics during rolling forming was realized, and the influence 
law of technological parameters on forming quality was 
explored. Experiments and analysis show that the shape 
of the metal streamline in the rolling test was consistent 
with the numerical simulation result. The main conclu-
sions are as follows:

1.	 The equivalent stress field, strain field, and tooth mate-
rial flow trend were analyzed. It was found that the max-
imum stress value appeared at the contact between the 
mold wheel and the gear blank, and the maximum strain 
area appeared at the root of the tooth at the midpoint of 
tooth width deviation. The metal streamline at the root 
of the tooth is the most intensive, which is conducive to 
improving the tooth root bending strength.

2.	 By simulation analysis, the mechanism of the influence 
of technological parameters such as initial rolling tem-
perature, friction coefficient, rotational speed, and feed 
rate on the metal streamline were revealed, and the tech-
nological parameter optimization was completed based 
on the metal streamline defect analysis.

3.	 Rolling tests were carried out on the hot rolling test 
bench of face gears, and the tooth top, tooth face, 
and tooth root of the formed teeth were sampled. The 
internal microstructure and morphological character-
istics of the metal streamline of the tooth after hot 
rolling were observed by using electron microscope, 
and the distribution pattern of metal streamline in dif-
ferent parts was shown. This research shows that bet-
ter metal streamline distribution can be obtained by 
hot rolling, which is beneficial to improve the bending 
fatigue and contact fatigue strength of straight face 
gears.

4.	 In this paper, the research on the composition of metal 
streamlines aims to analyze the fatigue resistance mech-
anization of hot rolling forming technology for straight 
face gear; meanwhile, the feasibility of hot rolling form-
ing technology is verified, and the theoretical basis for 
improving the fatigue life of straight face gear is pro-
vided.
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