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Research on the End Surface Dent of the Main Shaft Forging
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Abstract: In the process of the stretching of the shaft forgings, if the process parameters are not properly selected, the end-face dent will take place. The end-face dent
affects the performance of large forgings and leads to much material wasting. Finite element method was employed to perform numerical simulation of the stretching of a
main shaft with an upper flat anvil and a lower V-shaped anvil. The orthogonal test table was designed by selecting the anvil width, the Reduction ratio and the feed as
influencing factors. Accordingly, simulations were carried out to solve the end-face dent values under different parameter combinations. The analysis showed that the optimal
parameter combination gave an anvil width ratio of 0.75, a Reduction ratio of 0.2, and an initial feed of 300 mm. Through extremum difference analysis, it was found that
among the three factors are the feed, the reduction ratio, and the anvil width ratio in the decreasing order of the influence on the end- face dent. Comprehensive analysis
showed that when the anvil is relatively narrow, increasing the relative feed can reduce the end-surface dent remarkably. It is advisable that during the stretching of shaft
forgings with a flat upper anvil and a V-shaped lower anvil, the combination of the anvil width ratio of 0.75, the reduction ratio of 0.2, and increasing the feed can reduce the

end-face dent, thereby reducing the end cutting and saving material costs.
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1 INTRODUCTION

In the production of shaft forgings, stretching is the
most important tool. It is widely used. In the 1970s,
through embedding corresponding sensors in plasticine,
the stress distribution of the workpiece in the flat anvil
stretching under different anvil width ratios was tested and
analyzed. The Mannesmann effect was found in the
experimental results [1]. In addition to the study on flat
anvil stretching, researchers have gradually put forward
various forging methods with shaped anvils. The stretching
method with upper flat anvils and lower V-shaped anvils
was developed. Later, FM forging method, WHF forging
method, KD forging method, JTS forging method and so
on have emerged [2, 3]. These methods have been applied
to the production of heavy forgings and have achieved
noticeable effects. Among them, the WHF method, the JTS
method, and the FM method are the most popular.

Figure 1 Dent on the end-face of the forging

During stretching of shaft forgings, geometry of the
formed workpieces deviates from the desired target
geometry, due to complex interactions between tools and
billets which result in inhomogeneous temperature and
stress fields. Therefore, the development of forging tools
requires an iterative adaptation process through a large
number of revisions in the tool geometry, which escalates
the resulting costs [4]. For example, end-face dents could

appear, as shown in Fig. 1 [5-8]. This geometry deviation
seriously affects the performance of large forgings and
wastes a large amount of steel. In order to produce high-
temperature forgings with accurate shape and size, some
countries developed non-contact optical geometry
measurement techniques and methods based on laser
scanning, machine vision and so on [9-14].

2 FINITE ELEMENT MODEL

The round billet is made of AISI 1045 steel and the
anvil, AISI-H-13 hot-working die steel. The complete
finite element model is shown in Fig. 2. The round billet
has a diameter of D = 1000 mm, and an upper flat and lower
v-shaped anvils were used, as shown in Fig. 3 and 4. Their
length /= 1200 mm, width B = 500 mm, and height # =300
mm. The anvil width ratio is a = B/D = 0.5. The angle of
the V-shaped anvil is # = 120, and its opening width B, =
650 mm. To prevent the round billet from flying away or
slipping in the simulation, the nodes in the square area at
the rear end of the round billet are constrained, and the rest
are free.

The Reduction ratio chosen is 0.2, and the initial feed
of the anvil is 300 mm. After that, the anvil feed is 320 mm,
340 mm, and so on. The billet rotates 45° after each bite.
The billet's initial temperature is 1200 °C, and the hot
forging conditions were assigned to between the billet and
the upper and lower anvils. The friction coefficient
between them is 0.3.

Figure 2 Finite element model of the stretching with flat upper and lower V-
shaped anvils

Tehnicki viesnik 28, 2(2021), 433-438

433



Liyong NI et al.: Research on the End Surface Dent of the Main Shaft Forging

120°

300

1200
Figure 3 Model of the V-shaped anvil

2 NUMERICAL SIMULATION RESULTS
2.1 Geometric Deformation

Under the above process conditions, the end faces of
the billet suffered dent defects, as shown in Fig. 4.

Figure 4 The end-face with dent
2.2 Stress and Equivalent Strain Analysis

Three-direction  stress and equivalent strain
distributions at the end of the stretching are shown in Fig.
5. Although tensile stresses can be seen in all directions,
they were rare on the outer surface of the forging, which is
beneficial to prevent the occurrence of defects such as
cracks. In the center of the main shaft forging the
equivalent strain reached about 1.1 while for the one to
determine whether a forging is acceptable, the criteria is
that the equivalent strain of the center of the forging should
be above 0.2 [6]. Therefore, the above process scheme
ensures the forging penetration efficiency (FPE) of the
forging, and the forming scheme satisfies the quality
requirements for the forging. In actual production, not only
is the FPE in the center of the forging high enough, but the
amount of end face dent needs to be reduced in order to
increase the utilization rate of materials. Therefore, this
process requires further optimization.

3 USING ORTHOGONAL METHOD TO OPTIMIZE
PROCESS PARAMETERS
3.1 Parameter Selection

According to the literature [5], the three major
influencing factors were studied:
(1) Anvil width ratio design: the anvil width is the ratio

of the anvil width to the diameter of the billet. The anvil
widths were determined to be: 500 mm, 750 mm, 1000 mm
and the corresponding fillet radii are 50 mm, 75 mm, 100
mm.

(2) Reduction ratio. According to the anvil lengths, the
reductions used were: 10%, 15% and 20%.

(3) Feed. The initial feed is 300 mm, and the
successive feed is 320 mm, 340 mm and the like.
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Figure 5 Three-direction stress and equivalent strain distributions at the end of
the stretching of the main shaft forging

3.2 Orthogonal Method Design and Calculation Analysis

The orthogonal design was adopted to arrange the
schemes and analyze the scheme results [16]. And the
orthogonal table was selected to arrange the schemes. An
orthogonal table Lo(3)* was constructed and shown in Tab.
1. Various parameters listed can form 9 simulation
schemes. Finally, the most influential factor and the
optimal combination of parameters can be achieved
through extremum difference analysis.

Table 1 Orthogonal Table Lo(3)?

Scheme NO Column NO. 1 Reduction ratio / % Column NO.2 Anvil width / mm Column NO.3 Initial feed / mm
1 10 Bl 500 Cl 300
2 Al 10 B2 750 C2 390
3 10 B3 1000 C3 490
4 15 Bl 500 C2 390
5 A2 15 B2 750 C3 490
6 15 B3 1000 Cl 300
7 20 Bl 500 C3 490
8 A3 20 B2 750 Cl 300
9 20 B3 1000 C2 390
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The 9 parameter combinations for the 9 schemes are as
follows (represented with letters):

A1BICl1 A1B2C2 A1B3C3
A2B1C2 A2B2C3 A2B3ClI
A3BI1C3 A3B2C1 A3B3C2

3.3 Simulations and Results

The A3B2C1 scheme was taken as an example to
demonstrate the deformation process of the forging. In this
scheme, the initial feed is 300 mm, and the following feeds
are 320 mm, 340 mm, and so forth. After each bite, the
billet rotates 45°, and totally, it will rotate 8 times.

(1) The flat anvil presses down on the round billet, the

«O

b) The cross-sectional shape

a) The first feed

round cross-section becomes approximately oval. The
axial elongation is relatively obvious and the end-face dent
has basically formed, and a certain bulge appears in the
areas adjacent to the anvils. The stretching process is
shown in Fig. 6.

(2) The bite on the billet after 45°rotation leads to more
elongation, and the end face dent deepens, as shown in Fig.
7.

(3) The anvil presses down after another 45° of
rotation of the billet. The original round cross section has
changed into an irregular shape. The forging has elongated
axially and the final end-face dent has formed as shown in
Fig. 8.

c) The dent has basically formed

Figure 6 Deformation in the first feed of the scheme A3B2C1

Step 200

«C O

a) The second feed

b) The cross-sectional shape

¢) End-face dent deepens

Figure 7 Deformation in the second feed in the scheme A3B2C1

Step 1150

a) The third feed

Simulations results of the 9 schemes are listed in Tab.

O

b) The cross-sectional shape

2.
Table 2 End-face dent depths from 9 simulations
NO Scheme number End-face dent depths / mm
1 AIBICI 34.41
2 Al1B2C2 44.90
3 A1B3C3 32.40
4 A2BI1C2 68.15
5 A2B2C3 64.86
6 A2B3Cl1 40.40
7 A3BIC3 52.63
8 A3B2Cl1 20.94
9 A3B3C2 58.63

¢) The final end-face dent
Figure 8 Deformatlon in the third feed in the scheme A3B2C1

It can be seen that the scheme A3B2C1 produced the
smallest value of the end-face dent depth. In this scheme,
the reduction ratio is 20%, the anvil width of 750 mm, and
the initial feed of 300 mm.

The corresponding best parameters are the
combination of an anvil width ratio of 0.75, a Reduction
ratio of 0.2 and the initial feed of 300 mm. It is consistent
with the theoretical results from reference [7], namely,
under the condition of a relatively narrow anvil width, the
increasing of the relative feed reduces the end-face dent.

To analyze the data in above tables scientifically is an
important step in the scheme design. Here the extremum
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difference analysis was used [16]. The extremum
differences calculated from the end-face dent depths can be
used to scientifically and accurately analyze the primary
and secondary factors affecting the end-face dent. Tab. 3
gives the end face dent depths and their extremum
differences.

Table 3 End-face dent depths and their extremum differences calculated from
the orthogonal scheme design

Scheme | Reduction |Anvil width B| Feed C/ | End-face dent
number | ratio A/ % / mm mm depth / mm
1 10 500 300 34.41
2 10 750 390 44.90
3 10 1000 490 32.40
4 15 500 390 68.15
5 15 750 490 64.86
6 15 1000 300 40.40
7 20 500 490 52.63
8 20 750 300 20.94
9 20 1000 390 58.63
K 111.71 155.19 5.75
K 181.41 173.41 171.68
K; 132.2 131.43 149.89
ki 37.24 51.73 31.92
ky 57.80 43.57 57.23
ks 44.07 43.81 49.97
Very 20.56 8.16 2531

poor

For factor 4 with level 1, i.e. the reduction ratio was
10%, the average value of end-face dent depth was taken
from the schemes 1, 2, 3. Here K; denotes the sum and the
average is denoted as k; = K//3.

KlA =34414+44.9+324=111.71

KA
k= Tl =37.24

In the same way, for factor 4 with level 2, the
following can be achieved:

KzA =68.15+64.86+40.4=173.41

KA
ki = TZ =57.80

For factor 4 with level 3,

K3A =52,63+20,94+58,63=132.2

Ky

kil =—=3-=44,07

K;' =52.63+20.94+58.63=132.2
K

kA

J

=44.07

KIA reflected the influence of the factor 4 with level 1
mainly. K; reflected the influence of the factor 4 with

level 2 mainly. Kj' reflected the influence of the factor 4

with level 3 mainly.

The differences between klA, sz and k3A can be seen
as the result of factor 4 taking three different levels, which
reflects the uniformity comparability of the orthogonal
design.

The same method was used to analyze factors B and C
and the following results can be obtained:

Results for factor B:

KP =34.41+68.15+52.63=155.19

KY

kP ==L =51.73
3

K3 =44.9+64.86+20.94=130.7

K7

kP =22 —4357

K3B =32.4+40.4+58.63=131.43

KB
kY =T3= 43.81

Results for factor C:

K =34.41+40.4+20.94 =95.75

C
kS :%:31.92

K5 =44.9+68.15+58.63=171.68

KC
ks = TZ =57.23

K3C =32.4+64.86+52.63=149.89

Ky

kY ==3-=49.97

The difference between the maximum and minimum
of ki, ka2, k3 1s called the extremum difference:

For factor A, the extremum difference =
ki —k* =57.80-37.24 =20.56.

For factor B, the extremum difference
kP —k? =51.73-43.57=8.16.

For factor C, the extremum difference =
kS —k& =57.23-31.92=2531.

According to the extremum difference analysis, the
factor with a big extremum difference is the primary factor,
which has a great influence on the simulation scheme
results. The factors with smaller extremum differences are
the secondary factors, which have less influence on the
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simulation scheme results. According to the extremum
differences, the factors in the order of influence are
C—A—B. Therefore, the primary factor influencing the end-
face dent during the stretching of shaft forgings is the feed.
The Reduction ratio has less influence and the anvil width
has the least. As a result, during the stretching of heavy
forgings, the feed should be considered first, then the
Reduction ratio, and finally, the anvil width ratio.

4 INDUSTRIAL PRODUCTION COMPARISON

China first heavy industries (CFHI) also adopted flat
upper and V-shaped lower anvils to produce heavy
forgings [7]. Because the anvils of 1200 mm in width were
used and relative feeds were small, the end-face dent was
severe. The improved process plan was as follows: making
the handle for the clamp to hold—-cutting the hot top—
upsetting with dedicated upsetting cover plates—KD
stretching—upsetting with dedicated upsetting cover
plates—stretching with 850 mm wide flat upper and V-
shaped lower anvils—remove unwanted material to
complete forging. The flat upper and V-shaped lower
anvils with a relatively narrow width of 850 mm were used
and the relative feed was increased, there was no obvious
end-face dent seen. The forging after unwanted material
was removed is shown in Fig. 9.

Figure 9 End-face produced with improved process

The A3B2C1 scheme is similar to the actual
production scheme adopted by CFHI in which the anvil
width was 850 mm and the initial feed was 300 mm. The
actual production indicates that with such a scheme the
end-face dent was significantly reduced. The agreement
between the theoretical analysis and the actual industrial
production proved that the proposed optimized process
scheme is practical.

5 CONCLUSIONS

(1) The finite element software DEFORM-3D was
used to carry out the numerical simulation of the stretching
process with flat upper and V-shaped anvils, which avoids
physical experiments. The agreement between the
theoretical analysis and the actual industrial production
verified the rationality and correctness of the finite element
software simulation.

(2) The anvil width, reduction ratio and feed were
selected as the influencing factors to design the orthogonal
table. Accordingly, simulations were carried out and their
end-face dent depths were achieved. The optimized process
scheme was obtained through orthogonal schemes and
numerical simulations, in which the A3B2C1 parameter

combination adopted an anvil width of 750 mm, an initial
feed of 300 mm, and a reduction ratio of 0.2, which is
similar to the actual production scheme adopted by CFHI
in which the anvil width was 850 mm and the initial feed
was 300 mm. It reduced the end-face dent.

(3) The extremum difference analysis indicates that
among the three major factors affecting the end-face dent,
the most influential one is the feed, then the reduction ratio,
and the least influential is the anvil width ratio.
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