J. Cent. South Univ. (2015) 22: 1287-1297
DOI: 10.1007/s11771-015-2645-0

@ Springer

Design of relief-cavity in closed-precision forging of gears
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Abstract: To reduce the difficulty of material filling into the top region of tooth in hot precision forging of gears using the alternative
die designs, relief-cavity designs in different sizes were performed on the top of die tooth. The influences of the conventional process
and relief-cavity designs on corner filling, workpiece stress, die stress, forming load and material utilization were examined. Finite
element simulation for tooth forming, die stress and forming load using the four designs was performed. The material utilization was
further considered, and the optimal design was determined. The tooth form and forming load in forging trials ensured the validity of
FE simulation. Tooth accuracy was inspected by video measuring machine (VMM), which shows the hot forged accuracy achieves
the level of rough machining of gear teeth. The effects of friction on mode of metal flow and strain distribution were also discussed.
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1 Introduction

Compared to the conventional cutting gears, the
forged gears have the advantages of high strength of
tooth in high production efficiency, low material wastage
and power dissipation [1—7]. But the difficulty in metal
filling into the corner, which leads to high forging load
and die distortion, has to be reduced for commercial
production [8].

In the past years, researches on process designs to
reduce the forming load in precision forging techniques
of gears have been increasing gradually. Different
structure and shape designs of tools can significantly
improve the material flow so that the difficulty of corner
filling is reduced. The benefits are the lower forming
load and die stress, and higher accuracy. The idea of
relief-axis and relief-hole based on divided flow
principle was used in gear forging by OHGA et al [9] to
reduce the forging load and contribute to the complete
filling up by causing an inward material flow by forming
a relief-axis or by shrinking the diameter of the
relief-hole [9]. Alternative die design was proposed by
CAI et al [10], in which the toothed die moves
downwards with the punch so that the frictional force can
assist the material to flow downwards to contribute to the
filling on the bottom corner of tooth. They also put
forward the chamfered punch to reduce the forming load
[10]. A new technological scheme of dies was studied by
HU et al [11], concluding that the punch end face in a

waveform shape was the best scheme to better the strain
distribution and secure the effective material radial flow
of workpiece. The results show that the corner filling is
improved and well-shaped gears are forged [11]. HU et
al [12] proposed the rigid-parallel-motive (RPM) flow
mode, based on which a novel specific gear forging
technology was put forward by introducing upend
forging process and constrained divided-flow technique.
The experimental result shows that forming load is
reduced by 35% compared with the conventional process.
A new cold precision forging process proposed by
WANG et al [13] suggested that the fabricating process
of the spur gear was divided into two steps, reducing the
forging load by 30% and improving filling ability of the
tooth profile [13]. FENG and HUA [14] optimized the
process parameters for the helical gear precision forging
using finite element method and Taguchi method with
multi-objective  design, revealing that the most
significant parameters affecting the maximum forming
load and the die-fill quality are forging temperature and
friction coefficient.

This work improves the aspects of hot closed-
precision forging of gears based on the design alternative
die and chamfered punch. Relief-cavity designs in
different sizes have been performed on the top of tooth to
assist the material flows in the top region of tooth. The
influences of different designs on corner filling,
workpiece stress, die stress, forming load and material
utilization were discussed to determine the optimal
design. The tooth accuracy was inspected by video
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measuring machine (VMM), which shows the forged
accuracy achieves the level of rough machining of gear
teeth. At last, the effects of friction on mode of metal
flow and strain distribution in forging process using the
relief-cavity were studied.

2 Relief-cavity design based on alternative
toothed die

2.1 Alternative toothed die design

Alternative die design was first put forward by CAI
et al [10], as well as chamfered punch. In the tool design,
the toothed die is attached to the machine bed by several
springs while the counter punch is fixed to the machine
bed, as shown in Fig. 1. When the punch presses down
and kisses the toothed die, the cavity is completely
closed. Then, the toothed die moves together with the
punch till the billet filling up the cavity. The movable
toothed die can change the direction of the frictional
force downward so that the bottom corner of the tooth
will be filled up before the top corner. Although the
friction becomes positive for the fills of the bottom
corner, the difficulty of material filling on the top corner
increases. In addition, the chamfered punch can
significantly reduce the forming load by 45% according
to CAl et al’s study.
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Fig. 1 Alternative die design

2.2 Relief-cavity design

The gear with a module of 2.117 mm and teeth
number of 31 was taken in the study for hot precision
forging. The height of the gear is 17 mm and the material
is AISI 8620. The billets to be forged were made into the
shape of hollow cylinder with their external diameter
close to the root diameter of the gear. The tool set with
the structure of alternative die was used.

There are three stages in precision forging:
upsetting, filling the container and filling the corner [15].
In the first two stages, the forming load increases
gradually, but a significant increase arises in the last
stage. The sharp corners on the tooth aggravate the
difficulties of the corner filling. So, the cavity designs
which have no or few sharp corners to be filled can

reduce forming load and tool stress. Less die distortion
and longer tool life will be emerged. In order to smooth
the top corner of tooth in the tool with the structure of
alternative die to ease the material filling on the top
region of tooth, relief-cavity designs in different sizes on
the top corner of tooth were settled on the toothed die
and the punch. As Fig. 2(a) shows, the common die with
no relief-cavity (namely relief-cavity thickness a is zero)
is chamfered on the corner of teeth to assist the corner
filling, which is similar to the designs in Ref. [10]. The
schematic diagram of the relief-cavity on the top corner
of teeth is shown in Fig. 2(b), in which the relief-cavity
thickness is illustrated. Designs with relief-cavity
thickness a=1, 2 and 3 mm were studied in this work.
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Fig. 2 Schematic diagrams of relief-cavity designs and gears to
be forged: (a) Chamfered punch with no relief-cavity (Process
I); (b) Chamfered punch with relief-cavity (Process II)

3 FE modeling of forging process

The forging process using the two types of tool
designs were analyzed with finite element method.
Taking the die with no relief- cavity for example, the
four parts of tools and the billet for FE model illustrated
in Fig. 4 were constructed by Pro-ENGINEER for
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geometry and DEFORM-3D for FE simulation, all of
which were in a portion corresponding to one tooth
because of the symmetry. The mandrel, punch
and counter punch were modeled as rigid body at
preheated temperature of 100 °C while the toothed die as
elastic one for analyzing the die stress in the forging
process. The billet was plastic body and heated to
1000 °C and 1000 steps were set up for simulating
process.

The material of the toothed die was H13 and the
billet AISI 8620 steel. The chemical composition of billet
material is listed in Table 1.

Table 1 Chemical composition of AISI 8620 alloy (mass
fraction, %)

C Cr Ni S
0.18-0.23 0.4-0.6 0.4-0.7 <0.040
Si P Mn \Y% Fe
0.15-0.35  <0.035 0.7-0.9  0.15-0.25 Bal.

The elastic modulus and poisson ratio of AISI 8620
are 206.7 GPa and 0.3, respectively. The flow stress can
be defined as a function determined by train, train rate
and temperature:

o=0(&¢eT) (1)

where o is the flow stress, ¢ is the plastic strain and ¢ is
the plastic strain rate of the workpiece material.

The flow stress data of billet material come from the
material library of software DEFORM-3D. Figure 3
shows the flow stress curves at different temperatures
and train rates.

There exists friction prevailing at the die—workpiece
interface at all times during the forging process.
Furthermore, friction conditions have great effects on the
material deformation and forming load. Therefore,
accurately specifying the friction conditions for the FE
simulation can result in valid prediction. Usually, the
constant shear friction law is used for bulk forming
simulations due to large plastic deformation. The
frictional force in the constant shear model is defined in
Egs. (2) and (3). It can be explained that when the shear
stress caused by friction is larger than the product of
effective flow stress and friction factor, the friction will
occur. In this work, a frictional factor of /=0.3 between
the interfaces of billet and dies was used in FE
simulation according to the previous researches on
friction factor in hot precision forging [16—17]:
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where 7 is the frictional shear stress, & is the effective
flow stress of the workpiece material and m (0<m<1) is
the shear factor.

There were 30000 meshes generated on the billet
and 50000 on the toothed die. For the sake of decreasing
computer CPU time as well as ensuring the simulation
accuracy and geometry resolution, meshes around the
tooth of both billet and toothed die were locally refined
with the ratio of 0.1, as shown in Fig. 4. Global
remeshing method was adopted in simulation, of which
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Fig. 4 FE model for gear forging
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the relative interference depth with the ratio of 0.7 was
used in this work, namely, when an element edge of
meshed body has been penetrated by the dies with a
relative amount of 0.7 during the forging process, a new
mesh is generated.

4 Results and discussion

4.1 Influence of relief-cavity on tooth forming

Figure 5 shows the three stages of tooth formation
using two designs exported by FE simulation software.
In the early stages before 75% punch stroke, the material

Punch stroke of 75%

(d)
Fig. 5 Tooth formation using two designs: (a) Process I (¢=0); (b) Process II (a=1 mm); (c) Process II (¢=2 mm); (d) Process II

(a=3 mm)

Punch stroke of 95%

flow in the middle region is faster than that in the two
ends, being close to the open die upsetting. In the stages
of 95% punch stroke, the forming situation in the design
of relief-cavity with ¢=1 mm is similar to that of the
non-relief- cavity forging, in which the billet touches the
bottom corner before the top corner, because the
relief-cavity is too small to assist the filling. In both
designs of relief-cavity with a=2 and 3 mm, the filling
situation on both corners remains almost consistent. The
relief-cavity can lead to the material flowing toward the
top corner of tooth. So, the billets touch both corners
almost at the same time.

Punch stroke of 100%

Bottom corner
formed first

Bottom corner
formed first

Both corners formed
simultaneously

Both corners formed
simultaneously
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4.2 Influence of relief-cavity on stress distribution in
workpiece

The distributions of effective stress on the
workpiece at 100% punch stroke during the precision
forging process, as well as the histogram of the
distribution uniformity, are shown in Fig. 6. The average
effective stress, 0., and effective stress uniformity, oy,
are define as

N
Oug = 2,01/ N 4)
i=1
N 2
Osd = Z(Gi _o_avg) /N (5)

1

1

where o; is the effective stress at element i and N is the
number of elements of the gear model. Average effective
stress indicates the general stress level of the workpiece,
while the effective stress uniformity indicates the
homogeneity of effective stress distribution. The larger
value of o0y means the less homogeneous
distribution.

The maximum effective stress of Process I (Fig. 6(a))
locates on the addendum of the tooth and the top of the
flange, as large as 370 MPa. The average effective stress
Oavg 1S 224 MPa and the effective stress uniformity is
38.1.

When relief-cavity is designed in the forging tools,
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the stress level will be reduced and the uniformity will
increase. In Process II (a=1 mm, Fig. 6(b)), the metal
flows into the narrow space of relief-cavity and the
addendum of tooth, so the maximum effective stress
locates on the flash and the addendum, as large as
307 MPa, being 17.0% less than that in Process 1. The
average effective stress is 19.2% less and the effective
stress distribution is 27.3% more homogeneous than that
in Process I, respectively. In Process II (¢=2 mm,
Fig. 6(c)), the maximum effective stress also locates on
the flash and the addendum, being 21.9% less than that
in Process 1. The average effective stress is 18.3% less
and the effective stress distribution is 28.9% more
homogeneous than that in Process I, respectively. In
Process II (a=3 mm, Fig. 6(d)), the maximum effective
stress also locates on the flash and the addendum, being
23.8% less than that in Process 1. The average effective
stress is 23.2% less and the effective stress distribution is
28.1% more homogeneous than that in Process I,
respectively. From the histogram of effective stress
distribution, the increasing size of relief-cavity results in
stress distribution closer to the average stress.

To sum up the above comparisons, relief-cavity can
reduce the stress level and increase the homogeneity
effectively. With increasing the relief-cavity size, the
maximum effective stress can be decreased but average
effective stress and the effective stress uniformity remain
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Fig. 6 Effective stress distributions on workpiece at 100% punch stroke: (a) Process I (a=0); (b) Process II (a=1 mm); (c) Process II

(a=2 mm); (d) Process II (¢=3 mm)
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stable, because the relief-cavity is too small, compared to
the whole die cavity, to influence the global stress level
and distribution.

4.3 Influence of relief-cavity on stress distribution on
toothed die

In the final stage of gear forging, the metal fills up
every corner of the cavity. The toothed die is under a
considerable stress exerted by the billet. Whether the die
design can significantly reduce the stress on the toothed
die becomes an evaluation criterion. Lower stresses on
the die mean less distortion and longer life of the tool set.

Forging with relief-cavity for gears can smooth the
sharp corner to reduce the die stress. Figure 7 shows the
radial stresses on the toothed die. It can be seen that the
die tooth is mainly under a compressive stress, which is
the main factor of plastic deformation of die tooth. The
maximum stress on the die of non-relief- cavity design in
the middle region of the tooth is 1560 MPa. The
stress states on the die in Process II with a=1 mm can
reduce the stress on tooth to 1470 MPa, being 5.7% less
than that in Process I. The stress on die tooth in Process
II with =2 mm is 1420 MPa, being 8.9% less than that
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in Process 1. Design in Process II with ¢=3 mm can
significantly reduce the stress on tooth to 1350 MPa,
being 13.5% less than that in Process 1.

Figure 8 shows the circumferential stresses on the
toothed die. It can be seen that the die tooth is under a
compressive stress while the addendum is under a tensile
stress concentration. This tensile stress may lead to die
cracking when it is excessive. The compressive stress on
the die of non-relief-cavity design in the middle region of
the tooth has the value of 1380 MPa. The tensile stress
concentration appears on the addendum, as large as
1630 MPa. The compressive stress on the die tooth in
Process II with a=1 mm is 1270 MPa, while the tensile
stress concentration on the addendum is about 1510 MPa,
being 7.9% and 7.3% less than Process I, respectively.
Process II with a=2 mm can reduce the compressive
stress on tooth to 1230 MPa and tensile stress
concentration on the addendum to 1500 MPa, being
10.8% and 7.9% less than those in Process I, separately.
Process II with a=3 mm can significantly reduce the
compressive stress on tooth to 1160 MPa and the tensile
stress concentration on the addendum to 1460 MPa,
being 13.5% and 10.4% less than those in Process I,
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Fig. 7 Radial stress distributions on toothed dle at 100% punch stroke: (a) Process I (a=0); (b) Process II (a=1 mm); (c) Process II

(=2 mm);  (d) Process II (¢=3 mm)
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Fig. 8 Circumferential stress distributions on toothed die at 100% punch stroke: (a) Process I (a=0); (b) Process II (¢=1 mm);
(c) Process I (a=2 mm); (d) Process II (=3 mm)
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respectively. It can be figured out that the bigger the
relief-cavity exists, the lower the die stress requires.

4.4 Influence of relief-cavity on forming load

The forming loads in the forging using the two die
designs in different dimensions are shown in Fig. 9. The
punch strokes are different as the volumes of the billets
are not the same. Forging in Process I requires the
highest load as large as 4563 kN. Designs in process II
with ¢=1 and 2 mm reduce the load to 4187 and 3982 kN,
being 8.2% and 12.7% lower than that in Process I,
respectively. Forging in Process II with =3 mm requires
the lowest load of 3710 kN and it is 18.7% lower than
that in process 1. It can be figured out that the bigger the
relief-cavity exists, the lower the forming load requires.

5

4 |- Process I (a=0): 4563 kN
Process Il (a=1 mm): 4187 kN
Process Il (=2 mm): 3982 kN

| Process Il (¢=3 mm): 3710 kN

w

[\

Punch load/MN

Punch stroke/mm
Fig. 9 Forming loads using different die designs in FE

simulation

4.5 Influence of friction factor on tooth forming using
relief-cavity design

It is well-known that friction conditions prevailing
at the die—workpiece interface have great effect on tooth
formation. With the design of relief-cavity, the situation
of tooth formation is changed. So, the influence of
friction condition on deformation rules of metal plastic
forming will be different. As larger friction force causes
greater limitation of material flow and larger strain on
the interfaces between the die and workpiece, strain
distributions and the tooth formations are the vital
foundations of research on the deformation rules of metal
plastic forming. The strain distribution as well as tooth
formations at the final forming stages using the relief-
cavity design with thickness a=2 mm is shown Fig. 10,
where frictional factors of f=0.1, 0.3 and 0.5 are
employed for FE simulations.

It can be seen from Fig. 10(a) that when a low
friction (/=0.1) exists on the interface, the top region of
tooth is filled up before the bottom region. The reason is
that, first, the friction between the interfaces of
workpiece and moving toothed die cannot provide

enough force to assist the material flowing downwards to
the bottom region of the tooth. In addition, the low
friction between top die and workpiece reduces the
difficulty of the material on the top region of the billet
flowing into the die tooth. At last, the bottom corner of
the die tooth limits the material flow into the tooth corner
in some degree, which is similar to the guide type
forging [18]. The strain on the workpiece surface is
mainly caused by the frictional shear train. So, the
effective strain on the workpiece surface can demonstrate
the effect of the frictional force exerting on the
workpiece by the dies. The effective strain distributions
show that the tooth profile around the root belongs to the
largest deformation area, of which the maximum
effective strain on the tooth surface is 2.74 when the
friction factor is 0.1. With increasing the friction factor,
the material tends to fill the bottom region of tooth much
more. When the friction factor is 0.3, both corners of
tooth are filled up at the same time, the same situation
with the forging tests. The maximum effective strain is
3.46. When the friction factor is up to 0.5, the friction
force is large enough to lead to the material filling the
bottom region prior to the top corner, even there exists
the relief-cavity on the top of the tooth. The maximum
effective strain on the tooth profile is 4.95. Furthermore,
there exists effective strain of 2.35 on the top surface of
the tooth since the friction force between the top die and
the workpiece limits the material flow into the top corner
and causes shear strain.

From the above analysis, it is concluded that with
the increase of the friction factor, the resistance of
material flow into the top corner of die tooth will be
enlarged and moving toothed die will lead to the material
flowing into the bottom corner. The difficulty of metal
flow on the workpiece surface will increase, so that the
effective strain will increase. Therefore, in the precision
forging process of gears, effectively reducing the friction
factor will benefit the material flow and tooth forming.

4.6 Discussion

By comparing the several designs, they have their
own advantages and disadvantages. Table 2 lists the
comparison in filling situation, forming load and material
utilization in the forging process using four designs. The
non-relief-cavity forging requires the largest forming
load among the four designs, but its material utilization
is the highest. In the process of forging with relief-cavity,
the relief-cavity is bigger, which means that the forming
load is lower but the material waste is more. The design
of Process II with ¢=3 mm requires the lowest load of
3710 kN but produces the most wastes of 12.3% of billet
(volume fraction). It also reduces the resistance of
material flowing into top corner so that the top corner is
fully filled as bottom corner at the same time. Process II
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Fig. 10 Effects of friction on effective strain and tooth forming: (a) /=0.1; (b) /=0.3; (c) /=0.5

Table 2 Comparison among different relief-cavity designs

Process First ﬁlled Forming .l\/.Iate.rial
region load/kN utilization/%
1 (a=0) Bottom corner 4563 94.5
II (a=1 mm) Bottom corner 4187 92.1
I (a=2 mm) Top and bottom corners 3982 90.0
I (=3 mm) Top and bottom corners 3710 87.7

with =1 mm cannot assist the material to flow into the
top corner as the relief-cavity is too small. Under the
effect of the relief-cavity with a=2 mm, both corners are
filled up at the same time. The forming load it requires is
12.7% lower than that of Process I and its material
utilization is up to 90%. So, the design of process II with
a=2 mm is recommended in this work.

5 Experimentation

5.1 Forging trials

The tool set for the design of Process I was made.
After the forging trials of Process I, the dies were turned
into the shape of the designs of Process II (¢=2 mm).
Forging trials using the designs in other dimension have
not been done according to the previous analysis. The
gear forging trials were performed on a 10 MN screw

press.

Figure 11 shows the top part and the bottom part of
the tool set. Material of H13 was used for the punch,
mandrel, toothed die and counter punch, all of which
were hardened over HRC50. The billet, made of AISI
8620, was machined in a body of a hollow cylinder.
Water based graphite was used as the lubricants for the
billets and dies. The gears were forged with the billets
heated to 1000 °C. The tools were preheated to 100 °C to
prevent the die cracking and to reduce cooling the billets.
The heating time for billets was 10 min to minimize the
oxidation. The two forming stages of the gear in both
forging trails and FE simulations are shown in Figs. 12
and 13. The similarity of the metal flow is apparent. The
tooth form was formed from the bottom to the top when
forging in Process 1. While the relief-cavity in Process II
(a=2 mm) assisted the material filling on top region so
that the tooth on both top and bottom region were formed
together.

A load cell was installed on the punch to record the
forming loads. Figure 14 shows a comparison of the
forming loads between experimental measurements and
FE prediction. The measured load in Process II (=2 mm)
is 9.7% less than that in Process I. The forming load
from the FE prediction and forging trials shows close
agreement with the deviation less than 9.2%.
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Fig. 12 Tooth formation in gear forging Process I (a=0):
(a) Forging trial, 85% punch stroke; (b) Forging trail, 100%
punch stroke; (c) FE prediction, 85% punch stroke; (d) FE
prediction, 100% punch stroke

Fig. 13 Tooth formation in gear forging Process II (a=2 mm):
(a) Forging trial, 85% punch stroke; (b) Forging trail, 100%
punch stroke; (c) FE prediction, 85% punch stroke; (d) FE
prediction, 100% punch stroke
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5.2 Tooth accuracy inspection

In the process of hot precision forging, there are
several factors influencing the tooth accuracy of forged
gears, such as thermal contraction and elastic recovery of
workpiece, thermal expansion and elastic expansion of
die. The tooth accuracy of the hot forged gears affects the
following finishing process. For hot forging, thermal
contraction of workpiece is the main factor of dimension
variation due to the elevated forging temperature [19]. So,
the tooth of the die needs to be manufactured oversize
compared to the objective tooth. In the forging tests, the
tooth of the die was 0.15 mm oversize in circumferential
direction compared to the objective tooth and the amount
was uniform along the involute profile. After forging
tests, the tooth accuracy was inspected by a video
measuring machine (VMM). The end faces of the forged
gears were turned and the teeth were deburred so that
they can be inspected. The high-resolution images of the
forged gear teeth were taken by VMM. The data from the
machine were processed using software Getdata Graph
Digitizer and Auto CAD. Figure 15 shows the VMM and
inspected tooth error.

Figure 15(b) illustrates the inspection of tooth error
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(dimension difference between forged tooth and
objective tooth) along the involute profile. The positive
values of tooth error describe that the forged tooth is
larger than the objective one. The tooth error on involute
profile from the root to the addendum has the tendency
of gradual decrease from 0.07 to 0.02 mm. Therefore, the
dimension error of the hot forged gears in the tests is less
than 0.07 mm, which achieves the accuracy level of
rough machining of gear teeth.
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Fig. 15 Tooth inspection: (a) Inspection equipment;

(b) Inspected tooth profile and tooth erorr
6 Conclusions

1) The relief-cavity in different sizes can reduce the
resistance of material flows in different extents. With the
increase of the size of the relief-cavity, the tendency of
material flowing towards the top corner of the tooth
becomes evident. Too small relief-cavity cannot
effectively assist the material flowing into the top corner
of die tooth.

2) Relief-cavity can smooth the sharp corners and
reduce the workpiece stress, die stress and forming load
to different extents. The relief-cavity designs reduce the
workpiece stress by about 25%. In addition, the

relief-cavity designs in three sizes reduce the die stress
by 6%—14% and the forming load by 8.2%—18.7%,
respectively. The larger relief-cavity causes smaller die
stress and forming load.

3) Further considering the material utilization in the
forging process, the volume of relief-cavity is the key
point. Too small volume cannot assist the material
flowing or decrease the forming load effectively. Too
large volume leads to much material wastes. Therefore,
the relief-cavity —with thickness «@=2 mm is
recommended.

4) Forging trials are performed in the tool sets using
the designs of non-relief-cavity and relief-cavity with
a=2 mm. Both the formation of tooth form and measured
load verify the accuracy of the simulation. The tooth
dimension error of the hot forged gears in the tests is less
than 0.07 mm, which achieves the level of rough
machining of gear teeth.

5) With increasing the friction factor, the situation
of full filling in the bottom corner prior to top corner is
evident and the effective strain on the workpiece surface
increases. Therefore, effectively reducing the friction
factor benefits the material flowing and tooth forming.
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