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Abstract The warm deformation behavior of 20Cr2Ni4A
steel and the relative constitutive equation are ascertained to
support the technical study. Factors that influence the warm
extrusion of spur gear are analyzed by using the numerical
simulation method. Among the various influencing factors,
the lubricating condition, entrance angle, and initial blank size
are the crucial factors. Spur gears with a good quality can be
one-step formed by warm extrusion under a good lubricating
condition (friction factor less than 0.3). Nevertheless, this kind
of lubricating condition is very hard to be achieved in a real
production environment. “Variable contour two-step warm
extrusion” is proposed, in order to obtain a good forming
result in a poor lubricating condition. Pre-extrusion is firstly
implemented by a die which contour is enlarged from the
final-toothed contour for the tooth forming, and then the
workpiece is turned around to implement the finish extrusion
by a die with the final-toothed contour for insufficient section
compensation and tooth sizing. Accuracy of the finished gear
obtained through this process is tested; the maximum mean
error of single tooth is 15.5 μm.

Keywords Spur gear . Variable contour .Warm extrusion .
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1 Introduction

Spur gear manufacturing is mainly through the metal cutting
in industrial production; there are some inevitable disadvan-
tages, material waste, low efficiency, and high cost.
Especially, as a result of metal fibers being cut off, the com-
prehensive mechanical property is weakened. With the aggra-
vation of energy crisis and resource depletion, a new technol-
ogy is urgently desired to be developed to replace the tradi-
tional process.

Forging of spur gears is the pioneer and has been
researched extensively. The spur gears and spines by closed
die forging are proposed byAbdul and Dean [1]. Divided flow
method for spur gears forging is explored by Kondo and Ohga
[2], in order to reduce the forming force. The spur gear forging
by an inside relief die is studied by Choi and Choi [3]. Four
alternatives of die designs are discussed by Cai et al. [4] to
reduce the forming force and improve the forming quality. In
order to lower the load of the cold forging of the spur gears,
the punch and bottom end faces are changed byHu et al. [5]. A
radial rigid-parallel-motive flowmode is proposed byHu et al.
[6]; based on this mode, a two-step forging process of spur
gear is proposed. The feasibility for hot forging by using lower
strength material is studied by Cheng et al. [7]; a spur gear is
formed by using the proposed method. But the service life of
die and the precision of formed gear are not discussed. A two-
step forging process of spur gear is developed by Yang et al.
[8] to reduce the forming load.

Throughout its development history, it is clear that a key
constraint of the gear forging is the contradictory relationship
existing between the forming load and the forming precision.
This is due to the load direction perpendicular to the metal
flow direction during spur gear forging, which results in the
gear teeth corners being filled difficultly or the big forming
load being applied leads to the service life of dies being
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shorted. This also is the reason why the bevel gears can be
easily formed [9–11], but almost all of the existing gear forg-
ing technologies could not be successfully applied in an in-
dustry scale production.

In recent years, gear forming by rolling technology is ex-
plored by Neugebauer et al. [12, 13]. And the rolling technol-
ogy for forming shaft with thread and spline is proposed by
Zhang and Zhao [14]. The principle is similar to rotary forging
of bevel gears [15, 16]. Integral forming is replaced by the
continuously local forming, so that the forming force is ob-
servably reduced. Nevertheless, one problem existing in this
process is how to accurately divide gear teeth. The free rolling
often generates gear clutters and tooth profile deviation, while
the forcing rolling needs strict tools and equipment to ensure
precision of the formed gears. Furthermore, another problem
is the low production efficiency.

The open-die extrusion is one forming technology with
lower forming load, also applied to manufacture the pinions
and spline shafts. The principle of manufacturing spline shaft
by open-die extrusion is analyzed by Li et al. [17], and a tooth-
divided flow method is presented. The cold extrusion process
of helical pinion gear is researched by Jeong et al. [18]; min-
imum distance analysis is used in FE simulation to design the
shape of die and initial billet for the dimensional accuracy
improvement. The three-dimensional velocity field of cold
extrusion of trapezium spline is analyzed by Yuan [19], and
the simulation is implemented by using the Deform-3D soft-
ware. Solid or hollow spur gears by cold forward extrusion are
studied by Song and Im [20]; the applicability of the

automated process design system is confirmed through exper-
iments. A CFAQT process is proposed by Hu et al. [21], by
using this process the spline extrusions successfully. Through
finite element method and artificial neural network to predict
the extrusion load of extrusion of gear-like profiles is
researched by Bingöl et al. [22]. An extrusion process for
manufacturing helical gear is presented by Jung et al. [23];
the process is composed primarily of extruding a billet to a
spur gear and then twisting the previous spur gear extruded to
a helical gear.

The warm extrusion technology is a combination of the
warm forming and the extrusion process, which is more ap-
plicable for manufacturing large module gears using low
forming load. Furthermore, the tools of warm extrusion are
simple and highly reliable. In this paper, the feasibility of the
warm extrusion for manufacturing spur gears is investigated
through numerical simulation and experiments, and the im-
proved process “variable contour two-step warm extrusion”
is presented. In the mean time, the warm deformation behavior
of 20Cr2Ni4A steel (Chinese grade) is ascertained to support
the technical study.

2 Process model and principle

The model of warm extrusion forming of spur gears is illus-
trated in Fig. 1; half of the punch and die and one quarter of the
blank are shown for clarity. The punch is designed as a gear-
like structure in order to avoid a big burr using a round punch
or a big forming force using a whole tooth punch. The die

Punch

Blank

Die

Fig. 1 Model of warm extrusion forming of spur gear

(I) Gear tooth dividing (II) Gear tooth forming (III) Truing 

Fig. 2 Forming principle

Fig. 3 Detecting areas and spots
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includes an entrance section and a forming section. The en-
trance section has a correlative entrance angle (θ) and height
(h); the forming section has a toothed contour. In the extrusion
process, besides the lateral extrusion, the surface of the blank
also generates backward extrusion, so the initial blank is
chamfered in its head, which is easily obtained by forging.

Figure 2 shows the forming principle which consists of
three stages. In stage I, the blank bottom is divided by the
entrance section. In stage II, the blank bottom is formed to
the gear teeth shape, and the blank top is divided continually.
In stage III, the blank continues going downward until its
breaking away from the die.

3 Warm deformation behavior of 20Cr2Ni4A steel

3.1 Materials and compression tests

20Cr2Ni4A steel is a kind of high-quality alloy steel able to
provide excellent comprehensive mechanical performance,
with its prominent hardenability and obdurability.
20Cr2Ni4A steel is widely used inmanufacturing transmission
gears in both military and civil. There are very few research
reports of the deformation behavior of the 20Cr2Ni4A steel.
Therefore, the deformation behavior of the 20Cr2Ni4A steel is
investigated, in order to increase the accuracy of the numerical
simulation and provide contributions to the process parameter
determination. The chemical components of the 20Cr2Ni4A
steel are detected by SEM-EDS analysis with a HITACHI
3400N. Figure 3 shows the detecting areas and spots, and
Table 1 lists the detecting results.

The compression tests are implemented on a Gleeble-3500
thermal simulation machine at different deformation

Table 1 Chemical component of 20Cr2Ni4A steel

Element C Si Mn Cr Ni S P Fe

wt.% 0.17 ~ 0.23 0.16 0.48 1.48 3.12 ≤0.03 ≤0.03 Bal.
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Fig. 4 True stress-strain curves of 20Cr2Ni4A steel under different temperatures and strain rates
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temperatures of 973.15, 1073.15, 1173.15, and 1273.15 K,
with strain rates of 0.001, 0.01, 0.1, and 1 s−1. The specimen
size is 8 mm in diameter and 12mm in height. Each surface of
the specimen is covered with the tantalum foil to minimize
friction. The specimens are initially heated to the deformation
temperature at 10 K/s and then are held for 3 min to homog-
enize the temperature. Reduction rate in the height is 50 %,
namely the true strain reached to 0.7.

3.2 Flow behavior and constitutive equation

Based on the isothermal compression tests, the true stress-
strain curves of the 20Cr2Ni4A steel are plotted, as shown in
Fig. 4. The deformation behavior of the 20Cr2Ni4A steel is

coincident with the typical rules of the alloy steel [24, 25]. The
true stress-strain curves integrally offset to the low stress area
with the increase of the deformation temperature or the de-
crease of the strain rate. However, this material also has its
specific feature, the softening mechanism rapidly gaining to
the upper hand at 973.15 K (Fig. 4a). According to the iron-
carbon phase diagram, the eutectoid transformation tempera-
ture of carbon steel is 1000.15 K. The addition of alloy ele-
ments in carbon steel will cause the change of the transforma-
tion temperature. Especially, the addition of Ni element will
expand the austenite phase region which leads to the decrease
of eutectoid transformation temperature. The eutectoid trans-
formation temperature of 20Cr2Ni4A steel could be 973.15 K.
That might be the reason why Fig. 4a is different from the
others. The Arrhenius-type constitutive equation is adopted
to describe the warm deformation behavior of 20Cr2Ni4A
steel. In addition, influence of the forming temperature and
strain rate on the deformation behavior could be described by
Zener-Hollomon parameter Z, as shown in Eqs. (1–3).

ε ¼ AF σð Þexp −Q
.
RT

� �
ð1Þ

whereF σð Þ ¼
σn1 ασ < 0:8
exp βσð Þ ασ > 1:2
sinh ασð Þ½ �n for all σ

8<
: ð2Þ

Z ¼ ε
:
exp Q

.
RT

� �
ð3Þ
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Fig. 5 a Plot of lnZ versus ln[sinh(ασ)] and b comparison between the predicted and experimental σ0.3 values

Table 2 Coefficients of the polynomial functions

n α Q lnA

B0 7.99362 C0 0.01048 D0 0.01048 E0 45.66636

B1 −22.504 C1 −0.02547 D1 −0.02547 E1 −305.061
B2 69.85795 C2 0.08463 D2 0.08463 E2 1343.97

B3 −112.157 C3 −0.11925 D3 −0.11925 E3 −3115.91
B4 87.26999 C4 0.05856 D4 0.05856 E4 3626.527

B5 −23.0135 C5 0.0042 D5 0.0042 E5 −1669.38

Table 3 Detailed parameters of FE model

Parameter Tooth
number

Modules Tooth
thickness

Material Die
temperature

λ1 λ2

Value 31 2 20 mm 20Cr2Ni4A 473.15 K 5 N/(s · mm ·C) 0.02 N/(s · mm ·C)

λ1 is the heat transfer coefficient between the blank and the die.
λ2 is the convection coefficient to environment.
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Where ε
:
is the strain rate (s−1), σ is the flow stress (MPa),Q

is the activation energy (J ·mol−1), R is the gas constant
(R=8.314 J ·mol−1 ·K−1), T is the absolute temperature, and
A, n1, α, n, and β (β=αn1) are material constants.

The material constants are resolved using the following
mathematicalmethod.Theaverage slopeof linear fittingcurves
of lnσ−lnε:�½ under different deformation temperatures is ac-
cepted as n1. The average slope of linear fitting curves of
σ−lnε:�½ under different deformation temperatures is accepted
asβ, and thenα can be solvedbyα=β/n1. The average slope of
linear fitting curves of ln sinh ασð Þ½ �½ −lnε:� is accepted as n. The
average slope of linear fitting curves of [1000/T− ln[sinh(ασ)]]
under different strain rates is accepted as Q/(Rn), then Q (kJ ·
mol−1) canbe solved.At last, the intercept of linear fitting curve
of [ln[sinh(ασ)]− lnZ] is acceptedas lnA, thenA canbe solved.
When the abovemathematical method is used for evaluation at
the true strain of 0.3 (σ0.3), the values of the material constants
are as follows: n1 = 7.0403, α = 7.7166 × 10−3MPa−1,
n= 5.1480, Q=190.96 kJ ·mol−1, and A= 1.0859× 107 s−1.

The Arrhenius-type constitutive equation with the Zener-
Hollomon parameter for 20Cr2Ni4A steel at σ0.3 could be
expressed as follows:

σ ¼ 129:5906ln
Z

1:0859� 107

� �1=5:148

þ Z
1:0859� 107

� �2=5:148

þ 1

" #1=2
8<
:

9=
;

Z ¼ ε
:
exp

190:96� 103

8:314T

� �
8>>>><
>>>>:

ð4Þ
R2 of the plot of lnZ versus ln[sinh(ασ)] is 0.937. R2 of the

predicted and the experimental values of σ0.3 is 0.933, as
shown in Fig. 5. It reveals that the predicted data from the
above constitutive equation has a higher accuracy.

Since influence of the strain on the deformation behavior is
not considered inEq. (4),material constants (A,α, n, andQ) are
deduced by using the abovementioned method at different
strain values ranging from 0.05 to 0.7 with an interval of 0.05.
The values of the constants (A,α, n, andQ) can be described by
the fifth-order polynomial functions, as shown in Eq. (5). The
coefficients of these polynomial functions are listed in Table 2.

n ¼ B0 þ B1εþ B2ε
2 þ B3ε

3 þ B4ε
4 þ B5ε

5

α ¼ C0 þ C1εþ C2ε
2 þ C3ε

3 þ C4ε
4 þ C5ε

5

Q ¼ D0 þ D1εþ D2ε
2 þ D3ε

3 þ D4ε
4 þ D5ε

5

lnA ¼ E0 þ E1εþ E2ε
2 þ E3ε

3 þ E4ε
4 þ E5ε

5

8>><
>>: ð5Þ

4 Analysis of influence factors

4.1 FE model and experimental design

The deformation behavior of 20Cr2Ni4A steel is imported into
commercial finite element analysis software DEFORM-3D.

Table 4 Factors and levels

Factor Level

1 2 3 4

Height of straight section (mm) 5 8 10 15

Entrance angle θ (°) 20 36 52 78

Forming temperature (K) 973.15 1073.15 1173.15 1273.15

Friction factor 0.2 0.3 0.5 0.7

Extrusion speed (mm · s−1) 10 20 30 40

Table 5 L16(4
5) orthogonal array

Scheme Height of straight
section (mm)

Entrance
angle θ (°)

Forming
temperature (K)

Friction
factor

Extrusion speed
(mm · s−1)

1 5 20 973.15 0.2 10

2 5 36 1073.15 0.3 20

3 5 52 1173.15 0.5 30

4 5 78 1273.15 0.7 40

5 8 20 1073.15 0.5 40

6 8 36 973.15 0.7 30

7 8 52 1273.15 0.2 20

8 8 78 1173.15 0.3 10

9 10 20 1173.15 0.7 20

10 10 36 1273.15 0.5 10

11 10 52 973.15 0.3 40

12 10 78 1073.15 0.2 30

13 15 20 1273.15 0.3 30

14 15 36 1173.15 0.2 40

15 15 52 1073.15 0.7 10

16 15 78 973.15 0.5 20
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Base on DEFORM-3D with rigid-plastic model and shear
friction model (τf=mk), the FE model of the warm extrusion
is established to explore the influencing factors on the forming
quality. The detailed parameters of the FE model are listed in
Table 3. In essence, one single tooth is enough to reflect the
forming results. For a better clarity, eight teeth are chosen in
the FEmodel. Element type, tetrahedron; element number, 50,
000; node number, 11,249; and min edge length, 0.4617 mm.

The foreseeable factors influencing the forming quality in-
clude initial blank size, entrance angle of die, friction factor,
extrusion speed, and forming temperature. Four levels are set
up for each individual factor (as listed in Table 4) to constitute
the L16(4

5) orthogonal array (as listed in Table 5).
Additionally, the initial blank size is determined by the equal
volume principle and the height of the straight section (h0) is
determined as a variable.

4.2 Results and discussion

Through the orthogonal experiment, the lubricating condition,
entrance angle, and initial blank size are determined as the
crucial factors; the forming temperature and extrusion speed

are not the crucial factors for forming results. However, the
experimental results in the orthogonal array exist different
forming defects. Such as insufficient section, material accu-
mulation, and defect section. So it is difficult to make quanti-
tative analysis through the orthogonal experiment results.
Therefore, the quantitative analysis of each crucial factor is
investigated by using the single factor experiment.

1. Effects of lubricating condition
The most significant factor influencing on the forming

quality is the lubricating condition. When the friction factor
is greater than 0.5, all of the forming results are not ideal.
Because the metal material backward flows seriously, the ve-
locity field is unbalanced during the extrusion process, which
results in the insufficient section formed at the bottom of the
workpiece, and the flashes are formed at the top of the work-
piece, as shown in Fig. 6a.

Figure 6b shows the influence rules of the lubricating condi-
tion on the height of the insufficient section and the maximum
forming load. The friction factor is set up from 0.2 to 0.5 at an
interval of 0.1, with the fixed parameters: entrance angle at 36°,
height of straight section at 10 mm, forming temperature at
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1073.15 K, and extrusion speed at 10 mm·s−1. It indicates the
better lubricating condition with the better forming quality and
the smaller forming load. When the lubricating condition is very
good, the addendum elongates along the extrusion direction.
This is because the contour of the entrance section gradually
decreases; the blank generates the forward extrusion in the gear
tooth dividing stage in good lubricating condition, but the for-
ward extrusion degree is limited.
2. Effects of entrance angle

The second significant factor is the entrance angle of the
die. If the entrance angle is too large, the blank cannot be
divided sufficiently which lead to the material accumulation
in the gear tooth forming stage, as shown in Fig. 7a.

Figure 7b shows the influence rules of the entrance angle
on the height of the insufficient section in a poor lubrication
(friction factor 0.7), and the influence rules on the height of the
defect section in a good lubrication (friction factor 0.3). An
illustration of the defect section is shown in Fig. 9a. The en-
trance angle is set up at 20°, 36°, and 52°, with the fixed
parameters: friction factor at 0.3, height of straight section at
10 mm, forming temperature at 1073.15 K, and extrusion
speed at 10 mm · s−1. It reveals that on the premise of no
material accumulation, both heights of the insufficient section
and the defect section decrease with the increases of the en-
trance angle. It should be noted that although the heights of the
insufficient section decreases with the increases of the en-
trance angle, the effect is not significant (5.42 mm at 20°,
5.21 mm at 36°, and 4.98 mm at 52°). However, the larger
entrance angle leads to the increase of forming load in the gear
tooth dividing stage, as shown in Fig. 8. When the entrance
angle is 52°, themaximum forming load is significantly larger,
that is harmful to die life. In addition, when the entrance angle
is 36°, the forming load of the truing stage is higher than
others (the dotted area in Fig. 8). It means that the contact
between the workpiece and the die is better, namely, the gear
teeth have a better forming effect. So the entrance angle at 36°
is a more reasonable choice.
3. Effects of initial blank size

If process parameters are set up improperly, the defect sec-
tion will be generated at the top of the blank. This defect will
be worse if the straight section is too short (Fig. 9a). On the
contrary, if the straight section is too long, the burr will be
formed by non-filling materials (Fig. 9b).
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Figure 9c shows the influence of the initial blank size on
the defect section. The height of the straight section is set up at
5, 8, 10, and 15 mm, with the fixed parameters: entrance angle
at 36°, friction factor at 0.3, forming temperature at
1073.15 K, and extrusion speed at 10 mm· s−1. It can be ob-
served that the longer straight section results in the shorter
defect section and better forming quality. Even so, the burr
should be avoided by selecting a reasonable initial blank size.

4.3 Preliminary experiment

Through the above analysis, the optimized parameters of three
crucial factors are ascertained, friction factor at 0.3, entrance
angle at 36°, and straight section at 10 mm. The forming
temperature and the extrusion speed are not the crucial factors
for forming results. The forming temperature is set as
1073.15 K; the reason for this choice is that the metal fluidity
is good but the oxidation is not serious. According to the
parameters of experimental equipment, the extrusion speed
is set as 10 mm· s−1. The experimental schemes are listed in
Table 6. Because of the temperature fluctuation, the experi-
mental heating temperature is limited to 1048.15±25 K; the
maximum temperature does not exceed 1073.15 K in the ex-
periment process. The experimental equipment is YA-315T
hydraulic press, the heating equipment is GP-60 ultra-audio-
frequency induction heater. Preheating temperature on the die
is 473.15~523.15K. The experimental material is 20Cr2Ni4A
steel. Figure 10 shows the initial blank, the die, and the

experimental samples. Although the lubrication of the lead
oxide is more suitable for the warm extrusion of spur gear,
the forming quality still cannot achieve the level when the
friction factor is less than 0.3. The insufficient section gener-
ates at the bottom of the workpiece, and there still are
underfilling teeth.

Due to the complex contact surfaces between the blank and
the die, the good lubricating condition is extremely difficult to
achieve. A greedy pursuit of good lubricating condition will
certainly bring forward rigorous demands on the surface qual-
ity of the die and the selection of lubricants, which will result
in an increased production cost. In addition, the lubricating
condition will certainly become worse with the continued pro-
duction. Therefore, it is a significant subject that the good
quality spur gears can also be formed in a poor lubricating
condition.

5 Variable contour two-step warm extrusion

It is learnt from the preliminary experiments that the good
quality spur gears cannot be formed by one-step warm extru-
sion, due to the restriction from the lubrication. In order to
obtain the good forming results in a poor lubricating condi-
tion, the forming process is modified into variable contour
two-step warm extrusion. Firstly, pre-extrusion is implement-
ed by a die which the contour of the forming section is en-
larged from the final-toothed contour. The formed spur gear is

Table 6 Experimental schemes

Scheme Height of straight section (mm) Entrance angle θ (°) Forming temperature (K) Lubricant Extrusion speed (mm · s−1)

1 10 36 1023.15 ~ 1073.15 Oil-base graphite 10

2 10 36 1023.15 ~ 1073.15 Water-base graphite 10

3 10 36 1023.15 ~ 1073.15 Lead oxide 10

°63elgnaecnartneehthtiweiDknalblaitinI

3emehcS2emehcS1emehcS

Fig. 10 Initial blank, die, and
experimental samples
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allowed to have the insufficient section after pre-extrusion.
And then, the workpiece is turned around to implement the
finish extrusion by a die with the final-toothed contour.
Figure 11 shows a diagram of die contour of pre-extrusion
and finish extrusion. Because the gear teeth have been formed
by the pre-extrusion, the purpose of the finish extrusion is for
insufficient section compensation and tooth sizing. The load
of finish extrusion is very low, so the workpiece does not need
to be reheated.

Figure 12a shows the influence of the contour variation on
the forming quality under the friction factor at 0.6. It reveals
that with the increases of the contour variation, the height of
the insufficient section is decreased. When the contour varia-
tion is 0.3 mm, the insufficient section is almost eliminated.
Figure 12b shows the simulated result by using variable con-
tour two-step warm extrusion when the contour variation is

0.3 mm. It is noted that the insufficient section is effectively
compensated and the tooth filling is also improved.

Figure 13 shows the experimental sample. The accuracy of
the finished gear is tested by using the coordinate measuring
machine. The test standard is CAD model of spur gear with
the theoretical parameters. Each gear tooth is measured by
equivalently spaced 25 points. The mean deviation of each
tooth is calculated through Eq. (6). The testing result is shown
in Fig. 14; the maximum mean error of a single tooth is
15.5 μm. An example of the accuracy testing on one tooth is
shown in Fig. 15; the maximum absolute error is 42.7 μm.

δ ¼

X25
i¼1

δij j

25
ð6Þ

6 Conclusion

1. The deformation behavior of the 20Cr2Ni4A steel is coin-
cident with the typical rules of the alloy steel. The true
stress-strain curves integrally offset to the low stress area
with the increase of the deformation temperature or the
decrease of the strain rate. Nevertheless, one of the spe-
cific features of 20Cr2Ni4A steel is the softening mecha-
nism gains rapidly to the upper hand at 973.15 K. The

Die contour of pre-extrusion

Die contour of finish extrusion
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Fig. 11 Diagram of die contour of pre-extrusion and finish extrusion
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Arrhenius-type constitutive equation with the Zener-
Hollomon parameter for 20Cr2Ni4A steel at σ0.3 could
be expressed as follows:

σ ¼ 129:5906ln
Z

1:0859� 107

� �1=5:148

þ Z
1:0859� 107

� �2=5:148

þ 1

" #1=2
8<
:

9=
;

Z ¼ ε
:
exp

190:96� 103

8:314T

� �
8>>>><
>>>>:

2. Lubricating condition, entrance angle, and initial blank
size are the crucial factors of warm extrusion forming of
spur gear. The insufficient section will be generated when
the friction factor is greater than 0.5. Instead of the insuf-
ficient section, the addendum is elongated along the ex-
trusion direction when the friction factor is less than 0.3. If
the entrance angle is too large, the materials accumulation

will occur during the gear tooth forming stage. The defect
section will be worse if the straight section is too short.

3. The variable contour two-stepwarm extrusion is proposed
to obtain a good forming result under a poor lubrication.
Pre-extrusion is for the gear teeth formed, and finish
extrusion is for insufficient section compensation and
tooth sizing. With the increase of the contour variation,
the height of the insufficient section is decreased. When
the contour variation is 0.3 mm, the insufficient section is
almost eliminated.
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