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Abstract
It is significant to master the metal flowing mechanism of high-speed cold roll beating (HSCRB) for forming quality control. 
The involute spline was formed at room temperature, the stress distribution and metal flowing displacement of the parts 
were analyzed by simulation, and the microstructure and hardness of the parts were studied by experiment. The results show 
that the stress at the groove is the largest and transmitted to the surrounding, and the bottom land, tooth side, and top land 
decrease successively. The metal flows away from the roller and the center of the workpiece, and the displacement of the 
bottom land, tooth side, and top land decreases successively. After multiple beats, the final tooth shape is obtained by the 
accumulation of flow. The metal flow results in large amount of fibrous tissue at the bottom land, a small amount of fibrous 
tissue at the tooth side, and no fibrous tissue at the top land. The flow results in work hardening, and the hardness is that 
the bottom land, tooth side,  top land decrease successively, and the hardness decrease successively from the surface to the 
inside, showing the characteristics of hard surface and core toughness. The metal flowing mechanism was obtained. The 
metal in the area occupied by the roller flows in the direction of less resistance. The larger the distance to the contact area, 
the smaller the flow displacement. The displacement of metal flow is positively correlated with the deformation degree of 
microstructure and the capacity of work hardening.
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1  Introduction

High-speed cold roll beating (HSCRB) forming is a kind 
of advanced plastic forming which is suitable for forming 
splines, gears, and other tooth shaft parts at room tempera-
ture. Due to the advantages relative to the traditional machin-
ing of high efficiency, less material waste, saving energy, 
higher strength, and so on, the parts formed by HSCRB 
meet the requirement of high-demand industries, such as 
aerospace, wind power, nuclear power, and automobile [1].

HSCRB was proposed by Grob and Krapfenbauer [2]. Cui 
et al. [3] studied the residual stress of the forming parts and 
found that the distribution of residual stress is that the bot-
tom land, tooth side, and top land decrease successively and 
the process parameters would affect the residual stress. Li 

et al. [4] got external tooth grooves by HSCRB and studied 
the influence of process parameters on forming force and 
forming accuracy and found that increasing beating density 
and reducing spindle speed could be beneficial to forming 
accuracy. Niu et al. [5] studied the influence of beat on adja-
cent groove during the forming and found that stress wave 
would affect adjacent groove, but the influence is little. Tian 
et al. [6] proposed to use restraining device to improve the 
rigidity of the spline shaft and improve the forming quality 
by studying the vibration problem of the spline shaft during 
the forming.

Controlling the metal flow is beneficial to improve the 
forming quality [7] and prolong the life of the die [8]. The 
dynamic recrystallization and metal flow behavior of stag-
gered extrusion AZ31 magnesium alloy bending products 
were studied, and it was found that the asymmetrical distri-
bution of flow velocity field is one of the factors affecting 
the bending properties of the bending products [9]. Shen 
et al. [10] proposed an axisymmetric modeling to predict the 
metal flow in radial direction and found that the metal in the 
rim flowed towards the web and the metal near the surfaces 
of the conjunction region between the web and rim suffered 
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severe shear deformation. The characteristics of metal flow 
of electromechanical and hydraulic chattering were studied 
in the extrusion process, and it was found that with electro-
hydraulic chattering, the flow velocity increased, and the 
deformation resistance decreased, so that the method results 
in easy metal flow [11]. Svirin et al. [12] found that the fric-
tion coefficient has little influence on metal flow rate and the 
decisive factors of metal flow are plate thickness and friction 
coefficient. The flow velocity and pressure distribution of 
hollow aluminum in different directions at the extrusion out-
let were analyzed to optimize the die structure and improve 
the concave problem [13]. Zhao et al. [14] studied the influ-
ence mechanism of metal transverse flow on the distribution 
of residual stress in hot rolling of strip steel and found that 
the preferential metal flow direction is helpful to reduce the 
maximum residual compressive stress, so the risk of buck-
ling deformation reduced. Therefore, metal streamline, mesh 
deformation, stress field, and so on are useful methods to 
study metal flow. Improving metal flow conditions, such as 
friction conditions control [15] and process control [16], is 
beneficial to forming quality.

In addition, study on microstructure and mechanical prop-
erties is indispensable for plastic deformation [17, 18]. It is 
of great value to study the changes of microstructure and 
properties by severe plastic deformation [19, 20].

For the forming process, research up to date on the metal 
flow of the complete tooth shape of spline is insufficient. 
In this paper, the metal flow of the process was analyzed 
by tracing nodal displacement. The rule of the metal flow, 
the hardness, and the microstructure of the deformed spline 
tooth was revealed. In the research, a spline was taken as 
the research object, and the stress distribution and metal 
flow along the tooth were analyzed by finite element analysis 
(FEA). Experimental testing of microstructure and hardness 
of the tooth and the change of microstructure and hardness 
show the metal flowing situation and the change of proper-
ties. By combining FEA and experiments, the relationship 
between stress distribution and metal flow was obtained. The 
characteristics of metal flow and its effect on microstruc-
ture were obtained by analyzing the displacement and the 
change of microstructure of metal flow. Through the analy-
sis of metal flow and hardness, the effect of metal flow on 
the properties of forming parts was obtained. Based on the 
research, the mechanism of metal flow was obtained.

2 � Finite element analysis (FEA)

The principle of HSCRB is shown in Fig. 1. At room tem-
perature, a pair of rollers rotate around their respective rota-
tion centers at the same speed and in the opposite direc-
tion. The rollers rotate one circle; the workpiece undergoes 
one beating. At the same time, the workpiece feeds so that 

the rollers would beat the required length of groove. The 
workpiece makes dividing movement when not beaten so 
that the rollers would beat other grooves [5]. When the roll-
ers beat the workpiece, the workpiece undergoes plastic 
deformation, and the plastic deformation is the metal flow 
at the microscopic level. During the forming, the micro-
structure changed, the plastic deformation resistance of grain 
increases, and the plasticity and toughness decrease, result-
ing in work hardening. Macroscopically, the mechanical 
properties of the forming part changed.

FEA of the forming process was performed by ABAQUS 
software. On this basis, the von Mises and the metal flow 
were obtained. In order to improve efficiency, only two 
grooves were formed by two rollers to get a complete spline 
tooth. The FEA model is shown in Fig. 2a, and the spline 

Fig. 1   The principle of HSCRB [5]

(a)

(b)

Fig. 2   Finite element simulation. a FEA model. b Nodes selection
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parameters are shown in Table 1. The material of the work-
piece is ASTM 1045. The density, Young’s modulus, and the 
Poisson ratio of the material are 7890 kg/m3, 209 GPa, and 
0.269, respectively. The mesh type of workpiece is C3D8R, 
and the number of elements is 155100. ALE adaptive mesh-
ing is used in the FEA. The beating roller is a discrete rigid 
body, and the friction coefficient is 0.12. The constitutive 
model of workpiece is Johnson–Cook (J-C) model [21, 22]. 
The J-C constitutive equation is shown in Eq. (1):

where σ is the equivalent yield strength; A is the yield limit; 
B is the hardening modulus; n is the hardening coefficient; ε 
is the equivalent plastic strain; C is the strain rate constant; 
ε* is the dimensionless plastic strain rate; ε*=ε’/ε’0; ε’ is the 
equivalent plastic strain rate; ε’0 is the strain rate reference; 
T* is the homologous temperature; and m is the thermal 
softening coefficient.

Due to the intermittent forming process and the short con-
tact time, the heat generated by deformation can be dissi-
pated easy, so that the effect of temperature generated by the 
process can be neglected [4]. Equation (2) can be obtained 
as follows:

The parameters of the J–C model of the material were 
obtained by experiments, and A, B, n, C, m, and ε’0 are 
507 MPa, 320 MPa, 0.28, 0.064, 1.06, and 1 s−1, respec-
tively [23].

The rollers rotate along the y-axis and feeds along the 
z-axis at the same time to improve the efficiency. Others’ 
freedom was constrained.

The metal flow was obtained by tracking the nodal dis-
placement. As shown in Fig. 2b, the nodes are selected to 
obtain the displacement.

(1)� = (A + B�n)(1 + Cln�∗)
[

1 − T∗m
]

(2)� = (A + B�n)(1 + Cln�∗)

3 � Experiment methods

3.1 � The experiments of microstructure 
and hardness

As shown in Fig. 3a, a quenched and tempered ASTM 1045 
steel with 0.430% C, 0.290% Si, 0.630% Mn, 0.019% P, and 
0.014% S formed a spline by HSCRB. The roller of HSCRB 
is shown in Fig. 3b. The spline was cut by a wire cutting 
machine to get a sample. The sample was chemically cor-
roded by 4% HNO3 alcohol solution.

The position of top land (area 1), tooth side (area 2), 
bottom land (area 3), and center of the tooth (area 4) was 
observed by a microscope (Keyence VHX-600) to obtain 
the microstructure of the sample.

The hardness of the sample was measured by a HXD-
1000TM micro Vickers hardness tester (Shanghai Taiming 
Optical Instrument Co., Ltd). The hardness test was meas-
ured along the tangent line of the addendum circle (l1), 
tangent line of the reference circle (l2), tangent line of the 
dedendum circle (l3), central line of the top land (l4), and 
central line of the groove (l5). Eighteen points were meas-
ured at the tangent line of the addendum circle, each point 
spaced 0.2 mm apart. Twenty-eight points were measured 
at the tangent line of the reference circle, each point spaced 
0.15 mm apart. Thirty-five points were measured at the tan-
gent line of the dedendum circle, each point spaced 0.2 mm 
apart. Twenty-one points were measured at the central line 
of the top land, each point spaced 0.2 mm apart. Eighteen 
points were measured at the central line of the groove, each 
point spaced 0.2 mm apart.

3.2 � The experiment of the deformation 
characteristics of the groove

As shown in Fig. 3c, to supplement explanation for the 
deformation characteristics of the groove,  the expected beat 
area of the pure aluminum shaft part was sliced axially to 
eliminate the constraints before forming a groove.

4 � Results

4.1 � The von Mises

The results of von Mises can be obtained by FEA, as shown 
in Fig. 4; von Mises increases successively along the radial 
direction of top land, tooth side, and bottom land, with 
the maximum at the groove, which is 1301 MPa, and the 
minimum at the farthest end from contact area, which is 
5.229 MPa. The end-to-internal tooth gradually transitions 

Table 1   Spline parameters

Condition Description

Modulus (m/mm) 2.5
Number of teeth (z) 28
Pressure angle on pitch circle of roller (○) 30
Rotational speed of roller n/(r/min) 1400
Speed of feed a/(mm/s) 1.5
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from the complete tooth profile to the original profile of 
the workpiece, and the groove gradually rises and finally 
coincides with the top land, that is, the bottom land, tooth 
side, and top land gradually become one, and the von Mises 
also gradually transitions to the same. The overall von Mises 

decreases with the increase of the distance from the contact 
area.

4.2 � Metal flow

The metal flow can be obtained by the nodal displacement. 
The typical nodes which are all located at the left half of the 
tooth were selected from FEA to get the displacement. The 
nodal displacement could be calculated by Eq. (3)

where s is the nodal displacement and x, y, and z are the 
displacement components of the nodes on the three coor-
dinate axes.

As shown in Fig. 2b, the first node of the 4 radial lines 
is located at the top land, tooth side, bottom land, and the 
center of the groove, respectively. The lines extend to the 
center of the workpiece, and each line is composed of 10 
nodes (d1, d2, d3, d4). Four axial lines were selected, and the 
first node of each line is located at the same position as the 
radial line, respectively, extending the distance of 55 nodes 
from the end face to the interior (da1, da2, da3, da4). Three 
nodes of top land (n1), tooth side (n2), and bottom land (n3) 
were selected. All nodes and lines were selected from the 
C cross section.

Figure 5 shows the displacement at different positions of 
tooth along the radial direction. Figure 6 shows the displace-
ment at different positions along the axial direction. These 
figures show the metal flowing displacement after forming. 
As shown in Fig. 7, Fig. 8, and Fig. 9, the flowing charac-
teristics of top land, tooth side, and bottom land during the 
process are reflected. One node was selected from the C 
cross section of each of the three positions.

As shown in Fig. 5 and Fig. 6, the metal which is under 
the roller is pressed to the direction of x-axis, the metal flows 
to the negative direction of the x-axis, and the displacement 
of the y-axis direction is relatively small. Adjacent metal 
flows in the direction of the groove due to the force of the 
roller, that is, the bottom land and tooth side flow in the 
negative direction of the x-axis, and the metal of the tooth 
side flows in the positive direction of the y-axis. Due to the 
shape of the roller, the metal which located at both sides of 
the roller flows away from the contact area under the extru-
sion by the roller, so the metal at the bottom of the tooth 
flows in the negative direction of the y-axis. As shown in 
Fig. 3c, the workpiece is processed before forming to elimi-
nate the bottom constraint; therefore, the groove is cracked 
to both sides, meaning the metal flows to both sides; the 
result is consistent with the FEA results. The extruded metal 
continues to extrude the surrounding metal, which extrudes 
metal flow to the surface of the workpiece because of the 
least resistance, that is, the positive direction of the x-axis, 

(3)s =
√

x2 + y2 + z2

(a)

(b)

(c)

Fig. 3   The experiments of HSCRB. a The experiments of microstruc-
ture and hardness. b The roller of HSCRB. c The experiment of the 
deformation characteristics of the groove
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resulting in protrusions and the formation of the top land 
after the accumulation of many processing.

The final displacement of the top land of y-axis is rela-
tively small, which indicates that the effect of adjacent sides 
of the tooth on the top land is symmetrical during forming. 
All nodes flow in the positive direction of the z-axis, and the 
displacement of the z-axis is the center of the groove, the 
bottom land, the tooth side, and the top land decreases suc-
cessively. After forming, an arc-like protrude from the top 
land to the groove is formed on the end face. As shown in 
Fig. 6, from the end to the interior, part of the top land was 
not fully formed at the beginning, but after a period of form-
ing, the top land, tooth side, and bottom land were fused 
together, corresponding to Fig. 3. When the tooth is fused 
with initial shape, the stress also tended to be the same. 
Compared with the end face, the interior formed is more 
full, owing to the sufficient material of interior and the con-
straints of the front end material.

The metal flowing displacement of contact area from 
small to large is the top land, tooth side, and bottom land. 
The farther from the contact area, the smaller the flow dis-
placement. Metal flow is driven by stress; metal flowing dis-
placement is positively correlated with stress according to 
the stress distribution in deformation area.

4.3 � Microstructure and hardness

The results of the microstructure and hardness of the part 
were obtained by experiments. The hardening capacity could 
be calculated by Eq. (4):

where Hv is hardness of test points on tooth surface and Hv0 
is hardness of raw material.

The hardening capacity is shown in Table 2.
As shown in Fig. 10, microstructure at top land (area 1) 

is similar to that at the center of tooth (area 4); there is no 
fibrous tissue. There is a small amount of fibrous tissue at 
the location of the tooth side (area 2) and a dense fibrous 
tissue at the location of the bottom land (area 3). The fibrous 
tissue on the tooth side and the bottom land is distributed 
along the tooth shape.

As shown in Fig. 11, the figures of the hardness of tangent 
of addendum circle, reference circle, and dedendum circle 
all show the shape of “valley” and have symmetry. The hard-
ness of the top land, tooth side, and bottom land of the tooth 

(4)N =
Hv − Hv0

Hv0
× 100%

(a)

(b)

(c)

(d) (e)

(f)

Fig. 4   The von Mises of FEA. a Top view. b A cross section. c B 
cross section. d C cross section. e End face. f The most value of von 
Mises

▸
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Fig. 6   Nodal displacement of axial direction at the a x-axis, b y-axis, c z-axis
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Fig. 8   Nodal displacement of the tooth side (n2) at the a x-axis, b y-axis, c z-axis
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Fig. 9   Dedendum nodal displacement (n3) at the a x-axis, b y-axis, c z-axis
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increases successively, and the hardness gradually decreases 
from the surface to the inside of the tooth.

Compared with the FEA forming part in Fig. 2 and test 
sample in Fig. 3, the contact area forms a tooth groove,  
and both sides of the groove are raised to form the spline 
tooth, the top of the tooth is raised, and the end face is  
protruded. The shape of the FEA tooth is the same as that 
of the experimental tooth. The metal flowing displace-
ment of FEA is consistent with the metal flowing direction 
showed by the shape of spline tooth in experiment. Where 
the degree of microstructure deformation is large, the metal 
flow displacement is also large. Similarly, the capacity of 
work hardening is large, and the metal flow displacement is 
also large. The results of the experiments match the results  
of the FEA.

5 � Discussion

According to the principle of HSCRB, the contact area 
is groove, that is, the area near the bottom land, where 
the stress is generated and transmitted from the contact 
area to the surrounding and gradually decreases. For the 
cross section of tooth, the stress transmit path is the bot-
tom land, tooth side and top land. The stress of the area 
where the metal is easy to flow is released. Therefore, the 
stress decreases successively in the bottom land, tooth side, 
and top land. In the axial direction, the closer the distance 
between the groove and the top land, the closer the stress 
value. Stress drives metal flow.

5.1 � Metal flow

According to the law of least resistance and the shape of the 
workpiece, the closer to the workpiece center, the larger the 
resistance, and the closer to the surface of workpiece, the 
smaller the resistance.

As shown in Fig. 12a, for the cross section of tooth, the 
contact area is subjected to the extrusion force from the 
roller to the center of the workpiece, that is, the force in the 
x-axis direction, so that the metal flows to the center of the 
workpiece.

As shown in Fig. 12c, for the area which is near the 
bottom land, the shape of the roller causes the normal 

Table 2   Hardening capacity Position Hard-
ening 
capacity

Top land 18%
Tooth side 22%
Bottom land 28%

Fig. 10   Microstructure of 
HSCRB
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component of the force Fny. Therefore, the metal flows in 
the normal direction, that is, the metal flows to both sides 
of the roller, and the metal extrudes the surrounding metal. 
For the tangential force component Fty, due to the constraint 
in the direction of the y-axis, the metal is difficult to flow 
in the direction; therefore, the metal flows in the direction 
of the x-axis.

As shown in Fig. 12d, the position of the tooth side is 
mainly effected by the groove. The force decomposition 
shows that the metal flows towards the direction of the 
groove due to the force in the positive direction of y-axis 
and the negative direction of x-axis.

As shown in Fig. 12e and Fig. 13, the metal of top land 
flows to the direction of the groove due to the affection 
of the groove. The position is also effected by the metal 
which is extruded on both sides of the roller. Therefore, 
the metal flows in the direction of least resistance, that is, 
the position of the workpiece surface. The metal flows in 
the positive direction of x-axis and the positive direction 
of y-axis.

As shown in Fig. 12b, in the z-axis direction, no mat-
ter where the displacement is affected by the roller, the 
direction of effection is the component of the roller in 
the positive direction of z-axis; therefore, the movement 
direction of the roller determines the flow direction of 
the metal.

In short, the metal of the groove is forced to flow due to 
the groove occupied by the roller, and the surrounding metal 
is extruded to flow in the direction of least resistance, which 
is the workpiece surface. Therefore, the surface protrudes to 
the direction of the top of the tooth, while in the direction 
of z-axis, the end face also protrudes. The involute spline 
tooth is obtained by the forming due to the shape of the 
roller; therefore, roller plays a decisive role in metal flow. 
Combined with stress and metal flow, it can be seen that in 
the deformation area, the greater the stress, the greater the 
metal flowing displacement, and the more severe the plas-
tic deformation. And the closer to the contact position, the 
greater the stress.

5.2 � Microstructure

As shown in Fig. 14, the force of bottom land is decom-
posed into the normal force Fn and the tangential force 
Ft. It is decomposed into normal force F’n and tangen-
tial force F't by the reaction force from the workpiece 
material. The microstructure is compressed by the nor-
mal force and is elongated by the tangential force. The 
direction of tangential force and normal force is closely 
related to the shape of the roller; therefore, the micro-
structure deformed along the direction of deformation, 
which determines the distribution of the fibrous tissue 
along the tooth shape.
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Fig. 11   Hardness of the tooth surface. a Tangent of addendum circle 
(l1). b Tangent of reference circle (l2). c Tangent of dedendum circle 
(l3). d Center line of the top land (l4). e Center line of the groove (l5)
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Fig. 12   The force analysis of 
HSCRB. The force of a cross 
section, c bottom land, d tooth 
side, e top land. b Axial force

(a)

(b)

force
(c)

(d)

(e)
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The larger the flow displacement, the longer the grains are 
pulled. The flow displacement at the bottom land is sufficient 
to elongate the grains and form fibrous tissue. For other posi-
tions, the displacement determines that little or no fibrous 
tissue could be formed. With the distance increasing from 
the deformation area, the effection of deformation decreases 
until the original state. Therefore, the flow displacement 
determines the change degree of the microstructure, and 
there is a positive correlation.

(a)

(b)

(c)

Fig. 13   Metal flow of HSCRB at the a cross section of workpiece, b z-axis of workpiece, c cross section of tooth

Fig. 14   Formation of fibrous 
tissue
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5.3 � Work hardening

The work hardening is related to the characteristics of micro-
structure, the flow produces fibrous tissue, and the fibrous 
tissue obtained by cold forming increases the deformation 
resistance of the parts, and the hardness and strength are 
significantly increased, and the mechanical properties of the 
parts are strengthened.

According to the characteristics of the cold forming 
fibrous tissue [19], the density of the fibrous tissue is posi-
tively correlated with the degree of work hardening. Dense 
fibrous tissue is distributed in the bottom land, and the 
degree of hardening is the highest. There is a small amount 
of fibrous tissue on the tooth side, and its hardness is less 
than that of the bottom land.

Although there is no fibrous tissue at the top land, the 
hardening effect is produced by the metal flow, and the hard-
ness is less than that of the tooth side and bottom land. With 
the increase of the distance from the deformation area, the 
hardness gradually decreases to the original hardness of the 
material, which is characterized by high surface hardness 
but great core toughness.

In addition, according to the principle of plastic forming, 
the greater the degree of deformation, the greater the capac-
ity of work hardening. Therefore, from the perspective of 
metal flow displacement, the greater the flow displacement, 
the greater the hardness, which explains that the bottom 
land, tooth side, and top land hardness gradually decreased, 
and the hardness gradually decreased from tooth surface to 
interior.

The shape and mechanical properties of parts changed 
during forming at the same time. The surface and micro-
structure of the parts are intact no damaged. Avoiding the 
machining damage microstructure, which led to the decrease 
of the mechanical properties. Because of work hardening 
and to strengthen the mechanical properties of the change of 
microstructure, the mechanical properties meet the require-
ment of tooth shape of parts. In addition, the process param-
eters and the shape of the roller could be used to control the 
metal flow to achieve the control and improvement of the 
forming quality.

6 � Conclusion

Through analysis of stress distribution, metal flow, micro-
structure, and work hardening, the metal flow mechanism of 
involute spline high-speed cold roll beating was studied, and 
the following conclusions were drawn:

(1)	 The stress distribution of the parts is as follows: the 
groove and bottom land are the largest, and the tooth 
side and top land decrease in turn. The stress is trans-

mitted outwards from the deformation area and gradu-
ally decreases with the increase of the distance.

(2)	 The characteristics of metal flow are that the metal 
in the groove flows to the inner of the workpiece and 
extrudes the surrounding metal to flow to the surface 
of the workpiece with least resistance. The metal of 
tooth side and top land flows along the tooth shape to 
the direction of the groove. The farther away the area 
from the groove, the less effected by the forming, and 
the smaller the flow. And the teeth would be affected 
by the forming of the adjacent groove. The flow dis-
placement of the bottom land, tooth side, and top land 
decreases successively, while the other positions are 
negatively correlated with the distance of the contact 
position.

(3)	 The relationships between metal flow and microstruc-
ture and mechanical properties of parts were explored. 
The change of microstructure caused by metal flow and 
the flow displacement determine the amount of fibrous 
tissue, which is manifested in large number of fibrous 
tissue at the bottom land, a small amount of fibrous 
tissue at the tooth side, and little fibrous tissue at the 
top land. The work hardening capacity is related to the 
distribution of the fibrous tissue of the part and metal 
flow.

(4)	 By studying the metal flowing mechanism of high-
speed cold roll beating, the forming characteristics 
of the process and the property characteristics of the 
forming parts were obtained, which lay a foundation 
for further research on quality control during form-
ing.
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