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Abstract The process parameters of the axial-pushed incre-
mental rolling process are studied in this paper to solve the
problems in present production process of spline shaft. Firstly,
the principle of the axial-pushed incremental rolling process is
introduced. Based on the material of 42CrMo, the simplified
finite element models of the process are established up. Then,
the effects of process parameters and the material flow behav-
ior during the process are investigated by finite element anal-
ysis (FEA). After that, the reasonable process parameters dur-
ing the novel process (die angle 9°, feed speed 0.5 mm s−1,
and speed of rolling die 25 r min−1) are determined to meet a
good balance between the forming force, product precision,
and processing efficiency. To verify the determined parame-
ters, validation tests with the blank material 42CrMo were
carried out on an axial-pushed incremental rolling equipment.
The experimental results (tooth shape and forming force)
show a good agreement with FEA results. Through the dimen-
sion measurement, the addendum and root circle diameters of
formed spline shafts are 51.61, 51.72, and 51.66 mm and
48.66, 48.78, and 48.69 mm, respectively. The formed spline
shafts with the determined process parameters reach to the
requirement of direct use (required addendum circle diameter
51.56~51.75 mm, required root c i rc le d iameter
48.5~48.7 mm). Finally, the feasibility of the determined pro-
cess parameters with other materials (no. 20 and no. 45 steel)
is investigated. The dimensions of the formed spline shafts
just slightly deviate from the theoretical value. This problem
is solved by adjusting the feed speed and the speed of rolling

die. Therefore, the determined process parameters of the axial-
pushed incremental rolling process are usable for the produc-
tion of spline shaft.

Keywords Axial-pushed incremental rolling process . Spline
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1 Introduction

Spline shafts are usually applied as the key parts to transmit
motion or torque between shafts in mechanical equipment,
and the superiorities of spline shafts can be summarized as
follows: high reliability, high connection strength, convenient
assembly, and compact structure, etc. Thus, the various supe-
riorities of spline shafts bring a huge application and demand
of spline shafts in the industries such as automobile, engineer-
ing machinery, ship, and aerospace. For example, a standard
car contains more than 30 spline shafts, and the installed po-
sitions of spline shafts have transmission, differential, clutch,
etc. In addition, the modern industry brings higher
manufacturing requirement to the productive efficiency and
performance of spline shaft. Therefore, it is urgent to study
an advanced manufacturing process for the spline shaft with
higher efficiency and performance.

Currently, the studies of the plastic forming process of
spline and gear become ever more active for the superiorities
such as lower cost, high product quality, higher productivity,
and saving of materials. Klepikov and Bodrov [1] draw a
conclusion that the cold plastic forming process of spline
shafts is a better way in mass production by their applied
research. Li et al. [2] have studied an open-die warm extrusion
process of spline shafts. In their study, the effects of main
process parameters on tooth filled quality and forming loads
are investigated by finite element method (FEM). Altinbalik
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and Ayer [3] have investigated a forward extrusion process of
clover section from different billet diameters. Zou et al. [4]
have designed an optimal die profile via integrating FEM
during hot extrusion process. The surface load distributes on
die profile surface more uniformly, and then, the service life of
die in hot extrusion process is improved. Zhang et al. [5] have
established up the mathematical models of contact area and
tooth curves in the two- or three-die spline rolling process. In
order to solve the bulging problem during cold extrusion of
spline shaft, Huang and Fu [6] have proposed a method of
adding a guide length upon entrance section of the die in the
die designing. Kondo et al. [7] have proposed a tooth crest
divided flow method of precision cold forging process.

Zhang and Zhao [8] have proposed a new way for forming
shafts having thread and spline by rolling with two round dies.
Zhang et al. [9] also have studied the method of initial phase
adjustment for dies before spline rolling. The work provided a
theoretical basis for the experimental rolling process of
splined shafts. Weisz-Patrault et al. [10] have proposed a
new roll gap friction sensor for cold rolling process, which
enables to evaluate contact stresses with very short computa-
tion times, compatible with real-time interpretation. Using a
slip-line field method, Zhang et al. [11] investigated the rolling
force and torque during spline shaft rolling process with round
dies. Liu et al. [12] have carried out the experimental research
on forming parameters for spline shaft rolling process with
round dies.

Based on the previously mentioned research works, a novel
axial-pushed incremental rolling process of spline shaft is pro-
posed to try to promote the application of plastic forming
process in manufacturing. There are some important process
parameters (for example, feed in velocity, die angle of en-
trance section, and rotational speed of dies) of axial-pushed
incremental rolling process, and FEA is widely used to deter-
mine the process parameters. In previous works, FEA or FEM
was proved to be an effective method to understand forming
mechanism and determine the process parameters. Kamouneh
et al. [13] declared that diagnosis of quality problems and
proposing possible solutions to the problems in helical gear
rolling process with flat dies can be carried out by FEM. Yang
et al. [14] have studied the blank size effects on the uniformity
of strain and temperature distributions during hot rolling of
titanium alloy large rings by finite element (FE) modeling.
Domblesky and Feng [15] have studied the effects of forming
parameters on the thread rolling with flat dies by using FEM.
Hua et al. [16] have investigated the size effects of rolls on the
radial–axial ring rolling process based on a valid 3D FE mod-
el. Kao et al. [17] developed an integrated CAD/CAM/CAE
system to design the flat dies in taper-tipped screw rolling
process. Tieu et al. [18] have investigated the influence of cold
rolling reduction on the deformation behavior and crystallo-
graphic orientation development by FEM simulation.
Carvalho-Resende et al. [19] have developed an elastoplastic

constitutive model by numerical study for sheet steel forming.
Li et al. [20] have studied the cold rolling process for double
groove ball-section ring by finite element modeling and
simulation.

In this paper, an axial-pushed incremental rolling process
of spline shaft is studied. It is a novel metal forming process
during which the blank is pushed into the rolling dies incre-
mentally and the material in the surface layer is formed to
needed shape. The material flow behavior and optimum pro-
cess parameters during the process are investigated by FEA.
Based on the specific axial-pushed incremental rolling equip-
ment, the experimental research is carried out by the authors.
Then, the experiments with the determined parameters are
carried out on the equipment and the forming precision is
verified.

2 Principle of the axial-pushed incremental rolling
[21]

The principle of the axial-pushed incremental rolling process
is shown in Fig. 1a; the system is mainly made up of by blank,
back-drive center, and three rolling dies. The rolling dies were
installed along the circumferential direction evenly. Figure 1b
shows the structure of the rolling die; each rolling die contains
die angle and correction part along the axial direction. The die
angle part preformed for spline shaft, and the correction part
formed and adjusted the tooth profile. The back-drive center
could confirm that the initial phase of the three dies is suitable
and ensure that the speed stays the same because it has the
same parameters with spline shaft.

3 Determination of the process parameters by FEA

3.1 Finite element modeling and simulation parameters

Based on the principle of the process, the simplified finite
element models of the axial-pushed incremental rolling

Fig. 1 Diagram of the principle of the axial-pushed incremental rolling
process
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process are established up, as shown in Fig. 2a. The blank
structure, constraints, and grid are shown in Fig. 2b. Along
the axial direction, the blank contains three sections: (a) tooth
profile section, (b) transition section, and (c) connection sec-
tion. The length of the tooth profile section is 32 mm. The
connection section can be regarded as no deformation, so the
constraints of no displacement in all directions are applied in
connection section. Additionally, in order to increase the pre-
cision of simulations, local mesh refinement is applied in the
surface within the depth of 1.5 mm.

The material of the blank is set as 42CrMo steel (American
Grade: AISI 4140), which is used for spline shaft widely in
automobile industry. The constitutive equation of 42CrMo at
room temperature is obtained by compression tests on
INSTRON® universal mechanical testing machine. And the
Johnson–Cook model is employed to express the constitutive
equation of 42CrMo, as shown in Eq. 1.

σ ¼ 414þ 542:34ε0:2878p

� �
1þ 0:04618ln ˙εÞ� ð1Þ

The simulation parameters of FEA are as follows. The
mesh type is selected as tetrahedral mesh, and the remeshing
criterion is set as global remeshing (interference depth 0.7,
relative). The blank temperature and environment temperature
are 20 °C. The shear-based friction model is applied between
the blank and the dies, and the friction factor is set as 0.12
according to the user guide of DEFORM®.

In order to improve the simulation efficiency and ensure
the authenticity and accuracy of the results, some assumptions
are made for finite element models. There is no ductile frac-
ture, and the material develops no anisotropy during deforma-
tion. Both Bauschinger effects and elastic recovery of material
are not taken into account. The effects of gravity and inertia
force of the blank itself are neglected. The finite element

models with the previouslymentioned assumptions are similar
to real-life situations of axial-pushed incremental rolling
process.

3.2 The determination of the die angle αe

The effects of the die angle are investigated in this paper.
Different die angles (4°, 8°, 10°, 12°, 16°, 20°) are selected
to simulate the axial-pushed incremental rolling process of
spline shaft, and the results are analyzed, respectively. The
other simulation conditions are selected as follows: the speed
of rolling die is 20 r min−1, the speed of blank is 60 r min−1,
and the axial feed speed is 1.5 mm s−1. Figure 3 shows the
rolling forming process with different αe. When the rolling
cyclesNr = 5, the rolling dies only make a shallow indentation
on the blank of spline shaft with 4° die angle and the inden-
tation is easy to produce dislocation in the next rolling cycle.
But the rolling dies make a complete tooth profile on the blank
with 20° die angle. When the rolling cycles Nr = 5, the rolling
dies just begin to make complete tooth profile with 4° die
angle. But in the situation of 10° and 20°, the length of com-
plete tooth profile is already 6.7 and 8.8 mm. Thus, it can be
seen that the increase of die angle can improve the efficiency
and accuracy of the rolling process.

Figure 4 shows the tendency of the axial and radial rolling
force with different die angles. With the increase of αe, the
rising rate of the axial and radial rolling force increases, the
maximum axial rolling force increases, but the maximum ra-
dial rolling force decreases.Whenαe increases from 4° to 20°,
the maximum axial force increases from about 1.5 to 2.4 kN,
but the maximum radial force decreases from about 23.9 to
7.4 kN. Excessive axial rolling force is negative for axial in-
feed, but excessive radial rolling force is negative for rolling
accuracy. Therefore, the determination of die angle should
consider the axial and radial rolling force at the same time.

The die angle has a significant impact for the equivalent
stress distribution of material in preformation area. The larger
the die angle, the higher the actual rolling speed and deforma-
tion rate. Figure 5 shows the equivalent stress distributions on
the section in preformed area (axial distance 20 mm), and the
stress distributions are greatly different with different αe. The
equivalent stress distribution is basically identical when αe

ranges from 4° to 8° (Fig. 5a, b), and the equivalent stress
on the surface of tooth root area is about 1300 MPa. When
the αe is 4°, the deformation and flow of material mainly
occurred along the radial inward direction and the two-side
direction, and the flow of the material in axial direction is less.
But when αe ranges from 8° to 16°, the deformation and flow
of the material increased along the axial direction. Thesemake
the flow resistance of material decrease. Thus, the equivalent
stress in the surface layer of spline shaft reduced (Fig. 5c–e).
When αe is 20° (Fig. 5f), the increase of deformation rate led
to the equivalent stress rise in the surface layer of spline shaftFig. 2 Diagram of the finite element models
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(the maximum equivalent stress is 1564MPa on the surface of
tooth root area). Therefore, the die angle should be appropriate
to ensure the sufficient plastic deformation and material flow
in the rolling process.

Figure 6 shows the equivalent strain distribution on the
section (axial distance 20 mm) of the preformed area with
different die angles. The depth of plastic deformation area
decreases with αe increasing, which indicates that the degree
of plastic deformation accumulation reduced. When αe ranges
from 4° to 8° (Fig. 6a, b), the equivalent strain is almost evenly
distributed in the tooth profile and root area of spline shaft.
The equivalent strain in the center of tooth profile slightly
declines, and the equivalent strain on the surface of tooth root
area obviously increases. When αe is bigger than 10°, espe-
cially 20°, the equivalent strain is mainly distributed on the
surface of tooth profile and root, and it obviously declines in
the center of tooth profile and the bottom of tooth profile and
root (Fig. 6c–f). Therefore, a smaller αe can improve the de-
gree of plastic deformation accumulation and distribution uni-
formity. And then, the smaller αe can improve the effect of
work hardening, surface quality, and fatigue strength of tooth
profile.

Figure 7 shows the distribution of the material flow dis-
placement on the section (axial distance 20 mm) of preforma-
tion area. The displacement of material flow mainly distrib-
utes in the tooth profile and root area, and the maximal value
appears in the top of the tooth profile and the surface of the
tooth root. When αe is 16° and 20° (Fig. 7e, f), the

displacement of the material obviously increases in the tooth
profile and root area. The reason for this phenomenon is that
the increase ofαe leads to enhancement of actual rolling speed
and axial flow of material.

Figure 8 shows the comparison of material flow displace-
ment of the preformed area with different αe in different di-
rections. With the αe increasing, (1) at the same radial (rp), the
displacement along the radial direction in tooth profile and
root area is basically equal; (2) the direction of material flow
in tooth profile area is inward radial direction, and the dis-
placement increases with rp; (3) the direction of material flow
in tooth root area is outward radial direction, and the displace-
ment also increases with rp; (4) in tooth profile area, the dis-
placement along the axial direction slightly increases with the
αe increasing, but it decreases with the increase of rp; and (5)
in tooth root area, the displacement along the axial direction
obviously increases with the αe increasing, and it also in-
creases sharply with the increase of rp (especially in the sur-
face layer of the tooth root area rp = 24.25 mm, the axial
displacement of material flow increases rapidly when αe is
bigger than 10°). Thus, it can be seen that during the prefor-
mation process, smaller αe can improve the behavior of ma-
terial flow along the outward radial direction in tooth profile
area and inhibit the behavior of material flow along the axial
direction in toot profile and root area, which is beneficial to the
increase of tooth height of spline shaft.

In summary, the increase of αe is beneficial to the
efficiency and accuracy of the rolling process, but it is
not advantage for the axial rolling force, the material
flow, the degree of plastic deformation accumulation,
and the distribution uniformity. As a result, the optimum
αe is determined as 9° considering the effects of die
angle on plastic deformation accumulation, material
flow and rolling force.

3.3 The determination of the feed speed ν

In order to investigate the effects of feed speed and determine
the reasonable speed value, the axial-pushed incremental

Fig. 4 The change trends of rolling force with different die angles: a
axial rolling force and b radial rolling force

Fig. 3 The rolling forming
process with different die angles
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Fig. 6 The equivalent strain
distribution on the section of the
preformed area with different die
angles: a 4°, b 8°, c 10°, d 12°, e
16°, and f 20°

Fig. 7 The distribution of the
material flow displacement on the
section of preformed area: a 4°, b
8°, c 10°, d 12°, e 16°, and f 20°

Fig. 5 The equivalent stress
distribution on the section in
preformed area with different die
angles: a 4°, b 8°, c 10°, d 12°, e
16°, and f 20°
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Fig. 9 The simulation results
with different feed speeds: a the
variation of addendum radius
when pre rolling and b the
distribution of equivalent strain
with different feed speeds in
preformed area

Fig. 10 The distribution of the
material flow displacement with
different feed speeds ν: a 0.5, b
1.25, and c 2 mm s−1

Fig. 8 The comparison of
material flow displacement of
preformed area with different die
angles in different directions: a
radial direction and b axial
direction

Fig. 11 The simulation results
with different rotation speeds of
rolling dies: a the variation of
addendum radius when prerolling
and b the distribution of
equivalent strain with different
feed speeds in preformed area
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rolling process is simulated with different feed speeds ν (0.5,
1.25, and 2 mm s−1) and the results are shown in Fig. 9. The
other simulation conditions are set as follows: the die angle αe

is 9°, the speed of rolling die is 20 r min−1, and the speed of
blank is 60 r min−1. According to Fig. 9, with the increasing of
ν, the forming speed of tooth profile increases, but the radius
of addendum decreases obviously after preformation. When
the feed speed is 0.5, 1.25, and 2 mm s−1, the radius of adden-
dum is 25.875, 25.7, and 25.64 mm, respectively, as shown in
Fig. 10a (only when the feed speed is 0.5 mm s−1, the radius of
addendum consistent with the requirement). As a result, the
smaller ν can increase the cycles of preformation and is favor-
able to the increase of tooth height (the area of rolling in one
cycle is small, so the accumulation degree of plastic deforma-
tion is higher).

Figure 9b shows the distribution of equivalent strain with
different ν in the preformed area. The equivalent strain in
tooth profile and root area decreases obviously as ν increases.
For example, when the feed speed is 0.5, 1.25, and 2 mm·s−1,
the equivalent strain at PA (depth 0.25 mm) is 4.802, 2.047,
and 1.956, respectively. The reduction of equivalent strain
indicates that the accumulation degree of plastic deformation
decreases during the preformation process (the effect of work
hardening weakens, and then, the fatigue strength of tooth
profile lowers). In addition, the reduction of ν can increase
the correction rolling cycles of rolling dies and improve the
surface quality of the tooth profile and root area.

Figure 10 shows the distribution of the material flow dis-
placement on the section (axial distance 20 mm) in preforma-
tion area with different feed speeds. The displacement in tooth
profile and root area decreases as the feed speed increases, and
the value is bigger in tooth profile area. This phenomenon
indicates that the increase of feed speed leads to more drastic

plastic deformation (material flow is not sufficient and the
displacement decreases). Then, the radius of addendum re-
markably reduces after preforming.

As a result, the enhancement of feed speed suppresses the
accumulation of plastic deformation and the behavior of the
material flow. In order to improve the surface quality and
structural property of the formed spline shaft, ν should not
be too large (the reasonable ν value can be determined as
0.5 mm s−1 in actual rolling process).

3.4 The determination of the speed of rolling die nd

The simulations with different speeds of rolling die nd (15, 20,
and 25 r min−1) were submitted to calculate. The speeds of
blank are set as 45, 60, and 75 r min−1 accordingly. The feed
speed is set as 1.25 mm s−1 in order to decrease the computa-
tion time, and the die angle αe is set as 9°. Figure 11 shows the
variation of the addendum radius and the distribution of the
equivalent stress with different rotation speeds of rolling dies
nd. With the increasing nd, the rotating period of the spline
shaft shortens, the preforming cycles of rolling dies increase,
and the deformation area of one cycle decreases. Thus, the
accumulation degree of plastic deformation is higher during
the preforming process. As shown in Fig. 11a, the radius of
addendum reached the required radius (25.875 mm) after
preforming when nd is equal to 25 r min−1. But when it is 20
or 15 r min−1, the radius of addendum slightly decreases after
preforming. This phenomenon could be explained as follows:
the deformation area of one cycle increases as nd decreases,
and the material plastic deformation and flow are insufficient.
Thus, the radius of addendum decreases when nd is 20 or
15 r min−1.

Fig. 12 The distribution of the
material flow displacement with
different rotation speeds of rolling
dies nd: a 15, b 20, and c
25 r min−1

Fig. 13 The axial-pushed incremental rolling equipment
Fig. 14 The comparison of formed spline shaft with 42CrMo: a FEA
result and b experimental result
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Figure 11b shows the distribution of equivalent strain
with different nd after preforming. The equivalent strain
obviously increases with nd. For example, when nd is
15, 20, and 25 r min−1, the equivalent strain of PA is
1.642, 2.047, and 2.655, respectively. In addition, after
10 cycles of correction rolling, the equivalent strain of
PA increases to 1.642, 2.047, and 2.655, respectively
(improved 88.1, 91.6, and 127.6 %, respectively). This
result reveals that the increase of nd can deepen the
plastic deformation accumulation in tooth profile and
root area.

Figure 12 shows the distribution of the material flow dis-
placement on the section (axial distance 20 mm) in the
preformed area with different nd. The material flow displace-
ment of tooth profile and root area increases with nd.

As a result, the increase of nd can increase the cycles
of preforming rolling and correction rolling. Thus, the
deformation area of one cycle decreases and the degree
of plastic deformation accumulation increases (the effect
of work hardening is more obvious). However, the over-
size speed of rolling die is difficult for the rolling
equipment design. In order to obtain the forming quality
as good as possible, the reasonable nd value can be
determined as 25 r min−1 in actual rolling process.

4 Experimental verification of the determined
process parameters

4.1 Experimental preparation

Based on the principle in Sect. 2, an axial-pushed incremental
rolling equipment was designed, manufactured, and assem-
bled as shown in Fig. 13.

Then, the experiments of the axial-pushed incremen-
tal rolling process of spline shaft with the determined
process parameters are carried out and the forming pre-
cision is investigated.

4.2 The experimental verification of finite element models

In order to validate the finite element models in Sect. 3,
the corresponding experiments were conducted on the
rolling equipment. The final results of FEA (die angle
9°, feed speed 0.5 mm s−1, speed of rolling die
25 r min−1) were adopted for the experimental conditions.
The experimental blanks are machined with 42CrMo steel
according to the shape of FEA blank model, and the
mineral oil is used for lubrication between the surfaces
of blank and rolling dies. Figure 14 shows the final
formed spline shafts by FEA and experiment with the
same conditions. The tooth number is the same, and the
tooth shape shows a good agreement.

In addition, the finite element forming load results, which
were calculated by FEA, are compared with the experimental
results, as shown in Fig. 15. Both the axial loads and radial
loads have a good consistency with the experimental load
data. Therefore, the previously mentioned comparisons indi-
cate that the finite element models and analysis in Sect. 3 are
credible.

4.3 Experimental results

Figure 16 shows the formed spline shaft with 42CrMo steel. It
can be seen that the tooth number of formed spline shaft is
accurate and the tooth profile is equally distributed, undistort-
ed, and smooth.

Fig. 15 The comparison of
forming load results by FEA and
experiments: a axial forming load
and b radial forming load

Fig. 16 Formed spline shafts with 42CrMo: a end face, b side face, and c
cross section
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Then, the formed spline shafts by the axial-pushed incre-
mental rolling process are measured, respectively, and the
main parameters are compared with the theoretical value in
Table 1. The formed spline shafts with the determined process
parameters show a good shape, and all of the measured di-
mensions meet the theoretical value. Therefore, the deter-
mined process parameters of the axial-pushed incremental
rolling process are available for the production of spline shaft
and the formed spline shafts have reached the requirement of
direct use.

4.4 The feasibility investigation on other materials

The previously mentioned analysis and experiments are
based on the material of 42CrMo, and the final experi-
mental results are satisfactory. Further, the feasibility on
other materials is investigated in order to promote the
application of the axial-pushed incremental rolling process
with the determined process parameters. The no. 20 steel
and no. 45 steel, which are commonly used in the present
spline shaft production, are selected to experiment (the

other experimental conditions are the same as Sect. 4.3),
and Fig. 17 shows the shape of the formed spline shafts.
As well, the formed shafts are measured respectively, and
the results are listed in Table 2. The formed spline shafts
also showed a good tooth shape, and the dimensions just
slightly deviated from the theoretical value (the results are
very close to the theoretical value because the optimal die
angle makes a good balance between deformation accumu-
lation and axial material flow). The reason for dimension
deviation can be explained as follows: the material flow
displacement is affected by the material properties, but the
experimental conditions are determined by FEA based on
the material of 42CrMo.

This problem can be solved by slightly adjusting the
feed speed ν and the speed of rolling die nd (decrease
the feed speed or increase the speed of rolling die or
both). The further experiments are also carried out, and
the formed spline shafts are satisfactory. Therefore, the
determined process parameters in this paper can be used
for the spline shaft production with no. 20 and no. 45
steel after a small adjustment.

Table 1 Parameters of the formed spline shaft with 42CrMo and the theoretical value

Project Parameters

Tooth
number

Addendum circle
diameter (mm)

Root circle
diameter (mm)

Base tangent
length (mm)

Theoretical value 40
51:750−0:19 h6ð Þ 48:70−0:2 24:746−0:04−0:08

Experimental value 42CrMo sample 1 40 51.61 48.66 24.680

42CrMo sample 2 40 51.72 48.78 24.793

42CrMo sample 3 40 51.66 48.69 24.703

Fig. 17 The formed spline shaft
with other materials: a no. 20 steel
and b no. 45 steel
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5 Conclusion

Through the FEA and experimental verification on the axial-
pushed incremental rolling process, the conclusions are listed
as follows:

1. The deformation and material flow during the axial-
pushed incremental rolling process of spline shaft only
occur in the surface layer of the blank. The process pa-
rameters (die angle αe, feed speed ν, and speed of rolling
die nd) have significant effects on the rolling process of
spline shaft.

2. Based on the FEA on the rolling process with 42CrMo
steel, the increase of αe is beneficial to the efficiency and
accuracy of the rolling process, but it is not advantage for
the axial rolling force, the material flow, the degree of
plastic deformation accumulation, and the distribution
uniformity. Thus, an optimum die angle of rolling dies is
established as 9° considering the effects of die angle on
the axial-pushed incremental rolling process.

3. The FEA results demonstrate that the increase of feed
speed is adverse to the accumulation of plastic deforma-
tion and the behavior of the material flow. However, an
extreme feed speed is not available in the actual produc-
tion because of poor efficiency. A reasonable feed speed
value is determined as 0.5 mm s−1 to obtain the enough
surface quality and structure property.

4. The bigger rotation speed of rolling die can increase the
cycles of preforming rolling and the degree of plastic de-
formation accumulation. However, it is disadvantage for
the rolling equipment design. Thus, a reasonable rotation
speed value is determined as 25 r min−1 to obtain the
forming quality as good as possible.

5. The experimental verification is carried out on the axial-
pushed incremental rolling equipment, and the combina-
tion of the determined process parameters (die angle 9°,
feed speed 0.5 mm·s−1, speed of rolling die 25 r min−1) is

adopted for the experimental conditions. The formed
spline shafts show a good agreement with FEA results,
and the measurement results show that the dimension of
formed spline shafts reached the requirement. Thus, the
determined process parameters of the axial-pushed incre-
mental rolling process are available for the production of
spline shaft with 42CrMo steel.

6. The feasibility investigation on the commonly used mate-
rials of spline shaft (no. 20 steel and no. 45 steel) is
discussed. The measurement results of the formed spline
shafts just slightly deviated from the theoretical value.
This problem is solved by slightly adjusting the feed
speed ν and the speed of rolling die nd (decrease the feed
speed or increase the speed of rolling die or both).
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