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Abstract
The “rabbit ear” defect in gear rolling is closely related with the flow state of the metal in local area. The material of the blank and
its temperature state affect the flow state of the metal directly, thus affecting the tooth morphology. In this paper, the quantitative
evaluation index of the tooth morphology in gear rolling is established. Through the numerical simulation, the change law of the
tooth morphology with different materials such as carbon steel, pure aluminum, and wrought aluminum and that with different
forming temperatures are acquired and the reasons are analyzed. Using self-developed gear rolling experiment device, the
experiment study of gear rolling is done while pure aluminum, Al_2017, and lead are selected as the material of the blank; the
simulation results are verified experimentally. The results provide a scientific basis for the choice of the blank’s material and the
forming temperature, controlling the rabbit ear defect and improving the forming quality of gear rolling.
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1 Introduction

Aimed to reduce the great deformation resistance in gear forg-
ing, scholars put forward solutions, such as the application of
the principle of shunt in cold precision forging of spur gears
proposed by Ohga et al. [1], the floating concave die adopted
in gear cold precision forging process raised by Tuncer et al.
[2], and a two-step gear forging process put forward by Choi
et al. [3], Jung et al. [4], Kondo et al. [5], Kou et al. [6].
Although the proposed methods by the above studies have
reduced the deformation resistance, the gear forging process
still has many problems such as easily damageable dies, in-
complete filling of the tooth corner, and difficult withdrawal
from the die because of a larger load. To overcome the prob-
lemsmentioned above, the gear rolling process is proposed for
consideration. The gear rolling process is an emerging

forming technology, based on generating motion principle,
combined with rolling and scrubbing process. The gear rolling
process can overcome the above defects in gear forging, be-
cause the blank is extruded locally and continuously by the
gear rollers, the deformation resistance is smaller and corner
parts are easier to be filled. In conclusion, the gear rolling
process has better prospects.

As shown in Fig. 1, two gear rollers (gear mold) are
installed symmetrically on two sides of the blank in paral-
lel; they contact the outer edge of the blank initially and
rotate in the same direction to drive the blank rotate reverse-
ly, at the same time, the gear rollers feed along the radial
direction to extrude the blank and make the metal flow to
form the tooth.

In the gear rolling process, because of generating motion
relationship between the gear rollers and the blank, the blank
should be formed into the envelope tooth of the gear roller;
however, the metal on the surface of the blank is extruded;
thus, its flow state is inconsistent with the flow state of the
metal inside, which causes the rabbit ear and other defects to
affect the tooth morphology of the rolled gear, as shown in
Fig. 2.

Related researches about tooth morphology in gear
rolling have been carried out. Zhu established the quantita-
tive evaluation index of tooth tip pulling, with the numeri-
cal simulation, the tooth tip pulling in different working
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conditions and the significant influence of the process pa-
rameters in hot gear rolling were analyzed [7]. Zhu et al.
analyzed the change of the relative friction direction on the
tooth profile and its influence on the metal flow direction of
the tooth profile based on theory analysis, simulation, and
experiments [8]. Wang et al. proposed a method of elimi-
nating the rabbit ear defect by adding cylinder wheel [9].
Kamouneh et al. proposed a way to increase tooth filling
quantity by forward and reverse rotation of gear rollers,
with simulation and measurement; it is confirmed that when
the proportion between the positive rotation and the reverse
rotation is 7:3, the tooth filling amount is the biggest [10].

Li et al. analyzed the stress state, deformation zone distri-
bution, and flow of material to acquire the forming mecha-
nism of rabbit ear defect, by finite element simulation of
gear rolling process, and verified by experiment [11]. Li
et al. give the influence law of process parameters, such as
the feed of the gear roller, the friction factor, and the tooth
number of the gear roller on the rabbit ear in gear rolling by
simulation combined with experiments [12]. Although pa-
pers above are focused on the tooth morphology of rolled
gear, but most are about the formation of rabbit ear, not
about the impact of the blank material, forming temperature
on the tooth morphology.

The flow behavior of the metal is closely related with ma-
terial and its status; therefore, in this paper, the gear rolling
process with the blank of different materials and in different
forming temperatures is studied, the quantitative evaluation
index of tooth filling degree is established, the change law
of the tooth morphology with different materials and different
forming temperatures is analyzed and acquired, the results can
provide a scientific basis for a reasonable choice of the mate-
rial of the blank and the forming temperature, increasing the
filling rate of the tooth and improving the forming quality of
the rolled gear.

2 The evaluation index of the tooth

The filling rate of the tooth has an important influence on the
forming quality of the gear, so the filling rate is used as the
index of the tooth, by which to measure the effect of various
process conditions on tooth morphology.

As shown in Fig. 3, V0 is the effective tooth volume of
one tooth, VRE is the rabbit ear volume of one tooth, the
ratio of the effective tooth volume to the total tooth volume
should first be worked out, and then the average value of the
ratio from all the forming teeth is used as the filling rate of
the rolled gear, which is the evaluation index of the tooth, as
shown below
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where n is the tooth number of the gear to be formed.

Fig. 1 Schematic diagram of gear rolling

Rabbit ear

Fig. 2 The rabbit ear in gear rolling

Fig. 3 Volume distribution schematic diagram of the rabbit ear and the
effective tooth

Table 1 Basic parameters of gear rolling in FEM model

Basic
parameters

Number of
teeth on
the gear to
be formed

Number of
teeth on the
gear roller

Friction
factor

Forming
temperature

Blank
grid

Value 31 51 0.10 20 °C 100,000

346 Int J Adv Manuf Technol (2018) 97:345–352



3 The finite element model of the gear rolling
process

The gear rolling process is simulated by Deform-3d software.
The basic parameters and environment variables are shown in

Table 1. Specific settings are as follows: the gear to be formed
and gear rollers are standard, the modulus is 1, the pressure
angle is 20 degree, the thickness of the blank is 4 mm, the
blank diameter is acquired according to the principle of equal
chord length; a shearing friction model is set on the contact

Fig. 4 Rabbit ear morphology in
gear rolling at the different rolling
feed

Table 2 The volume percentage of the total tooth the effective tooth occupies with different materials from the simulation results

Blank material Al_1100 Al_2017 DIN_C45

The volume percentage of the total
tooth the effective tooth occupies (%)

99.92 98.10 97.32

(a) Al_1100 (b) Al_2017 (c) DIN_C45

Fig. 5 Constitutive relationship of three different materials. a Al_1100. b Al_2017. c DIN_C45
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surface between the gear roller and the blank, and the friction
factor is set as 0.10; because deformation of the metal is cen-
trosymmetric, deformation concentrates in the annular region
of the outer circle in the gear rolling process, and the axial
deformation is ignored; in order to improve the efficiency of
simulation, only the semi annular blank with 1/2 axial thick-
ness and 7 mm radial thickness is simulated, and the symme-
try planes are set constraints. The grid number of the blank is
set 100 thousand, and the outer circle of 5-mm radial thick-
ness, that is the main deformation region, is refined, and the
mesh density ratio is 0.01. In order to prevent axial overflow,
rigid baffles are arranged. The rigid gear rollers drive the blank
and the slipping is ignored, which can be simplified as the
blank is fixed, and the gear rollers rotate and revolve around
the center of the blank. The radial feed of gear roller is

0.15 mm/s. The revolution speed of the gear roller is π rad/s,
the rotational line speed of the gear roller is ensured equal to
the revolution line speed. The geometric relation is shown in
Fig. 4.

4 The influence of the material of the blank
on the tooth morphology in gear cold-rolling

In this paper, the gear cold-rolling process with Al_1100,
Al_2017, and DIN_C45 (material type as shown in Table 2)
selected as the material of the blank is simulated, and the tooth
morphology of the rolled gear is studied. The constitutive
models of three different materials are shown in Fig. 5.

(a) Al_1100 (b) Al_2017                (c) DIN_C45

Fig. 6 The tooth morphology of
rolled gear with different blank
materials. a Al_1100. b Al_2017.
c DIN_C45

(a)Al_1100 (b) Al_2017               (c) DIN_C45

Fig. 7 Equivalent strain rate of rolled gear with different blank materials. a Al_1100. b Al_2017. c DIN_C45

(a)400 C (b) 700 C (c) 1000 C

Fig. 8 The tooth morphology of
rolled blanks with DIN_C45
selected as blank material in
different forming temperatures. a
400 °C. b 700 °C. c 1000 °C
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From Fig. 6, it can be seen, as the feed of the gear roller is
1.00 mm, when the material is Al_1100, the tooth top of the
rolled gear is smooth, no obvious protrusions; when the ma-
terial is Al_2017, there are slight protrusions on both sides of
the tooth top; when the material is DIN_C45, obvious protru-
sions appear on both sides of the tooth top.

Figure 7 is the equivalent strain rate diagram of rolled
gear with different materials when the feed of the gear roller
is 1.00 mm. As can be seen from Fig. 7, larger deformation
exists on the flank of the blank which is extruded by the
gear roller, where equivalent strain rate is larger, and the
equivalent strain rate decreases towards inside along the
normal direction of contact surface. While the difference
of the equivalent strain rate between the tooth flank and
the inside is smaller, besides metals on the surface, metals
inside flow towards the tooth top, protrusions on both sides
of the tooth top are smaller, and the proportion of the effec-
tive tooth is larger, as shown in Fig. 7a. And with the in-
crease of the difference of the equivalent strain rate, only
metals on the surface flow towards the tooth top along the
direction of the tooth flank, the deformation of metals inside
is smaller, therefore the protrusions are bigger, the rabbit ear
is obvious, the proportion of the effective tooth is smaller,
as shown in Fig. 7b, c.

5 Influence of forming temperature on tooth
morphology

Metals in different forming temperatures show different sta-
tuses; thus, the forming temperature has a direct influence on
the tooth morphology. The gear rolling process with DIN_C45
selected as the blank material in different forming tempera-
tures is simulated; the tooth morphology of the rolled gear in
different forming temperatures is analyzed.

In order to analyze the effect of the forming temperature on
the tooth morphology, the gear rolling process in 400, 700,
and 1000 °C is simulated. Figure 8 shows the tooth morphol-
ogy with the same feed of the gear roller in different forming
temperatures. From the figure, it can be seenwhen the forming
temperature is 400 °C, the protrusions on the tooth top are
obvious; when the forming temperature reaches 700 °C, the
protrusions are not obvious; when the forming temperature is
1000 °C, the protrusions almost disappear. From the tooth
morphology of the rolled gear, we can see that with the in-
crease of forming temperature, the volume of the protrusions
decreases, and the proportion of the effective tooth volume
gradually increases.

(a)400 C (b) 700 C (c) 1000 C

Fig. 10 Isochromatic image of velocity field of the rolled blank in different forming temperatures. a 400 °C. b 700 °C. c 1000 °C

Fig. 11 Gear rolling experimental apparatus

Fig. 9 Changes in the effective tooth volume percentage with different
forming temperatures
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The simulation results, that is, the volume percentage of the
total tooth the effective tooth occupies as a function of the
forming temperature is shown in Fig. 9.

It can be seen from Fig. 9 that with the increase of the
forming temperature, the volume percentage of the total tooth
the effective tooth occupies increases. Figure 10 is the
isochromatic image of velocity field when the feed of the gear
roller is 1.00 mm in different forming temperatures. It can be
seen from Fig. 10, when the forming temperature is lower,
the flow velocity of the metal on the right side of the top
tooth is faster than that in the center and on the left side of
the tooth top, leading to protrusions on the right side of the
tooth top, that is the rabbit ear, as shown in Fig. 10a; with
the increase of the forming temperature, the difference of
the velocity gradually decreases, so the aggregation of met-
al on the right side of the tooth top diminishes, the right
rabbit ear is smaller, as shown in Fig. 10b; when the tem-
perature is increased to 1000 °C, the velocity is consistent,
no protrusions form on the tooth top, no rabbit ear appears,
as shown in Fig. 10c. It can be explained by the principle of
the plastic yield area variation with the temperature. When
the forming temperature is lower, the hardness of the

materials is higher, only the metal on the surface yields to
deform, the fluidity of the metal on the surface of the flank
is better, therefore, much more metals flow to the two sides
of the top tooth, and the fluidity of the metal in the center is
poor, less metals flow to the center of the tooth top, the
rabbit ear forms, the volume percentage of the total tooth
the effective tooth occupies is smaller; when the forming
temperature is higher, the hardness of the metal is lower,
deformation zone extends from the interface to the inside,
the fluidity of all the metals in the tooth is better, the same
amount of metals flow to two sides of the tooth top and to
the center of the tooth top, therefore, there is not metal
gathering on the tooth top, no obvious protrusions appear,
the rabbit ear is small or disappearing, the volume percent-
age of the total tooth the effective tooth occupies is larger.

As we all know, the hardness of DIN_C45 decreases grad-
ually with the increase of the forming temperature. As can be
seen from Fig. 9, with the increase of the forming temperature,
the hardness of the blank decreases, the volume percentage of
the total tooth the effective tooth occupies increases. At room
temperature, in order of their hardness, Al_1100 is the least,
and Al_2017 is second to Al_1100, while DIN_C45 is the
most [13, 14]. As can be seen from Table 2, the volume per-
centage of the total tooth the effective tooth represent de-
creases gradually with the increase of hardness of material.
Therefore, from simulation results of different blank materials
and different forming temperatures, we can draw the follow-
ing conclusion: in the gear rolling process, the volume per-
centage of the total tooth the effective tooth occupies has the
tendency of increasing with the decrease of the blank’s hard-
ness. The above conclusion is further analyzed from the

(a) Al_1100             (b)Al_2017                 (c)Lead

Fig. 12 The tooth morphology of the specimen with different materials. a Al_1100. b Al_2017. c Lead

Fig. 13 The diagram of the tooth area acquired with the mesh tool in
Flash software

Table 3 The volume percentage of the total tooth the effective tooth
occupies with different materials in experiment

The specimen material Al_1100 Al_2017 Lead

The volume percentage of the total tooth
the effective tooth occupies (%)

99.56 92.22 99.92
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mechanism of the rabbit ear. In the gear rolling process, the
surface metal on the tooth flank is extruded by the gear roller
and flows towards the two sides of the tooth top based on the
principle of least resistance. The difference of flow velocity be-
tween the two sides of the tooth top and the center results in the
formation of the rabbit ear [11]. When the hardness of the ma-
terial is smaller, the inner metal will also deform and flow when
the tooth flank is extruded by the gear roller, the difference of the
velocity between the surfacemetal and the innermetal is smaller,
so the volume percentage of the total tooth the effective tooth
occupies is larger. On the other hand, when the hardness is larger,
the fluidity of the inner metal is poor, and the difference of the
velocity is larger, which leads to larger rabbit ear, the percentage
of the total tooth the effective tooth occupies is smaller.

6 Experiments

Based on the principle of gear rolling, a set of gear rolling
experiment device with double gear rollers is designed and
processed, as shown in Fig. 11. The roll force provided by the
experimental device is limited, no heating equipment; therefore,
only the specimen of Al_1100, AL_2017, and leadwhose prop-
erty is similar to that of DIN_C45 in hot forming are rolled at
room temperature. Experimental conditions are set as follows:
the number teeth of the gear roller is 51, the number teeth of the
gear to be formed is 31, both the modulus are 1, the pressure
angle are both 20 degree, the rotation speed of the gear roller is
set as 18 r/min corresponding with the simulation, the feed
speed of the gear roller is 0.15 mm/s, the tooth morphology is
observed while the feed of the gear roller is 1.00 mm.

As shown in Fig. 12, from the photos of the specimens, it
can be seen, while the material is Al_1100, the tooth top is
smooth; while the material is Al_2017, protrusions appear on
both sides of the tooth top; the tooth morphology of rolled gears
with Al_1100 and Al_2017 selected as material in the experi-
ment is consistent with that in simulation. When the material is
lead, the tooth top of the specimen is flat, and there is no pro-
trusion on both sides, which is consistent with the simulation
result of DIN_C45 in hot rolling. By Flash software, the photos
of the specimens are imported into the software, a single tooth is
cut out using the cutting tool, as shown in Fig. 13, the area of
the rabbit ear and the effective tooth of every tooth is estimated
with the mesh tool, so as to obtain quantitative values of the
filling rate with different materials, as Table 3 shows. It can be
seen from the result of the experiment, three kinds of materials,
with the increase of the hardness, the volume percentage of the
total tooth the effective tooth occupies decreases, which is con-
sistent with the simulation result.

7 Conclusions

According to the motion relationship between the gear rollers
and the blank in gear rolling, the numerical model of gear
rolling is established, the gear rolling process is simulated with
different metals selected as blank material such as Al_1100,
Al_2017, and DIN_C45. The gear rolling process of
DIN_C45 in different forming temperatures is simulated too.
And the gear rolling process is studied experimentally. The
corresponding conclusions are as follows:

1) The tooth filling rate as the quantitative evaluation index
of the tooth is established in gear rolling, that is, the ratio
of the effective tooth volume to the total tooth volume
should first be worked out, and then the average value
of the ratio from all the forming teeth is used as an index
to evaluate the tooth morphology;

2) The simulation result of gear cold-rolling with different
metals shows that when Al_1100, Al_2017, and
DIN_C45 is selected as the blank material in turn, the
volume percentage of the total tooth the effective tooth
occupies gradually decreases;

3) The simulation result of gear rolling in different forming
temperatures shows that when DIN_C45 is selected as the
blank material, with the increase of the forming tempera-
ture, the volume percentage of the total tooth the effective
tooth occupies increases;

4) From the simulation results of different materials and dif-
ferent forming temperatures, it can be seen that the vol-
ume percentage of the total tooth the effective tooth oc-
cupies increases with the decrease of the hardness of the
blank material;

5) The gear rolling experiment shows that when Al_1100
and Al_2017 is selected as the blank material in turn,
the volume percentage of the total tooth the effective
tooth occupies decreases, which is consistent with the
simulation; when lead is selected as the blank material,
the rabbit ear is small, the volume percentage of the total
tooth the effective tooth occupies accounts for 99.92%,
which is consistent with the simulation result of DIN_C45
in hot rolling; the volume percentage of the total tooth the
effective tooth occupies in experiment also increases with
the decrease of the hardness of the metal, which is con-
sistent with the simulation.
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