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Abstract
The cylindrical die forced throughfeed rolling process for gears was proposed to overcome an end-effect behavior of the standard
radial-feed gear rolling process which can result in pitch variation and excessive axial end-flow. In the rolling process, the
workpieces are pushed through the gap of the rolling tools to form the gear teeth. Understanding of material flow is important
for grasping the cause of defect formation and improving the quality of formed gears. In this paper, the material flow behavior of
the gear forced throughfeed rolling process was studied on the flow velocity and displacement of key locations by using finite
element analysis (FEA). The experiment was also conducted and its blank was sliced to thin pieces, and the grid pattern (GP) was
utilized to track the trajectory of flowing materials. The results show that the end-flow is located at the root rather than the tooth
crest of the formed workpiece, because the compressive forces from rolling tool mainly take effect at the root of the formed
workpiece. The asymmetry of circumferential flow displacements with respect to the gear teeth results in the asymmetrical flanks
defect, and this is due to the meshing between teeth of rolling tool and workpiece. The local displacement in the radial direction is
larger than that in the circumferential direction.
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1 Introduction

The roll forming process, commonly used in the manufacture
of precision splines and helical screw threads, is an innovative
metal forming technology having the advantages of material
savings, high production efficiency, and improvedmechanical
fatigue properties. For these reasons, this process has great
potential for manufacturing multi-tooth cylindrical gear forms
for torque transmission applications, and it has been studied
extensively in recent years. Kamouneh et al. [1, 2] analyzed

three forming defects in the rolling process, some possible
solutions for controlling the defects, and the impact of the
forming process on tooth strength by using the finite element
analysis (FEA). Neugebauer et al. [3–5] discussed flat die and
cylindrical die gear rolling techniques and proposed a
variable-pitch forming die design with synchronized work-
piece driving to improve gear teeth quality. Khodaee and
Melander [6] explored the shape accuracy of roll-formed gears
with module 1 mm and 4 mm using DEFORM® simulation
software. Kretzschmar et al. [7] measured the forming loads
and stresses at the die to workpiece contact zone in the rolling
process by a test platform, and the contact stress of the tool
surface is calculated by a simulation package. Li et al. [8, 9]
studied the factors that affect slippage in the teeth-dividing
stage based on numerical simulation and experiment, and
the cause of rabbit ear formation due to the friction force
was also analyzed. Ma et al. [10, 11] investigated the root
cause of pitch error induced during the initial stage of the gear
throughfeed rolling process and the effects of other relevant
factors on pitch error by theoretical models, FEA, and exper-
iments. Zhu et al. [12] verified the feasibility of the hot roll
forming process for large module spur gear manufacturing by
also using FEA and experiment.

* Yuanxin Luo
yxluo@cqu.edu.cn

1 College of Mechanical Engineering, Chongqing University,
Chongqing 400044, China

2 State Key Lab of Mechanical Transmission, Chongqing University,
Chongqing 400044, China

3 National Demonstration Center for Experimental Mechanical
Foundation Education, Chongqing University, Chongqing 400044,
China

4 Kinefac Corporation, Worcester, MA 01603, USA

https://doi.org/10.1007/s00170-019-03895-9

Received: 10 August 2018 /Accepted: 20 May 2019 /Published online: 21 June 2019

The International Journal of Advanced Manufacturing Technology (2019) 104:3361–3381

http://crossmark.crossref.org/dialog/?doi=10.1007/s00170-019-03895-9&domain=pdf
mailto:yxluo@cqu.edu.cn


One of the intrinsic characteristics of the gear roll forming
process is that the material flow velocity gradient over the gear
cross section varies because the workpiece material is in direct
contact with the tooth surface of rolling tool. The flow velocity
of material closed to the interface is faster than the other region
due to the friction at the forming interface. The inhomogeneity
of material flow velocity has a direct effect on the quality of
the formed tooth top. Recent research work pertaining to the
metal flow in the roll forming process mainly focuses on the
forming of splines and helical threads. Domblesky and Feng
[13] examined the effect of rolling parameters on material
flow and profile geometry in external thread rolling of large
diameter blanks based on numerical results. Sieczkarek et al.
[14] analyzed the difference between incipient and repeatable
metal flow in the incremental sheet-bulk forming of gears
through FEA and experiment. Yan et al. [15] investigated
the effect of the thread helix angle on metal flow from the
perspective of rolling force using DEFORM®, and the results
demonstrate that the metal flow velocity increases as the helix
angle of rolling dies increases. Cui et al. [16] investigated the
metal flow in involute splines formed by the cold roll-beating
process by using theoretical analysis, FEA, and experiment.
The results show that the material flow directions are deter-
mined by the minimum moving resistance. Liu et al. [17]
analyzed the influence of involute spline rolling process pa-
rameters on rolling force and spindle torque by installing a
force measuring system. The workpiece hardness and wear
resistance were also obtained.

The finite element method is suitable for predicting vari-
ous characteristics of the roll forming process, including the
material flow behavior, forming stresses, strains, and the tem-
perature of each stage during rolling. This information is
helpful to the understanding of the process and forming
mechanisms leading to process-related defects. Therefore, nu-
merical simulation is a very powerful method in studying the
material flow of metal forming at present. Pater et al. [18]
demonstrated the feasibility of a new thread rolling method
using FEA and experiments performed in laboratory condi-
tions and industrial tests. Szota and Dyja [19] presented a
computer simulation of the rolling of round reinforcement
bar and determined the metal flow behavior as well as the
effects of roller shape and dimensions on the pitch of the
finished bar. Groche and Kramer [20] simulated the rolling
process with flat dies and consideration of friction and ana-
lyzed the tribological characteristics and friction effect based
on FEA. Zhang and Zhao [21] developed a new rolling pro-
cess for a shaft with a thread and spline which is based on
two-die cross rolling technology. The virtual forming behav-
iors of the new rolling process were simulated by FEA. Cui
et al. [22] introduced an axial-push incremental warm rolling
process for a spline shaft of 42CrMo material and analyzed its
formation mechanism, die angle optimization, and process
parameter selection by using FEA. However, very few

research efforts have been made on the material flow of the
gear forced throughfeed rolling process.

An in-deep understanding of the material flow behavior in
the gear throughfeed rolling process is beneficial to the opti-
mization of processing parameters and the identification of the
forming cause to some defects. Therefore, this work aims to
investigate the material flow behavior in the gear forced
throughfeed rolling process by using FEA and physical exper-
iments. The rest of the paper is organized as follows: Section 2
describes the working principles of the gear forced
throughfeed rolling process, Section 3 presents the finite ele-
ment modeling and analysis results of the gear throughfeed
rolling process, Section 4 gives the experimental results,
Section 5 presents the influence of metal flow on resulting
microstructure, and finally, some conclusions are given in
Section 6.

2 Principles of the gear throughfeed rolling
process

2.1 Gear throughfeed rolling process

The cylindrical die forced throughfeed rolling process for
gears was proposed to overcome the end-effect behavior of
the standard radial infeed gear rolling process which can result
in pitch variation and excessive axial end-flow. The schematic
diagram of the forced throughfeed rolling process for the pres-
ent study is shown in Fig. 1. A workpiece or a number of
workpieces (shown in red color) are mounted to a rotating
workpiece drive system which is fixed to and driven by an
axial feed cylinder located on the machine rolling centerline.
Two cylindrical rolling dies with the gear form on their pe-
riphery are positioned on either side of the workpiece parallel
to the workpiece rolling centerline axis. The rolling dies are
driven rotationally by a dual-output worm gearbox which is
powered by an electric motor. The rotating speed of two
rolling tools can be changed by varying the applied voltage
to the motor. Note that a servo motor is adopted to keep a
constant speed ratio between the workpiece and rolling tools.
The gap between two rolling tools is adjusted by two radial-
feed cylinders [23].

The working principle of the process can be divided into
five steps: (1) the hollow workpieces are strung together by a
mandrel which is fixed to the workpiece drive system; (2) the
rolling tools are actuated by the radial infeed cylinders until
the desired gap is achieved; (3) the rolling tools and work-
pieces are rotated by the motor and workpiece drive system,
respectively, according to the matching gear ratio; (4) the
workpieces are pushed axially through the gap between the
rotating forming dies by the axial feed cylinder; and (5) the
desired gear tooth profile geometry is progressively formed
into the workpiece as it passes through the forming dies.
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2.2 Rolling tool

The cylindrical rolling tools (dies) are one of the key components
of the gear rolling process.Manufacturing accuracy andmechan-
ical properties of the tools have a significant impact on the qual-
ity of formed products. The die form geometry will affect the
metal flow behavior. In this study, the forced throughfeed rolling
tools are divided into three sections: the entrance section, correc-
tion section, and exit section according to the characteristic of the
gear throughfeed rolling process [24], as shown in Fig. 2.

1. Entrance section: The entrance section is the main
forming area of the workpiece and tool. The cone angle
(αc) is the key geometric parameter in this section because

it not only directly affects the metal flow of the workpiece
but also has a great effect on the proportion of the radial
force, axial force, and circumferential force component in
the roll forming process.

2. Correction section: The correction section calibrates the fi-
nal rolled form and does so over a certain number of work-
piece revolutions controlled by the axial feed rate. The tooth
profile accuracy and length of the correction section are the
key geometric parameters because these characteristics de-
termine the final quality of the rolled profile accuracy.
Larger tooth depths can weaken the load carrying capacity
of the individual die teeth, whereas shallower tooth depths
can result in a sharp increase of die root stress due to the
metal filling the entire tooth space.

Fig. 1 Working principle of the
gear forced throughfeed rolling
process [24]

Fig. 2 Structure design of rolling
tool
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3. Exit section: The exit section gradually relieves the rolling
stresses off the dies and workpiece to prevent damage to
the workpiece surface and die teeth as the workpiece
passes through. The die tooth profile in the exit section
is designed as negative addendum modification and also
serves to compensate for any elastic deflection of the
rolling machine components as the rolling forces
fluctuate.

3 Finite element simulation

3.1 Finite element modeling

FEA software allows detailed observations of the metal flow
inside and on the surface of the workpiece subjected to metal
forming. Meanwhile, there is no report on a perfect experi-
mental method for quantifying the three-dimensional defor-
mation and flow characteristics of metal in the open literature
so far. Therefore, FEA is still the prevailing method to evalu-
ate the three-dimensional flow behavior in metal forming pro-
cesses. In this study, DEFORM-3D® by Scientific Forming
Technologies Corporation in Columbus, Ohio, was utilized to
simulate the roll forming process in the large deformation
simulation. All simulations were run on a computer worksta-
tion with a CPU of Intel Xeon E5-2670 v2 and 128 GB RAM.

Due to the symmetry and forming similarity of each tooth,
a 1/23 model with a thickness of 15 mm was established and
constrained by two plates. The model was imported into the
FEA preprocessor, as shown in Fig. 3.

3.2 Simulation conditions

To make the FEA consistent with the practical situation, the
simulation conditions were set correctly to ensure the accura-
cy, besides the geometry of the FEA model. The detailed
parameter settings were as follows:

1. Material properties: The workpiece whose initial size was
Φ80.66 mm × 15 mm (diameter × thickness) was set as a
plastic body, and its material was defined as Al6061 cor-
responding to the material in the library AL-6061-T6,
cold. The rolling tools were set as a rigid body, and the
environment temperature was set at 20 °C.

2. Grid parameters: Tetrahedral element type and relative
mesh mode were selected in all simulations. The number
of elements was about 150,000, and the minimum ele-
ment size was approximated to 0.12 mm. A ring region
was selected with the thickness of 5 mm and a density
ratio of 0.01.

3. Motion parameters: The rolling tools were set to rotate at a
speed of 30 rpm and revolved at 83.48 rpm around the
axis of the centering mandrel, and the axial feeding speed
of the rolling tools was set at 0.7 mm/s.

4. Friction parameter: Constant shearing friction was select-
ed, and the friction coefficient on the contact zone of the
rolling tools and workpiece was set at 0.3 [25, 26]. The
workpiece was fixed to the centering mandrel, and other
friction coefficient was set at 0.

5. Simulation control: The total stroke of the rolling tools
was set as 53 mm, and the number of simulation steps
was set at 2000. The time step increment was 0.04 s/step,
and the relative interference depth was set as 0.1 mm.

3.3 Simulation results

Previous research [27–30] estimated the material flow of in-
cremental bulk forming processes by analyzing the stress, the
strain rate, and the strain distribution at different positions of
the workpiece at different forming stages. To characterize the
material flow of the workpiece subjected to the rolling load,
axial metal flow and radial metal flow as well as circumferen-
tial metal flow were determined by the point-tracking option
in DEFORM®. It should be noted that the displacement of
several material particles was recorded after the rolling pro-
cess, whereas the flow velocity of different points was

Fig. 3 FEA model [24]
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collected during the rolling process. To better understand the
material flow along different directions during the rolling pro-
cess, several points on the different planes of the rolled work-
piece were tracked, and their positions are shown in Fig. 4.

3.3.1 Axial material flow behavior

Axial flow velocity Figure 5 a shows the axial flow velocities
of different points (P1~P40) on plane I of the formed work-
piece. It can be seen that the axial velocity changes of points at
the depths of 0 mm, 1 mm, 2 mm, and 3mm are similar except
for the changes at t = 13.31 s. Here, the depth is the distance
between analysis points and workpiece surface and the flow
velocities of the points P1~P4 and P7~P10 on the workpiece
surface first increase and then decrease with time. The axial
velocities of the points P1, P11, P21, and P31 and of the points
P10, P20, P30, and P40 at the depths of 0 mm, 1 mm, 2 mm, and
3 mm are the largest during the rolling process. However, the
velocities of the points P5, P6, P15, P16, P25, P26, P35, and P36
near the mid-plane (plane IV) at the depths of 0 mm, 1 mm, 2
mm, and 3 mm are relatively smaller, and there is no distinct
pattern of variation during the forming stage. The reason for
the variation is that the material particles near the workpiece

end-flow with less resistance than particles near the mid-plane
(plane IV) due to the axial support of surrounding material.
Additionally, it is also observed that the velocities of all points
become zero in the finishing stage.

As can be seen from Fig. 5 b, the time internal between the
axial velocities of P1 to P5 and P6 to P10 on plane II of the
formed workpiece is due to the time order of the contact be-
tween the rolling tool and workpiece, and the greater the
depth, the smaller the flow velocity becomes. Additionally,
the axial velocities of P5 and P7 are also observed to have a
sudden change in the forming stage and finishing stage. This
is because the teeth of rolling tools are in direct contact with
the workpiece material very near these two points.
Furthermore, the axial material flow on plane II of the formed
workpiece is faster than the flow on plane I of the formed
workpiece, which indicates the axial end-flow of rolled mate-
rial is located near plane II and not near plane I of the formed
workpiece, as shown in Fig. 5 c.

From Fig. 5 a and b, it can be observed that there is a
neutral plane between the points P3, P13, P23, and P33 and
points P6, P16, P26, and P36, where the material neither flows
forward nor flows behind in the axial direction. This is also
identified by the axial velocity vector diagram, as shown in

Fig. 4 Position of moving points
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Fig. 5 Axial velocities of points on different planes. aAxial velocities of points on plane I of the formed workpiece. bAxial velocities of points on plane
II of the formed workpiece. c End-flow morphology of the formed workpiece. d Neutral plane of axial flow velocity
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Fig. 5 d. It can be seen that the neutral plane is not a curved
surface of sphere and its shape changes with time, which
causes the material between the points P3, P13, P23, and P33
and points P6, P16, P26, and P36 at the depths of 0 mm, 1 mm, 2
mm, and 3 mm to hardly flow in the axial direction.

Axial displacement Flow velocity describes the magnitude
and direction of material flow at different time intervals while
the displacement describes the cumulative effects of material
flow. The magnitude of displacement is also a result of the
flow velocity. The axial displacements of different points are
depicted in Fig. 6.

It can be seen from Fig. 6 a that the maximum axial dis-
placements of material particles on plane I first increase and
then decrease with the increase of depths. However, the max-
imum axial displacements of material particles on plane II

keep falling with depths, as shown in Fig. 6 b. The forward
axial flow displacements and backward axial end-flow dis-
placements of material particles on planes I and II are different
during the rolling process.

By comparing the simulation results from Fig. 6 a and b, it
is observed that the axial displacement trends at the tooth crest
and root (the depth is 0 mm) of the formed workpiece are
similar. However, the average axial displacement of P1 and
P10 at the tooth crest amounts to about 15.4% of that at the
root, which indicates that the end-flow appears at the root
rather than the tooth crest of the formed workpiece. The axial
displacement at the tooth crest is almost symmetrical about the
mid-plane (plane IV) but asymmetrical at the root. The reason
for this behavior is believed to be the difference in frictional
resistance to material flow between the tool tooth crest and the
formed workpiece root.

Fig. 5 (continued)
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Fig. 6 Axial displacements of points at different planes. a Axial displacements of points on plane I of the formed workpiece. b Axial displacements of
points on plane II of the formed workpiece
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Fig. 7 Radial velocities of points at different planes. aRadial velocities of points on plane IV. bRadial velocities of points on plane III. cRadial velocities
of points on plane V
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3.3.2 Radial material flow behavior

Asmentioned in Section 3.3.1, the material near the mid-plane
(plane IV) hardly flows in the axial direction during the gear
rolling process. To clearly understand the material flow be-
havior in the radial direction, the radial flow velocity and
displacement of points on different planes of an individual
formed tooth were studied, as shown in Figs. 7 and 8.

Radial flow velocity Figure 7 displays the radial velocities of
points on planes III, IV, and V in a time interval. It can be seen
from Fig. 7 a that besides the significant velocity fluctuations
in P3, P8, P9, P14, and P20 on plane IV, the velocities of other
points vary slowly in the range of − 20 mm/s to 20 mm/s. The
reason for this behavior is that these points reside in the root of
the rolled form and are mainly subject to radial compressive
forces from the forming tool toward the centerline axis of the
workpiece. Additionally, the greater the depth, the smaller the
radial velocity becomes.

It is also found from Fig. 7 b and c that the radial velocity
trends of points on planes III and Vare similar but not exactly
the same, and that the velocity of P2 at the range of t = 0 s to t =
0.0125 s in a given period is significantly different. This be-
havior is explainable because the tool tooth crest width on
plane V is larger than the tool tooth crest width on plane III
and because P2 on plane V is located at the root whereas P2 on
plane III has moved to the tooth flank.

Radial displacement From Fig. 8 a, it is observed that the
maximum radial displacement of material particles at the tooth
crest and root of the formed workpiece is about 1 mm and − 2
mm, respectively. However, the radial displacements of most
material particles at the depths of 1 mm, 2 mm, and 3 mm are
negative, which indicates that the material particles mainly
flow toward the workpiece center due to the radial compres-
sive forces from the rolling tool.Moreover, the radial displace-
ments of material particles at different depths become increas-
ingly smaller due to the increasing depth.

Fig. 7 (continued)
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Fig. 8 Radial displacements of points at different planes. a Radial displacements of points on plane IV. b Radial displacements of points on plane III. c
Radial displacements of points on plane V
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By observing the simulation results in Fig. 8 b and c, it is
found that the radial displacements of material particles on
planes III and V are very similar, and that the radial displace-
ments of material particles at the formed crest and root in-
crease as the rolling time increases, with the larger displace-
ment occurring at the tooth root. Compared to the radial dis-
placements of material particles at the tooth crest on plane IV,
the radial displacement at the tooth crests on planes III and V
is reduced by 47.3% and 64.5%, respectively. This indicates
that the material on planes III and V mainly flows in the axial
direction due to the absence of surrounding supporting mate-
rial to resist the flow. Additionally, the radial displacement
differences of material particles at the formed crests result in
the rabbit ear formation due to the velocity gradient of material
particles at the tooth crests.

3.3.3 Circumferential material flow behavior

Circumferential flow velocity The circumferential material
flow behavior on the flanks of the workpiece is due to the
sweeping effect from the tooth geometry of the rolling tools,

and it has a significant impact on the quality of formed work-
pieces. This is due to the fact that the asymmetry of circum-
ferential material flowwill result in the asymmetrical flanks of
formed teeth. The circumferential flow velocity and displace-
ment on different planes of the workpiece in a time period can
be seen in Figs. 9 and 10.

It can be observed from Fig. 9 a that the circumferential
flow velocity trend of material particles at the different depths
on plane IV is similar and the velocity values decrease as the
depth increases within a given time period. Moreover, the
circumferential velocity values of most material particles are
found to be positive in the given time interval, which indicates
that the material mainly flows in the positive circumferential
direction but not in the negative circumferential direction.
Additionally, the circumferential flow velocities of material
particles near P3, P8, and P9 have significant fluctuation.
This can be explained because these three points are located
at the root of the formed workpiece.

By comparing the results in Fig. 9 b and c, it is found that
circumferential velocity changes of material particles on
planes III and V are very similar. However, there exist

Fig. 8 (continued)
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Fig. 9 Circumferential velocity of points at different planes. a Circumferential velocity of points on plane IV. b Circumferential velocity of points on
plane III. c Circumferential velocity of points on plane V
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differences among velocity values of material particles on
the two planes. The reason for this variation is believed to
be the different tool penetration depths into the workpiece
in the given time period. Furthermore, the points having
maximum circumferential velocity are located near the root
of the formed workpiece rather than on the flanks in the
given time period. The reason for this trend can be ex-
plained by the form geometry of the rolling tools used in
this investigation.

Circumferential displacement Figure 10 illustrates the dis-
placements of material particles on planes III, IV, and V in
the circumferential direction. As can be seen from Fig. 10 a,
the circumferential displacements of material particles de-
crease with the increase of depths. The values of displacement
of some material particles are always positive and negative
during the rolling process, but those of other points are vari-
able due to their position change. It can be observed from Fig.
10 b and c that the circumferential displacements of the

material particles on planes III and V are very similar and
the displacement values decrease as the depth increases.

By observing Fig. 10 a–c, it can be found that the circum-
ferential displacements of most material particles are positive
during the rolling process, which indicates that the circumfer-
ential material flow is asymmetrical with respect to the sym-
metric line of the gear teeth to cause asymmetrical flanks of the
formed gear, and that both positive and negative circumferential
displacementmaxima of thematerial particle on the plane IVare
larger than those of planes III and V. This is because plane IV
coincides with the mid-plane of the workpiece where the mate-
rial is difficult to flow in the axial direction, and the material of
planes III and V mainly flows in the axial direction.

4 Experiment

Although an experimental grid pattern (GP) cannot display
characteristics such as the actual rolling stresses, strains,

Fig. 9 (continued)
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Fig. 10 Circumferential displacements of points on different planes. a Circumferential displacements of points on plane IV. b Circumferential
displacements of points on plane III. c Circumferential displacements of points on plane V
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and temperature in real time, grid patterns can be used to
visualize the material displacement field where metal flow
is occurring. Grid patterns are also commonly used to
check velocity fields but are assumed to be theoretical

results similar to FEA. However, the experimental GP
method to record metal flow has been important for the
visual understanding of the metal flow in an industrial pro-
cess [31, 32].

Fig. 10 (continued)

Fig. 11 Experimental samples. a
Sample dimensions. b Actual
manufactured sample
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Fig. 12 Samples with grid
patterns

Fig. 13 The roll forming
apparatus and forming defects

Fig. 14 The rolled samples and
measuring system. a Grid
appearance of the rolled sample. b
Measuring system
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Fig. 15 The flow path of material. a 8% tool penetration. b 24% tool penetration. c 40% tool penetration. (d) 56% tool penetration. e 68% tool
penetration. (f) 88% tool penetration. g 100% tool penetration. (h) 100% tool penetration
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4.1 Experimental preparation

4.1.1 Samples

Metal plastic deformation can generally be assumed as a plane
strain when the ratio of the tooth width to the tooth depth is
larger than 4.5 [33]. To better understand the metal flow be-
havior inside of a workpiece subjected to roll forming, the
slice method was employed in this section. The experimental
sample thickness was 5 mm similar to the simulated thickness
in the FEA discussed in Section 3.2. The ends of the samples
were first ground to prepare the surface for gridding. The sizes
of the samples can be seen in Fig. 11 a, and Fig. 11 b shows the
actual manufactured samples.

The ink printing method was first used to layout the
grids accurately on the face of the samples. Then, a
single-tip stylus-embossing tool was utilized to permanently
engrave over the ink grids into the sample material. Finally,
the ink grids were cleaned away by a washing liquid, as
shown in Fig. 12.

4.1.2 Experimental setup and parameter settings

Having simulated the metal flow during the gear
throughfeed rolling process by FEA, corresponding exper-
imental verification was conducted using the roll forming
apparatus designed by authors, as shown in Fig. 13. All
the experimental parameters were set the same as in the
FEA simulation except the difference between the oil lu-
brication condition used in the experiment and friction
coefficient set in FEA.

4.2 Measuring experimental data

The rolled samples shown in Fig. 14 a were photographed
along their axial end planes to reveal the appearance of the
final deformed grid patterns. AnMVP Fully Automatic Video
Measuring Machine produced by Good Vision Precision
Instrument Co., Ltd., as shown in Fig. 14 b, was used to
inspect the samples. The obtained photos were imported into
AutoCAD®, and then their grids were highlighted by red
lines. Finally, the node coordinates of the grids were measured
and recorded.

4.3 Experimental result analysis

To illustrate the flow path of material in the gear throughfeed
rolling process, the node coordinates were obtained from the
recorded GP data and used to track material movement at
different tool penetration depths into the workpiece.
Different color points indicate the positions of material parti-
cles at different depths of tool penetration, and the length of
the lines represents the flow displacements, as shown in Fig.

15. The flow progression of material particles and the tooth
profile development can be divided into two roll forming
stages depending on the depth of tool penetration: forming
stage and finishing stage.

In the beginning of the forming stage, the material particles
are mostly undeformed due to a small amount of tool penetra-
tion, and the deformation is situated on the contact zone be-
tween the workpiece and the teeth of rolling tool. As the teeth of
rolling tools penetrate the workpiece surface, the material is
continuously pushed to the bottom and to both sides of the tooth
profile, as seen in Fig. 15 a.With continued tool penetration, the
flow pattern of material is maintained along the radial and cir-
cumferential direction of the formed workpiece. Eventually,
additional material is deformed as the tool penetration depth
into the workpiece increases, as depicted in Fig. 15 b–g. The
contact between the teeth of the rolling tool and both sides of
the formed tooth profile is progressively unbalanced due to the
direction of rolling and causes the circumferential displacement
of material particles on the individually formed teeth to become
unsymmetrical. Moreover, due to the difference of the flow
velocities and directions between the surface and interior of
each formed tooth, the development of the rabbit ear defect at
each tooth crest is evident. It can be observed that the flow
displacements of material particles in the radial direction are
larger than those in the circumferential direction.

When the tool penetration nears 100%, this marks the end
of the forming stage and the beginning of the finishing stage
characterized by a comparatively small amount of metal de-
formation. If the tooth space of the rolling tool is small, the
stress to obtain complete fill (100% tool penetration) is very
high and can lead to tool breakage. Therefore, the radial flow
of material is not restricted by the rolling tool at 100% tool
penetration. This means that the material flow is still allowed,
but the actual flow displacement which occurs is very small,
as shown in Fig. 15 h. Additionally, the fact that roll forming is
a local deformation process is evident due to the dead metal
zone that exists in the interior of each tooth.

5 Conclusions

In this study, the three-dimensional material flow in gear pro-
file formed by the forced throughfeed rolling process is ana-
lyzed. From the numerical and experimental analysis, the fol-
lowing conclusions are drawn:

a. The material near the neutral plane hardly flows in the
axial directions during the gear throughfeed rolling pro-
cess. The average axial displacement at the formed crest
of the workpiece ends amounts to approximately 15.4% of
the displacement at the roots, and therefore, the end-flow
originates in the roots of the workpiece ends.
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b. The material radial velocities of points on plane IV, plane
III, and plane V are similar but not exactly the same.
Compared to the radial displacement at the tooth crest
on plane IV, it is reduced by 47.3% and 64.5% at the tooth
crests on plane III and plane V, respectively. Moreover,
the radial displacement differences of material at the tooth
crests result in the rabbit ear formation due to the velocity
gradient of material particles at the formed crests.

c. The maximum circumferential velocity of material is lo-
cated at the root of the formed workpiece due to the ge-
ometry of the rolling tools. Therefore, the geometry of
rolling tools is a key factor that affects material flow in
the gear forced throughfeed rolling process.

d. When the teeth of the rolling tools sequentially contact
both sides of the tooth profile in single-direction rolling,
the circumferential flow displacements of material on the
individual formed tooth are asymmetrical, and this results
in the defect of asymmetrical flanks. Moreover, the flow
displacements of material in the radial direction are larger
than those in the circumferential direction.

e. An understanding of material flow in the forming process
leads to the foundation on reducing the defects and im-
proving the quality of the formed gear in future work.
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