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Abstract Gear rolling with local induction heating process is a
novel method to produce large-diameter gears with great ad-
vantages. To investigate the gear forming process, a simplified
finite element (FE) model coupling electromagnetic-thermal
and deformation fields is developed in the DEFORM-3D soft-
ware and is validated by corresponding experiments.
According to the numerical and experimental results, produc-
ing large-diameter gears using gear rolling process with local
induction heating is feasible. Moreover, the blank heated by
local induction heating has a temperature gradient distribution
in the radial direction, which results in the defect reduction of
inner hole enlarging. Thanks to the heat compensation function
of induction heater, the defect of metal folding in the tooth top
of'the blank is reduced. In addition, the formability is improved
by using local induction heating and the rolling force drops
drastically compared with cold rolling process.

Keywords Gear rolling - Local induction heating - Finite
element modeling - Experiment

1 Introduction

Involute gears are essential machine parts in many types of
devices, especially in the transportation equipment. Gears are
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applied to transferring power with a certain ratio of palstance
between two shafts. In addition, they are applied to transmit-
ting a particular angular motion from one shaft to another. In
both cases, they usually suffered cyclic load and severe stress.
[1] The majority of gears are machined from blanks by hob-
bing followed by a finishing process. These processes are
technologically demanding, and they produce a lot chips as
waste. As a result, there is industry interest in the near net
shape forming of gears, which is becoming increasingly im-
portant due to a potential high degree of material utilization.

In recent years, many research efforts have been conducted
to analyze metal forming processes for gear production. Dean
etal. [2, 3] studied the forming of bevel gears and helical gears
by forging and designed a completely closed cavity toolset,
which is capable of reducing forging loads and improving
accuracy of the produced gears. According to the results of
the fatigue tests carried out, they concluded that there is a great
improvement of the fatigue limit of forged gears compared
with that of cut gears. Choi et al. [4] employed an upper-
bound analysis to investigate the spur gear forging process
and found that to reduce the forging load, using a hollow billet
instead of a solid one was more effective. Moreover, the suit-
able number of teeth for the forging of a spur gear was rec-
ommended to be between 15 and 20, which reveals that the
gear forging process is suitable for the gears with minor mod-
ules and diameters. Wang et al. [5] investigated the deforma-
tion of spline gear parts using a two-step warm extrusion pro-
cess and analyzed the influence of the lubrication condition
and entrance angle on the deformation. Li et al. [6] proposed
ironing finishing and compressing finishing methods to im-
prove the accuracy of the hot-forged helical gears and com-
pared the finishing loads and surface roughness between the
two finishing methods.

The cross rolling technique applied to forming the involute
tooth-like parts, such as involute spline shafts, was developed
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by Anderson Cook Corporation in the 1950s and was entered
into practical use in the 1970s. Egan et al. [7] outlined the
interrelationship of warm and hot rolling to cold rolling and
the limitations on the cold rolling. Kamouneh et al. [8, 9]
investigated the effects of the machined method on the
strength of the gear tooth and got a conclusion that compared
with traditionally machined parts, flat-rolled gears had a 50%
improvement in hardness and a higher fatigue limit through
metallurgical examination together with validation and simu-
lation results. Neugebauer et al. [10—12] described an uncon-
ventional pitch design of gear dies and noted that compared
with rack dies, round dies need extra kinematic compensation
during rolling process. With the compensation considered, the
pitch error of the formed gear was improved by 50%, which
makes it possible to form the high teeth gears (up to 10 mm in
height and a tooth height coefficient larger than 2.7) by cross
rolling. Zhang et al. [13] proposed the thread and spline syn-
chronous rolling process, which realized the synchronous de-
formation of the external thread and external spline tooth pro-
file. Moreover, the phase characteristic between dies before
rolling for thread and spline synchronous rolling process was
investigated. [14] Li et al. [15] analyzed the slippage phenom-
enon during the cold gear rolling process using numerical and
experimental methods.

The aforementioned previous studies mainly focused on
producing minor-diameter gear parts or spline shafts.
However, the deformation of large-diameter gear parts by
near-net shaping is rarely studied because of high forming
loads, which results in short tool life and high equipment
requests. In this paper, to produce large-diameter gear parts,
the gear rolling process with induction heating was applied.
The rolling machine was redesigned to meet the forming re-
quirement. A simplified model coupled with the electromag-
netic thermal and deformation fields was established. The ex-
periment of gear rolling with induction heating was carried
out. According to the simulation and experimental results,
the temperature distribution, metal flow, and improved form-
ability due to the local induction heating process were
analyzed.

2 Process principle

The principle of the gear rolling with local induction heating
process is shown in Fig. 1. The process includes the following
steps. First, the clamper clamps the blank firmly and the ro-
tating devices drive the blank to rotate. Simultaneously, the
inductor heats the outer layer of the blank. When the temper-
ature of the blank reached a pre-set value, the gear die is
rotated and pushed to approach the blank by the feeding de-
vice. Then, the blank is forced to form the teeth gradually.
Once the gear die is pushed to reach the designated position,
the feeding device stops, while the blank and the die continue
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Fig. 1 The principle of gear rolling process with local induction heating

rotating. Finally, the blank and the die rotate in the opposite
direction to finish the formed teeth.

3 Model establishment
3.1 Material model

SAE 8620H is a low-carbon alloy steel used in manufacturing
gear parts. Owing to the addition of nickel and molybdenum,
its hardenability, distortion of heating treatment, and high tem-
perature performance are improved. Therefore, the application
of SAE 8620H is now extended to manufacturing large-
diameter gear parts. Table 1 shows the chemical composition
of SAE 8620H. To establish the constitutive model used in the
finite element (FE) model, the flow stress of SAE 8620H
gear steel was obtained by an isothermal compression test
at 1223-1373 K with a strain rate of 0.1-10 s™!, using a
Gleeble-1500D thermosimulation machine. Figure 2 shows
the flow stress—strain curves under different deformation con-
ditions. The flow stress—strain curves are fitted to a formula
according to the Arrhenius equation [16, 17] as follows:

¢ = A[sinh(ao)"]exp (R_g> (1)

where ¢ is the strain rate, A and « are the material constants,
and 7 is the inversely identical exponent of strain rate sensi-
tivity. Q is the activation energy for deformation, R is the gas
constant, and 7 is the temperature. Table 2 shows the calcu-
lated material parameters. In this model, the hardening rule is
isotropic and the yield criterion follows the von Mises yield
criterion.

Table 1  Chemical composition of SAE 8620H gear steel (wt%)

C Cr Ni Mo Mn Si Cu S P Al  Fe

020 0.57 046 020 0.85 025 0.09 0.003 0.011 0.02 Bal.
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Fig. 2 True stress—strain curves for SAE 8620H alloy steel under different deformation conditions: a 1223, b 1273, ¢ 1323, and d 1373 K

The material model described by the Arrhenius equation
was set in the DEFORM-3D preprocessor and loaded on the
element of the gear blank.

3.2 FE model
3.2.1 FE model of induction heating

As shown in Fig. 1, the shape of the coil is circle with a gap to
allow the gear die to squeeze the blank. During the heating
process, the blank is rotated, and the effects of the coil gap on
the electromagnetic and thermal fields can be ignored. The
heating model can be simplified and assumed to be axisym-
metric. The simplified FE model of the induction heating is
developed in the COMSOL Multiphysics software, as is
shown in Fig. 3. The model includes the blank, the coil, and
the air. Carrying high-frequency current, the coil generates an
alternating magnetic field, which in turn induces eddy currents
in the blank that dissipate energy and bring about heating.

Table 2  Calculated parameters of material from constitutive model

Parameter A (s ') aMPal) n R (J/mol/K) QO (kJ/mol)

Value 32x102 88x107° 4816 8314 318.94

Table 3 shows the material and shape parameters used in
the simulations. The relationships of the electromagnetic and
thermal properties with temperature of SAE 8620H alloy steel
[18] are illustrated in Fig. 4. In this model, the ambient tem-
perature is set as 293 K and the convection heat transfer coef-
ficient with air is 2000 W/(m® K).

The mesh of the simplified axisymmetric model is shown
in Fig. 5. A tetrahedral mesh is generated in the model, and the
number of the elements is 20,000. Considering the skin effect,
the eddy current is large in the outer layer of the blank. The
mesh of the blank is locally refined, and the length of the
elements in the outer layer of the blank is set as 1 mm.

In the COMSOL Multiphysics software, the electromag-
netic field (EMF) module and the heat transfer (HT) in solid

Blank

Fig. 3 The simplified physical model of induction heating
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Table 3 Materials and shape

parameters used in the simulation Blank Coil
Material Outside Inside Height Material Caliber Diameter Thickness
diameter diameter
SAE 8620H 280 mm 100 mm 30 mm Copper 8 mm 150 mm 1 mm

module are applied to the calculation of the heating process.
In the EMF, the electromagnetic heat is calculated, and the
results are sent to the HT module to calculate the tempera-
ture distribution in the blank. The temperature data are
shared with the EMF module. According to the temperature
data, the temperature-related parameters are updated and ap-
plied to calculating the EMF in the next step. The flowchart
of the coupled electro-magneto-thermal analysis is shown
in Fig. 6.

After the calculation of the heating process is performed,
the temperature distributions, heating rates, and heating
sources can be exported.

3.2.2 FE model of gear rolling process

The model of the gear rolling process is established in the
DEFORM-3D software and composed of the blank, gear
die, and two baffles, as shown in Fig. 7a. The blank is heated
by induction heating, and the two baffles are mounted on
both ends of the gear die to prevent the metal of the blank
from flowing along axis direction. During the process of

deformation, the blank and gear die rotated along their own
axes, while their rotational velocities were in opposite direc-
tions. At the same time, the gear die approached the blank
gradually. Finally, the blank was squeezed and the teeth were
formed at the outer layer.

As the gear parts are symmetrical and the rolling force is
periodical, to save the computing time and storage [13, 19],
1/24 of the blank is chosen to be the model and is assumed to
be a plasticity body which is fixed, as shown in Fig. 7b. The
gear die and baffle plate, which are set as rigid bodies, re-
volved on their own axis and the axis of the blank at the same
speed of 1.5 rad/s. The feeding speed of the gear die is set as
0.2 mm/s. The friction coefficient between the gear die and
blank is assumed to be constant during the whole rolling pro-
cess. The frictional force in the shear friction model is defined
as follows:

fs=mxk (2)

where f§ is the frictional stress, & is the shear yield stress, and m
is the friction factor [20]. The fraction factor between the
blank and gear die is 0.3.
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Fig.5 a The FE mesh of the whole model and b the FE mesh of coil and
blank

Since the deformation zone is mainly distributed in the
outer layer, the mesh in the deformation zone is refined and
the ratio of refinement is 0.01. The FE mesh of the blank is
illustrated by Fig. 7c.

During the rolling process, owing to the contact with the
cold die, the temperature of the outer layer of the blank
drops. To obtain good plasticity to make the blank easily
deformed, the heat compensation program is employed. If
the infrared sensor detects that the temperature is lower than
the pre-set value, the induction heater is commanded on, and
if the temperature is higher than the pre-set value, the induc-
tion heater is set to shut off to stop heating. To simulate the
heat compensating program, the DEFORM-3D software is
secondarily developed. If the highest node temperature is
lower than the pre-set value, the distribution of the electro-
magnetic heat is going to be set as the heat source boundary
condition to simulate the heat compensating process. If the
highest node temperature was higher than the pre-set value,
the heat source of all nodes was set to be zero. Ignoring the
radial dimension changes of the blank, the relationship of the
electromagnetic heat with the coordinate is fitted and given
as follows:

P1—P2(R—7) + p3z
f(r,2) =
r.2) 1 + py(R—7)=psz + pez®—p72° (3)

y = ,/x2+y2

where x, y, and z are the coordinates and R is the radius of the
blank. p,—p; are the factors solved by curve fitting. The
values of the factors are shown in Table 4. The R value is
0.964.

4 Experiment of gear rolling process by local
induction heating

The system of gear rolling by local induction heating is shown
in Fig. 8. During the process, a high-frequency induction
heating power supply and transformer provided high-
frequency harmonic current to the inductor. Three servo mo-
tors were applied, two of those were used to provide the rota-
tional power to drive the gear die and blank to rotate at a speed
of 14.33 r/min. The other one was used to provide the feeding
power to drive the gear die to approach the blank at a speed of
0.2 mm/s.

The roll forming force was measured by a pressure sensor.
The temperature values were measured by infrared thermom-
eter, while the current and the frequency values were mea-
sured by a multimeter.

5 Results and discussions
5.1 Experimental results
5.1.1 Inner hole enlargement during the rolling process

During the gear rolling process, the inner hole is suffering
radial rolling force. As it is a datum during the tooth forming
process, the distortion of the inner hole may result in imprecise
teeth profiles. Thus, it is of importance to minimize the distor-
tion of inner hole. In addition, increasing the temperature of
the forming zone (the outer layer of the blank) can reduce the
deformation resistance, resulting in a decrease of the rolling
force.

To heat the forming zone, a local induction heating method
and heating in a furnace are employed. The experimental re-
sults of the inner hole enlargement tests using two heating
methods are shown in Table 5. Compared with the heat meth-
od in the heating furnace, the local induction heating method
reduces the defect of the inner hole enlargement by approxi-
mately 95%. This effect occurs because when using the local
induction heating method, there is a radial gradient. The low-
est temperature is located at the inner hole, and the highest
temperature is located at the forming zone, which results in a
decrease of deformation resistance at the forming zone with
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Fig. 6 Flowchart of the coupling
process
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the premise of nearly unchanged deformation resistance at the
inner hole. While in the case of heating in a furnace, the blank
has a uniform temperature distribution, resulting in the
deformation resistance decreasing in the entire blank.
Consequently, the inner hole is easily enlarged.

5.1.2 Metal folding in the tooth top
During the rolling process while heating in a furnace, the

blank is heated uniformly, and due to the contact with the
cold die, the temperature of the deform zone drops. With
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relatively low temperature near the tooth top, the metal is
not likely to flow along the tooth profile radially, which
likely leads to the defect of metal folding in the tooth top
occurring, as Fig. 9a shows. Compared with the heating
method in a heating furnace, owing to the heat compensating
function of the induction heater, the outer layer of the blank
remains at the same temperature, which means that during
the tooth forming process, the metal near the tooth top flows
easily along the tooth profile, radially. As a result, the tooth
top can be well formed using the local induction heating, as
shown in Fig. 9b.



Int J Adv Manuf Technol (2017) 91:1-11

Fig.7 Physical and FE models of a
gear rolling process. a The
physical model, b the simplified
FE model, and ¢ the FE mesh of
the blank

Baffle plate

5.2 FE simulation results
5.2.1 Heating rate and temperature field

A point located in the middle of the outer wall of the blank is
chosen to investigate the heating rate. The heating rate during
the process is shown in Fig. 10. The duration of the tempera-
ture rising from 293 K (ambient temperature) to 1003 K
(Curie temperature) is approximately 20 s. When the temper-
ature is beyond 1003 K, the heating rate decreases significant-
ly because when the temperature is beyond the Curie point,
the relative permeability of the ferromagnetic material is going
to change to be 1 suddenly. As a result, the magnetic flux
density and the electromagnetic heating power decrease.
Additionally, with the increase in the temperature of the blank,
the heat dissipation by the convection from the surface of the
blank to the air as well as radiation to the environment in-
creases, which results in the decrease of the heating rate.

The axial (thickness direction) and radial temperature dis-
tributions before the rolling process are shown in Fig. 11.

Table 4
distribution

Parameters of the formula of the electromagnetic heat

Parameter p,; D2 p3 Pa Ps Pe P7

Value 0.7465 —-0.251 0.023 2421 -0.134 0.049 -0.003

Figure 11a shows that the axial distribution of the tempera-
ture is not uniform in the outer layer. The lowest temperature
is located in the middle of the thickness, and upon an in-
crease in the distance in the axial direction, the temperature
rises. At the edges, the temperature is the highest, which is
related directly to the distortion of the EMF in those areas.
This phenomenon is caused by the applied current frequen-
cy, relative coil blank height, and current intensity. Three
different points belonging to three curves respectively at
the same height axially are selected to compare. When the
distance between the outer layer increases, the temperature

Fig.8 The system of gear rolling with local induction heating. / Feeding
device, 2 clamper, 3 transformer, 4 power supply of induction heating and
5 gear die and baffles, 6 coil, and 7 blank
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Table 5 Comparison of the inner hole enlargement using different
heating methods

Enlarging value (heating
in furnace) (mm)

Item Enlarging value (local
induction heating) (mm)

1 0.16 3.45
2 0.14 3.62
3 0.17 3.48
4 0.15 291

of the point decreases, which indicates that the temperature
distribution in the radial direction has a gradient, which is
shown in Fig. 11b in detail.

5.2.2 Effective stress and effective strain analysis

Figure 12 shows the contour of effective stress during differ-
ent stages of the gear rolling process. As Fig. 12a shows,
during the penetration stage, the maximum effective stress
emerges near the contact position between the blank and the
gear die. Away from the contact position, the effective stress
decreases. During the forming stage shown in Fig. 12b, the
maximum effective stress increases compared with that in the
penetration stage. Moreover, the area where the effective
stress is beyond 50 MPa expands along the radial direction.
With the feeding motion, the penetration of the gear die be-
comes deeper; thus, the contact area becomes large compared
with that of the area in the penetration stage, leading to an
increase of the effective stress and the expansion of the high
effective stress area in the axial direction. During the finishing
stage, the maximum effective stress emerges in the root of the
formed tooth. After the teeth have been formed and the feed-
ing motion has been finished, the area with high effective
stress shrinks along the radial direction.

Figure 13 shows the contour of the effective strain during
the gear rolling process in different stages. During the pene-
tration stage, since the outer layer of the blank is squeezed by
the teeth of the gear die, the maximum effective strain emerges

a b
Metal folding

Fig. 9 Formed gears using different heating methods. a Heating in the
furnace and b local induction heating method
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at the indentation of the blank, as Fig. 13a shows. During the
forming stage, as the teeth of gear die penetrate deeper, the
area with high effective strain expands along the tooth profile,
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Fig. 12 The contour of effective stress during the gear rolling process. a
Penetration stage, b forming stage, and ¢ finishing stage

compared with that in penetration stage. During the finishing
stage, the maximum effective strain emerges in the root of the
formed teeth. Along the tooth profile, the effective strain is
high compared with that in the top of the formed teeth. In
addition, the effective strains at the left and right profiles are
different, which indicates the difference of the metal flow
between left and right tooth profiles.

5.2.3 Metal flow

During the rolling process, under squeezing by the rotating
gear die, the metal of the blank flows. To study the metal flow,
a flownet is employed in the DEFORM-3D postprocessor as a
series of uniformly distributed concentric circles, as shown in
Fig. 14a. Figure 14 shows the flownet of the blank in different
stages. As the flownet of concentric circles changes, some
concave—convex distortions occur on different levels. The rate
of distortion at the edge of the blank is the greatest, and as the
radius of the blank decreases, the rate of distortion decreases.
The flownet at the edge has changed into the tooth shape, and
away from edge, in the radial direction, almost no distortion is
observed and it keeps its original shape. This result means that

Strain-Effective(mm/mm)
13.0 I
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9.75

8.13

6.50

4.88

3.25

1.63

0.000

Fig. 13 The contour of effective strain during the gear rolling process. a
Penetration stage, b forming stage, and ¢ finishing stage

the major deformation zone is distributed in a certain depth of
the outer layer.

According to the principles of metal forming, during plas-
tic forming, metal is always going to flow along the direc-
tion of least resistance. From simulation results, the direction
of the metal flow could be inferred from the direction of the
concave—convex distortions of the flownet. In the tooth root
of the blank, the flownet has a concave distortion, and as the
intervals of the adjacent flownet decrease at the top of the
tooth, a convex distortion appeared. However, the intervals
of the adjacent flownet increase. Moreover, the intervals be-
come larger as they near the outer layer. Because during the
rolling process, the metal in the tooth root is squeezed by the
gear die and flows to the inside radially, which results in
densification of the metal in the tooth root. The degree of
the density of the metal in the tooth root is very limited
because the blank is supposed to have a constant volume
during the plastic forming process. At the tooth top of the
gear die, the metal of the blank does not suffer any pressure.
As a result, instead of flowing to the inside radially, the
metal near the tooth root flows along the tooth profile of
the gear die towards the tooth top of the blank, and a convex
flownet appears. With increasing the feeding, the rate of the
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—
Fig. 14 The flownets of the blank during the following stages: a initial, b
penetration stage, ¢ forming stage, and d finishing stage

convex flownet gets larger, and finally, the tooth root of the
gear is filled with the metal of the blank. Then, the tooth top

of the blank is formed.

5.2.4 Rolling force

With the local induction heating process, the blank is heated
and has a radial gradient temperature distribution. Owing to a
high temperature in the forming zone, the yield strength of the
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Fig. 15 Simulation and experimental results of rolling force during
different stages
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Fig. 16 Comparison of rolling force with different heating methods
during the penetration and forming stage

material decreases and results in a decrease of the rolling
force. Figure 15 shows the simulation and experimental re-
sults of the rolling force with time during different stages.
From the figure, with a gradual increase of the feeding dis-
tance, the rolling force increases, and in the finishing stage, the
rolling force drops and keeps a relatively constant value.
During the gear die withdrawing stage, the gear die withdrew
while suffering severe fraction force from the baffles, and as
the withdraw distance increases, the rolling force decreases to
zero. Moreover, the comparison between simulation and ex-
perimental results was carried out and the maximum relative
error is 13.7%, which indicates that the simulation results
match well with the experimental data and the FE model is
considered verified. Therefore, the simulation results of the
cold rolling force are also reliable. As Fig. 16 shows, the
simulation rolling forces of cold rolling and rolling with local
induction heating during the penetration and forming stage
were extracted and compared with the maximum cold rolling
force of 704 kN. The one with local induction heating is ap-
proximately 161 kN, a drastic reduction of 77%, which could
improve the formability and minimize device requirements.

6 Conclusions

To form large-diameter gears with a large module, the local
induction heating process was employed. A simplified FE
model coupling electromagnetic, thermal, and deformation
fields was developed in DEFORM-3D to simulate the gear
rolling process using local induction heating. Gear rolling ex-
periments were conducted. The main research results and con-

clusions are as follows:

1. Producing large-diameter gears using gear rolling process
with local induction heating is feasible.
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2. The established FE model is validated by the comparison
of simulation and experimental results of heating rates and
rolling forces.

3. With local induction heating, the blank has a radial gradi-
ent temperature distribution, which results in the reduc-
tion of inner hole distortion. Owing to the heat compen-
sation function, the defect of metal folding in the tooth top
of the gear blank is reduced.

4. The formability of the blank is improved by the local
induction heating method. Compared with cold rolling,
the rolling force drops drastically using the local induction
heating method.
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