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Abstract

The gear rolling process using a conical gear roller was developed recently and has been proved to be feasible for forming
cylindrical gears. However, the rabbit ear defect, which is normally present in the traditional rolling process, still exists.
Therefore, an innovative structure for the conical gear roller is proposed to prevent rabbit ear defects. The size of the dedendum
circle during the tooth forming stage is determined according to the height of the growing tooth on the blank at each moment, and
the volume of the roller pressed into the blank is equivalent to that of the objective gear’s tooth space. Both simulations and
experiments are carried out to investigate the effects of the revised rollers on the rolling process. The results show that the
formation of the tooth profiles can be effectively confined to the desired volume cavity, so that there is no extra space for the
formation of rabbit ears. The tooth is fully filled, and the rabbit ear defects are obviously reduced. The experimental results agree
well with the numerical simulation. The present study can help in improving the integrity and accuracy of the formed teeth for the

gear rolling process.
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1 Introduction

The production of gears in practical industries is dominated by
the cutting process, which results in the wastage of significant
amounts of material. The rolling process has attracted consid-
erable attention from researchers, as a precision plastic
forming method. During the rolling process, the blank is ap-
plied a certain amount of force by the rack roller or gear roller
at room temperature. The material on the blank surface expe-
riences plastic deformation, and a tooth profile is gradually
formed due to the generation of motion between the blank
and the roller. Small module gears (m < 3) with five-stage
precision can be obtained from low tensile strength materials
using the cold rolling process, as reported [1]. Compared with
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the traditional cutting method, the gears formed by rolling
have better performance in terms of mechanical properties.
Moreover, the material utilization is also much higher in the
rolling process.

The forming accuracy of the tooth profile is always a re-
search hotspot in the rolling process for spline or gear parts.
Zhang et al. [2-4] studied the deformation characteristic of
thread and spline synchronous rolling process and analyzed
the influence of phase characteristic between dies on tooth
forming accuracy. In the gear rolling process, rabbit ear is a
serious defect which needs to be eliminated. Rabbit ear refers
to a tip on the tooth corner of the formed gear, as shown in
Fig. 1. It is caused by different flow rates of the materials on
the surface and inside of the blank. Various methods for im-
proving the forming accuracy in the gear rolling process have
been studied through experiments and numerical simulations.
Neugebauer et al. [5—8] established a simulation model for
gear rolling and proposed a various pitch method to improve
the forming accuracy of the tooth profile by 50%. Sasaki et al.
[1] developed a rolling machine based on computerized nu-
merical control (CNC) and obtained high-precision helical
gears corresponding to DIN 5 through a trial and error method.
Khodaee and Melander [9] studied the effects of reversal cy-
cles on the gear rolling process using the FEM method and
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Rabbit ear

Fig. 1 Rabbit ear defect

evaluated the dimension accuracy of the gear. Li et al. [10]
investigated the factors affecting the slippage defect and
forming accuracy. Ma et al. [11] presented an analytical model
for predicting the pitch error at the initial stage of the gear
rolling process.

A novel gear rolling process was proposed in our recent
study [12]. Unlike the traditional method, a gear roller with
various tooth profiles along the axial direction (we called it
conical gear roller) was applied. Moreover, the blank was fed
along the axial direction instead of feeding the roller along the
radial direction, as indicated in Fig. 2. In the rolling process,
the distance between the axis of the rollers and the blank is
kept unchanged. The blank is fed to the rollers in the axial
direction. After performing continuous rolling in different
stages, the outer part of the blank forms the objective tooth
profile when the blank departs from the roller. This novel
process has been proved to be feasible through numerical
simulations and experiments. It not only meets the variable
pitch requirements in tooth forming but also has the

Gear roller

advantages of uniformity of tooth graduation. However, the
widely appearing rabbit ear defect still exists in the process.
Therefore, in order to restrain the rabbit ear defect, we
attempt to optimize the structure of the conical gear roller in
this study. The dedendum of the roller in the tooth forming
stage is modified according to the tooth height during the
tooth growing process. The design principle is to make the
volume of the roller’s tooth space equal to that of the growing
tooth of the blank. This ensures that the outer profile of the
growing tooth can be enveloped by the dedendum and the
flank of the roller’s teeth at all times. In addition, the effects
of the conical roller with improved structure on the gear
rolling process are studied experimentally and numerically.
The results show that the teeth of the objective gear were fully
filled and that the rabbit ear defect was effectively restrained.

2 Design of conical gear roller

The formation of rabbit ear can be explained by analyzing the
force exerted on the growing tooth of the blank. As is seen
from Fig. 3, during a single rolling process, tooth C is mainly
subjected to the normal pressure and shear friction coming
from tooth A and tooth B of the roller. The materials on the
blank experience plastic deformation with the generation mo-
tion. The deformation mainly occurs on the blank surface
which contacts with the roller, and it leads to the fact that the
materials simultaneously flow to the top and bottom along the
flank of roller. Obviously, the materials are easier to flow to
the top since there is enough space. Therefore, a sharp tip is
formed at the tooth corner, and the tip gradually accumulates
and forms a rabbit ear.

Lietal. [13] and Wang et al. [14] also discussed the mech-
anism of formation of the rabbit ear in detail. Further, Li et al.
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Fig. 2 Schematic diagrams of a conical gear rolling and b single tooth’s structure along the axial direction

@ Springer



Int J Adv Manuf Technol (2019) 103:1621-1631

1623

(@) /% (’b)

Tooth A

AR

J
N . C

“Tum,
////////

Ooth

\

Tooth B

Fig. 3 Force analysis of a tooth growing process in the a initial stage, b middle stage, and ¢ final stage

[15, 16] studied the effect of process parameters on rabbit ear
defects and proposed some approaches to reduce the rabbit
ear. Fu et al. [17] investigated the large-diameter gear rolling
process with a local induction heating method and reduced the
rabbit ear defect. Ma et al. [18] designed a rolling tool using an
axial feed method and demonstrated that the positive adden-
dum modification on the roller could reduce the height of the
rabbit ear. However, the rabbit ear has not been completely
eliminated in the above open literatures. Actually, the rabbit
ear cannot be completely avoided only by optimizing the pro-
cess parameters or modifying the roller’s addendum structure.
Hence, Li [19] proposed a method of decreasing the rabbit ear
by restraining the growth of the tooth, as shown in Fig. 4.
During the rolling process, a cylindrical roller exerts pressure
on the tooth top of the blank. The roller gradually moves
backward along the radial direction with the growth of the
tooth. However, some problems still exist in the application
of this method. Firstly, it is difficult to ensure that the moving

Moving Backward

along radial direction \ CYlindrical

roller

Roller

Fig. 4 Schematic diagram of reducing rabbit ear by setting a cylindrical
roller on the tooth

speed of the roller is always consistent with the tooth growth
speed. Secondly, it is impossible to restrain the flow of mate-
rials to the end faces since there is no axial constraint.

In this paper, a method of controlling the tooth growth
is adopted to restrain the rabbit ear. Based on the geom-
etry of the previously designed conical roller [12], the
roller dedendum in the tooth forming stage was modified.
The module of the objective gear is 1 mm, and the tooth
numbers of the roller and objective gear are 61 and 31,
respectively. The detailed parameters of the previously
designed conical roller are given in Table 1 [12] and
Fig. 5.

During the gear rolling process, the volume of the roller
pressed into the blank is equivalent to that of the objective
gear’s tooth space. In addition, the growing tooth of the ob-
jective gear squeezes into the tooth space of the roller. The
enclosed volume of the tooth space can be adjusted by chang-
ing the dedendum position of the gear roller. If this enclosed
volume is exactly equal to the volume of the growing tooth,
the formation of the rabbit ear can be restricted.

From Fig. 5, the formula for calculating the radius of the
dedendum circle 7 is expressed as

re = a—r,~h; (1)
Table 1 Parameters of the previously designed conical roller
Parameters Value
Tooth number, z, 61
Module, m 1 mm
Radius of the dedendum circle, 7¢ 29.25 mm
Radius of the addendum circle in the tooth 30.75 mm
graduation stage, 7>
Radius of the addendum circle at heel in the 31.75 mm
tooth forming stage, 7,
Tip radius at heel in the tooth forming stage, r. 0.4 mm
Pitch Pressure angle at heel in the tooth forming stage, oy~ 19.75°
Cone angle of the gear roller in the tooth forming stage, 1 10°
Length of gear roller in the tooth forming stage, / 5.67 mm
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Fig. 5 Geometry of the
previously designed conical
rollers

where 7¢1s the radius of the gear roller’s dedendum circle, a is
the distance between the axial center of the gear roller and the
blank, r, is the radius of the blank, and 4; is the height of the
growing tooth.

The relation between the height of the growing tooth #; and
the axial feed of the blank in the forming stage f can be
expressed as A= (f). When the blank is fed to the conical
gear roller in the tooth forming stage, the volume of the roller-
in-blank is equal to that of the growing tooth. Thus, the value
of A; can be obtained.

For simplifying the calculation, the geometry of the model
is assumed as follows: (1) There is no fillet on the tooth of the
gear roller and the objective gear. (2) The feed during the
entire process is regarded as radial feed in order to easily find
the relation between the material growth occurring on the
blank and the material extruded by the roller. (3) The material
flow in axial direction is ignored, and the process is consid-
ered as plane deformation. Hence, the diameter of the ideal
dedendum circle can be calculated by establishing the formula
for area equivalence relation between the materials grown and
the materials extruded at any cross section during the entire
tooth forming stage.

The area of roller-in-blank S,.j; can be divided into two
parts. The first one is Sapcp, Which is enclosed by the
dedendum circle, base circle, and tooth profile of the objective
gear. The second one is Scpgg Which is outside the base circle
of the objective gear. The schematic of these two parts is
shown in Fig. 6.

The formula for calculating the tooth thickness on any cir-
cle of the involute gear is

S = r—ks—2rk(invak—inva)
nvoy r: tanay—o (2)
o = arccos—>
Tk
where sy is the tooth thickness on any circle of the involute
gear, s is the tooth thickness on the reference circle, ry is the
radius of any circle on the involute gear, oy is the pressure
angle at any point on the involute gear, and « is the pressure
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The tooth thickness on the base circle of the objective gear
Sb is

1 .
Sp = 5 mmeosa + mzcosainva (3)

where z is the tooth number of the objective gear and m is the
module.

Therefore, the tooth space thickness on the base circle of
the objective gear s," and its center angle ¢, is

;27 Tmz coS Qv
Sy = —Sp = —Sp
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where r, is the base radius of the objective gear.
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Fig. 6 Schematic diagram for calculating the grown tooth /; during the
rolling process
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Table 2 Growing tooth 4; and —
radius of the roller’s dedendum Position number Pl P2 P3 P4 P5
circle r¢ at several discrete axial
Height of growing tooth, /; (mm) 0.33 0.47 0.63 0.83 1.10
Radius of roller’s dedendum circle, 7 (mm) 30.27 30.13 29.97 29.77 29.50
Therefore, Sapcp can be calculated using the following hj = ¢(f) (11)

equation:

T—2zinvo
SABCD = —, (1) (6)
z
where r¢ is the radius of the dedendum circle of the objective
gear.
The area Scpgr outside the base circle can be calculated by

following equation:

rothi (271
Scoer =1, ( - *Si)di’i

i

2 )
— If:”" ( ALARA + Zriinvai—Zriinva) dr (7)
z r

rothi | 270 Ty . N .
= { L—Lg + 2niiny (arccos— —2riinva | dry
P !

where 7; is the distance of the roller-in-blank outside the base
circle.
Thus, the formula for calculating the total area of the roller-

in-blank S,.)icr can be obtained as follows:

22NV gyt
Sroller = SABCD + ScDEF = N j,,b

(8)

2mri —ﬁs + 2riinv (arccosr—b) =2r; invoe] dr;
Z r Ty

With the gear roller rolling into the blank, the materials on
the outer circle of the blank gradually grow to form a complete
tooth. The area of the growing tooth Sy, can be calculated
by the following equation:
2 +hy (Ti . .
Shlank = :f ! (—]sf2rimvozi + 2rimva) dr;

vtk [ 9)
— Ir:-% [rls—Zriinv (arccosrl?) + 2riinva} dr;

r ri

According to the relation among the axial feed distance,
radial feed distance, and cone angle [12], the distance of the
roller-in-blank outside the base circle 4; can be expressed as
hi = 0.835%,;@ [0,tan10’] (10)

tan10

By combining Egs. (8), (9), and (10), the relation between
the height of the growing tooth 4; and axial feed distance fin
the tooth forming stage can be obtained as follows:

Since Eq. (11) is a complicated function equation, the value
of A can be calculated using MATLAB. Thus, the radius of
dedendum circle of the roller can be obtained according to
Eq. (1).

Table 2 gives the growing tooth /; and the dedendum
circle of the roller 7¢ at several discrete axial feed positions.
Figure 7 shows the curve of the dedendum circle based on
Egs. (1) and (11).

As is seen from Fig. 7, the dedendum circle of the roller
decreases rapidly along the axial direction, and it is consistent
with the trend of the tooth growth. The radius of the dedendum
circle in the tooth graduation section is adjusted to be
30.40 mm in order to permit tooth growth in this stage. In
addition, a fillet is set at the junction of the tooth forming
and finishing stages. Figure 8 shows the dedendum of the
roller before and after revision.

3 Numerical simulations

To verify the effects of the revised conical gear roller, numer-
ical simulation of the rolling process was carried out using
DEFORM-3D. According to the equal volume principle, the
radius of the blank r, is calculated as 15.4 mm. In order to
enhance the simulation efficiency, a blank with a half-circular
shape is utilized, and the thickness is chosen as 0.5 mm. Since
the rolling process is a cold forming process, pure aluminum
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Fig. 7 Variation diagram of the revised dedendum cycle’s radius
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with good plasticity is selected as the blank material. To pre-
vent blank eccentricity, the motion relationship between the
blank and roller is set as follows. The blank is kept fixed,
while the roller is rotated and fed. Moreover, the blank’s rota-
tion is converted into the gear roller’s revolution. The process
parameters in the numerical simulation are shown in Table 3.
The finite element model of the conical gear rolling process is
shown in Fig. 9.

Figures 10 and 11 show the simulated results for the veloc-
ity fields of the blank using the revised and unrevised rollers,
respectively, in the tooth forming stage. As seen in Fig. 10, the
space is enveloped by the roller’s dedendum, and the tooth
flank of the adjacent teeth becomes smaller. The volume of the
tooth space is equal to the volume required for the tooth
growth. This ensures that the tooth forming process can be
confined to the predetermined cavity at each moment. Thus,
there is no extra space for the formation of rabbit ear.
Although the materials at the tooth top have an upward flow
tendency, they are prevented by the dedendum of the rollers.
However, this is not the case when using the unrevised rollers,
as shown in Fig. 11. The rabbit ear appears from the beginning
and increases gradually during the entire forming stage.

After the completion of the tooth forming stage, the tooth
morphology using the revised and unrevised rollers is obtain-
ed as shown in Fig. 12. It can be seen that the tooth has been
fully filled, and the rabbit ear has almost disappeared when
using the revised gear roller.

Figure 13 shows a part of the tooth morphology at the
center section plane of the obtained gear after the tooth
finishing stage. The section of the conical roller is converted
into a standard gear in this stage. It can be seen that the tooth
profile is further improved by repeated rolling and meshing
with the standard gear. When the blank is away from the
rollers, the tooth profile of the obtained gear is very close to
that of the standard gear.

In order to evaluate the accuracy of the obtained gear fur-
ther, the various dimensional parameters shown in Fig. 13 are
compared with those of the standard gear. Table 4 lists the
average values of the parameters by measuring 15 teeth. The

Table 3  Process parameters of the rolling process in finite element
modeling

Parameters Value
Angular velocity of the gear roller’s revolution, wy, 30 rpm
Angular velocity of the gear roller’s rotation, wy, 15.246 rpm
Distance between the axial center of gear roller and blank, ¢ 46 mm
Axial feed speed of the roller, v, 0.1 mm/s
Friction factor 0.12

addendum height, dedendum height, tooth thickness, tooth
space width, and pitch are based on the theoretical pitch circle
of the standard gear. From Table 4, it can be seen that the
values of most parameters are almost the same as that of the
standard gear. However, compared to the standard gear, the
addendum circle is slightly smaller and the dedendum circle is
larger, which results in inadequate tooth depth. In the future,
the addendum of the conical roller should be improved further.

4 Experimental verification

An experiment for the conical gear rolling process using re-
vised rollers was carried out using a self-made device to fur-
ther validate the effect of restraining the rabbit ear defect. A
18Ni300 steel roller was manufactured using 3D printing
technology (selective laser melting technology) due to its
complicated structure. In addition, the roller was heat-treated
to improve its strength after manufacture. As the material for
the blank, we selected 1100 aluminum alloy. The thickness of
the blank was designed to be 5 mm, and two similar blanks
with thicknesses of 3 mm or 4 mm were fixed at both end
faces and used as baffles. Due to the limited load capacity of
the device, the rotation velocity of the roller was around
10 rpm during the experiment. The other conditions were
consistent with that in the simulation. The device and the
experimental process are shown in Fig. 14.

Fig. 8 Schematic diagram of the | TOOH} | Tooth | T_OOt_h \
revised dedendum on the conical | graduation : forming : finishing
gear roller : stage | | :
_@ | | o
| - Dedendum before revision
| —Dedendum after revision
Blank

|~ Addendum
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Fig.9 Finite element modeling of
the a rolling process and b
enlarged blank

Figure 15 shows the gear samples obtained after the rolling
experiments. As can be seen from the axial view shown in
Fig. 15a, the tooth profile of the obtained gear is close to that
of the standard gear. Moreover, the obtained gear samples can
mesh well with each other. However, although the baffles
prevented the axial flow of the material, some material still
overflowed to the end face near the forming regions. In
Fig. 15a, the top row shows the entrance surface of the sample,
while the bottom row shows the exit surface. It is observed
that the overflowing phenomenon at the exit face is more
serious than that at the entry face. This leads to inadequate
tooth width of the obtained gears. From the radial view shown
in Fig. 15D, it is seen that the surface quality of the tooth is
lower than that obtained when manufactured using the cutting
method.

stepdisz

Lz s

Figure 16 compares the tooth morphology of the gear sam-
ples obtained using the revised roller and unrevised roller.
Obviously, the rabbit ear does not appear on the tooth pro-
duced using the revised roller. This indicates that the revised
conical gear roller has successfully restrained the formation of
rabbit ear.

Figure 17 shows the tooth profiles obtained by cutting the
blank along the radial direction during the feeding process.
From Fig. 17, it is seen that the rabbit ear does not appear in
the entire duration of the tooth forming stage. It is demonstrat-
ed that the forming region of the tooth shape has been con-
fined in the predetermined cavity based on the above calcula-
tion and design. It also agrees well with the numerical simu-
lation results.

| Stepstss )
| _ Velocky - Total v (mmscc)

Fig. 10 Velocity field of the blank and tooth formation in the gear rolling process using the revised rollers. a One-third feed. b Two-third feed. ¢

Complete feed
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Table 4 Parameters of the gear

rolled by the revised conical roller Parameters Obtained gear Standard gear Deviation

and standard gear
Radius of addendum circle, r, (mm) 16.458 16.500 -0.042
Radius of dedendum circle, ¢ (mm) 14.437 14.250 +0.187
Addendum height, A, (mm) 0.958 1.000 -0.042
Dedendum height, /; (mm) 1.063 1.250 -0.187
Tooth depth, / (mm) 2.021 2.250 -0.229
Tooth thickness, b (mm) 1.577 1.571 +0.006
Tooth space width, e (mm) 1.582 1.571 +0.011
Pitch, p (mm) 3.159 3.142 +0.017

Fig. 15 Obtained gear samples in
the a axial view and b radial view

'lhlﬁml

Overflowed
materials

Fig. 16 Tooth morphology on the
gear samples obtained by using a
revised rollers and b unrevised
rollers
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Fig. 17 Tooth profiles at the cross
section after radial cutting at a
one-third feed, b two-third feed,
and ¢ complete feed

5 Conclusions

The rabbit ear is a severe defect, which is difficult to be elim-
inated in the gear rolling process. In this paper, a revised
method for the dedendum of the conical gear roller was pro-
posed to restrain rabbit ear defects. Numerical simulation was
conducted to study the effects of the modified rollers on the
rolling process, and the simulated results were further verified
by performing rolling experiments. The main conclusions are
summarized as follows.

M

@

G)

By revising the dedendum structure of the conical gear
roller, the volume enclosed by roller’s tooth flank and
dedendum can be accurately adjusted to that required
for the tooth growth. Thus, there is no space for the
formation of rabbit ear. The detailed formulas to calcu-
late the radius of the dedendum circle are given in the
paper.

The simulated results showed that when the revised rol-
lers were used, the tooth formation was confined to the
predetermined cavity at each moment. Rabbit ear was
not formed during the entire gear rolling process. The
obtained gear has a good pitch but inadequate tooth
width, which means that the addendum of the conical
roller should be improved further.

In the experiments, it is observed that the gears obtained
using the revised rollers have a good tooth shape and no
rabbit ear. The results prove that the proposed method of
revising the roller’s dedendum has obvious positive ef-
fects on avoiding the rabbit ear defect.
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