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Rotary forging is an innovative incremental metal forming process, In a rotary forging press with
double eccentricity sleeves, the eccentricity of double eccentricity sleeves has significant effects on the move-
ments of swing head. The internal and external eccentricity of the existing rotary forging machine is equal,
except circular path, the rotation speed of internal and external eccentric sleeves for the rose curve, spirals curve
and straight line is not equal, which will produce the oscillation centrifugal force during the forming process
and cause the violent shaking on the machine. The shaking of the machine has an important influence on the
life of the equipment parts machining accuracy and surface profile of parts, reducing the production efficiency.
This paper proposes a method to reduce shaking by changing eccentricity and studied the influence of unequal
eccentricity on the movements of swing head obtained the design relationship of internal and external sleeves
eccentricity, which can reduce the shaking in rotary forging press. This study improving the working state of the

rotary forging machine and economic benefits.

Rotary forging is a continuous local pressure plastic forming
technology (Zhang, 1984; Zhu et al., 2011, 2015). Because
the contact area between the upper die and billet is partial
during the rotary forging process (Nam et al., 2014; Wang
et al., 2005; Wang and Zhou, 1999), the load force in ro-
tary forging is only about 10 %—20 % of that in conventional
forging. Besides saving energy, it has many other advantages
such as high precision, saving materials, low noise, therefore
it has been widely used in mechanical, electrical, aerospace,
petroleum, chemical industry, etc.

Due to its advantages above, many scholars have con-
ducted researches, mainly on the calculation of energetic pa-
rameters (Oudin et al., 1985; Choi et al., 1997; Canta et al.,
1998), contact mechanisms (Hawkyard et al., 1977; Pei et al.,
1982; Han and Hua, 2011, 2012) and the deformation mech-
anisms of billets (Nowak et al., 2008; Montoya et al., 2008;
Deng et al., 2011; Rusz and Dyja, 2004; Samoyk, 2013),
while the researches on the movement of the swing head in
rotary forging process were rare. Hu and Che (1993) ana-
lyzed the motion path of swing head in PXW rotary forg-
ing press. Dong et al. (2015)studied the effect of the rota-

tion speed of double eccentricity sleeves on the swing head
path. Recently, Feng et al. (2014) and Han et al. (2015) in-
vestigated the swing head path under different eccentricity
respectively, however, they only studied the shape changes
of the swing head path.

In this paper, on the basis of the motion equation of lo-
cus of swing head, the movement of swing head has been
analyzed with mathematical method and the influence of ec-
centricity of double eccentricity sleeves on the movements of
swing head has been researched. Finally the design relation-
ship between the eccentricities of double eccentricity sleeves
were obtained, which can reduce the vibration of swing head.

The structure and motion type of the swing head are criti-
cal for designing the rotary forging machine. Different struc-
ture and transmission form can obtain different motion paths.
A schematic of rotary forging machine with double eccen-
tricity sleeve is illustrated in Fig. 1. The relative position
and rotation speed of the internal and external eccentricity
sleeve determined the various movements of swing head. The
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Figure 1. Structure of rotary forging machine with two eccentricity
rings

movement form of swing head is determined by the internal
and external eccentricity sleeve, its positional relationship is
shown in Fig. 2.

The internal eccentricity sleeve embedded in the external
one, |01 02| and |O O1] is the eccentricity of the internal and
external eccentricity sleeve, respectively. Point O, represents
the locus of swing head. Figure 3 illustrates the eccentric-
ity vectors of the internal and outside eccentricity sleeves,
|O 01| = e represents the eccentricity of the external eccen-
tricity sleeve, |01 0»| = e, represents the eccentricity of the
internal eccentricity sleeve. The position equation of the lo-
cus of swing head is obtained as follows:

x = ej cos(wit) + ep cos(wrt)
. . (H
y = e sin(w1t) + ez sin(wat)
Polar equation of O;:
_ \/ 2, 2 _
p =,/ef +e;+2eercos(wit — wrt)
2

ey sin(w1t) + ez sin(wat)

@ = arctan
ej cos(wit) + ex cos(wat)

ejand e is the eccentricity of the internal and external eccen-
tricity sleeve, and e1 +e2 = 2e = 10 mm, w; and w» is the ro-
tation speed of the internal and external eccentricity sleeve,
when o) = wy, @] = wy = 4w rads~!, and when w; # w2,
w; =4mrads™!, wy = 14/3w rads~!. According to Eq. (1),
the acceleration of O, can be deduced as follow:

a= \/e%w‘f + e%a)‘zl + 261620)%60% cos(wit — wat) 3)
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Figure 2. Position relationship of internal and external eccentric
sleeves.

|
Yl
e N
— T~
e AN o \
. N 2,
/ / g
/ I Y X
/ | e | X
[ e\ /
} AN ‘. —
\ O N ~ | s X
\ Tt
\ /
N ;
AN 4
AN pd
~ ~. ___’./'/

Figure 3. Eccentricity vectors of internal and external eccentric
sleeves.

3 Results and discussion

3.1 Movements analysis when @1 = @»

When w; = w;y, the double eccentricity sleeves have rotations
with the same rotation speeds and directions. The polar equa-
tion of motion curve of O; can be obtained from Eq. (2):

“4)

p=et+e
0 =wt

According to Eq. (4), the motion curve of the center point
0, of swing head is a circle, the center point O is geomet-
ric center of external eccentric sleeve, the radius is the sum
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Motion curve of Oy when w] = wj. (a) e] # e, (b) e1 =

ey =e.
5
e=e,=e
e te,=2e, e e,
< 4r
172}
E
o 3F
G
c
K]
5 2r
o
[0}
8 4L
<
0 1 1 1 1
2 4 6 8 10
Time (s)

Effects of e; and ep on the acceleration when w; = wy
(e1 +ex =2e).

of eccentricity of internal and external eccentric sleeves, i.e.
e1 + e, as shown in Fig. 4a.

From Eq. (3), when w; = wy, the acceleration equation of
0> can be obtained as follow:

d =wl(e +e) ()

When eccentricity of internal and external eccentric sleeves
is equal, i.e. e; = ey = e, the acceleration equation of O;:

a=2ew: (6)

The corresponding acceleration and amplitude curve of O3
are presented in Figs. 5 and 6, respectively. Figure 5 shows
that, when w; = w,, no matter the eccentricity of internal and
external eccentric sleeves is equal or not, the acceleration
value always keep constant and the value are equal. Figure 6
reveals the effects of e /ex(e1 + e2 = 2¢) on the amplitude of
the acceleration. Figure 6 shows that no matter how the ec-
centricity of internal and external eccentric sleeves changes,
the amplitude of acceleration is always equal to O.

When w; = —wy, the double eccentricity sleeves have rota-
tions with the same rotation speeds but opposite directions.
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The polar equation of motion curve of O, can be obtained
from Eq. (2):

0 =\/e% + e% +2e1epcosQwit)
(e1 —ez)sin(w1 1)
(e1 + e2)cos(wit)

(7

6 =arctan

According to Eq. (7), pmax = e1+e2 and ppin = |e] — e2] can
be obtained. The motion curve of point O3 is an ellipse with
a center point located in the geometric center O of exter-
nal eccentric sleeve, taking 2(e; + e>) as the long axis and
2|e; — ez] as the short axis, as shown in Fig. 7a.

When eccentricity of internal and external eccentric
sleeves is equal, i.e. e; = ey = e, the polar equation of mo-
tion curve of O»:

0 = /22 + 22 cosRw 1)
6=0

®)

At this time, the motion curve of O; is a straight line with a
total length of 4e and a middle point located in the geometric
center O of external eccentric sleeve, as shown in Fig. 7b.

From Eq. (3), when w1 = —w3, the acceleration equation
of O; can be obtained as follow:

a =w%\/(e1 +e2)* 4+ 2ejea [cos Qwit) — 1] 9)



o 3
£ —e /e,=1
o —— e, /e,=20/0
S, —— e,/e,=0/20
.E e /e,=16/4
o ——ele,=4/16
Q 1772
8L e /e, =12/8
< —— e /e,=8/12
0 1 1 1 1
0.2 0.4 0.6 08 1.0
Time (s)
Effects of e1/ep on the acceleration when w| = —w»p
(e1 +ex =2e).
4
(1, 3.158273408)
5 9199

Amplitude of acceleration (m s'z)

e1/e2

Effects of e /ey on the amplitude when w1 = —wy (e] +
ey =2e).

/

2 2
A =wi(e1+e2), al. =wilei—e| and A'=aj, —

/o 2 :

iy = 207 e1, ez'ln}in can b§ obtained from Eq. (9). '
When eccentricity of internal and external eccentric

sleeves is equal, i.e. e; = ey = e, the acceleration equation

of Os:
a = ew}/2[1 4 cos Qwi1)] (10)

Amax = Zewlz, amin = 0 and A = dmax — Amin = Zew% can be
obtained from Eq. (10).

The corresponding acceleration and amplitude curve of O»
are presented in Figs. 8 and 9, respectively. Figure 8 shows
that, when w; = —w, the acceleration curve changed cycli-
cally with cosine function form over time, and the maxi-
mum acceleration value is equal no matter the e;/e; how
to change. When e or e; is equal to 0, the straight line
will change into circular line, the corresponding accelera-
tion and amplitude curve are the same with w; = w>. When
e1/ex = ey/ey, the acceleration curves will coincide. Fig-
ure 9 reveals the effects of e /ex(e; + e2 = 2¢) on the am-

Motion curve of Oy when w; # wp and w1 -wy >0
(w1/wy=06/7). (@) e] # ez, (b)e; =ex =e.

plitude of the acceleration. Figure 9 shows that the amplitude
curve is a piecewise function curve. When 0 < ey /e» < 1, the
curve increases rapidly. When e /e> > 1, the curve decreases
gradually, the amplitude of the acceleration reaches the max-
imum value when e1/e; = 1, and when ej/e; = e3/eq, the
amplitude value is equal.

When w; #wy and wi-wy >0 the double eccentricity
sleeves have rotations with different rotation speeds and
same rotation directions. The polar equation of motion curve
of O can be obtained from Eq. (2)

p= \/e% + e% + 2ejepcos(wit — wat)
ey sin(w; 1) + e3 sin(wat) (1D
e1cos(wit) + ez cos(wat)

6 = arctan

According to Eq. (11), pmax = e1 + e2 and pmin = |e1 — 2|
can be obtained, the motion curve of point O; is a spiral
curve with 2(ej + e») as external diameter, 2|e; — e3| as in-
ternal diameter and a center point located in the geometric
center O of external eccentric sleeve, as shown in Fig. 10a.

When eccentricity of internal and external eccentric
sleeves is equal, i.e. e; = ey = e, the polar equation of mo-
tion curve of O;:

p = v/2e2 + 22 coswt)
0 w1t + wrt (12)

2

At this time, the motion curve of O is also a spiral with
4e as external diameter and the motion curve goes through
the geometric center of external eccentric sleeve, as shown
in Fig. 10b.

From Eq. (3), when w; # wy and w1 - w> > 0, the acceler-
ation equation of O, can be obtained as follow:

a = \/(em)% + eza)%)z + 2e1ezw%w§ [cos(wit —wpt) — 1] (13)

/ _ 2 2 7 _ 2 2 ’_
aI/naX = e|w] —zl—ega)%, al. = leiw? - erxw3| and A =aj,, —
ag. = 2|e1a)1 , 205 |min can be obtained from Eq. (13).
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When eccentricity of internal and external eccentric
sleeves is equal, i.e. e; = e3 = e, the acceleration equation
of Os:

0= ey (02 +02)? + 2020 [cos(nt —ant)— 1] (14)

Amax = € (CU% +602), Amin = € |a)% — a)§| and A =amaxx —
Amin = 2e|a)%, w3 Tmin can be obtained from Eq. (14)

The corresponding acceleration and amplitude curve of
O, are presented in Figs. 11 and 12, respectively. Figure 11
shows that, when w1 # w7 and w1 w2 > O(w1 /w2 = 6/7), the
acceleration curve changed cyclically with cosine function
form over time,and the maximum acceleration value gradu-
ally decreases with the increasing of e1/ey; when e or e is
equal to 0, the spiral curve will change into circle, the cor-
responding acceleration curve keeps constant value but the
acceleration value is different, and the amplitude is equal
to 0. Figure 12 reveals the effects of ej/ex(e; + ez = 2e)
on the amplitude of the acceleration. Figure 12 shows that
the amplitude curve is a piecewise function curve. When
0 < e1/ez < 1.36, the curve increases rapidly. When e /e >
1.36, the curve decreases gradually, the amplitude of the ac-
celeration reaches the maximum value when e;/e; = 1.36,
when ej/e> < 1 and ej /ey > 1.72, the amplitude of the ac-
celeration will be smaller than that when e1/e; = 1.

When wi # wy and wp-wy <0 the double eccentricity
sleeves have rotations with different rotation speeds and
same rotation directions. The polar equation of motion curve
of O, can be obtained from Eq. (2):

p= \/e% +e§ + 2ejepcos(wit — wyt)

e1 sin(w;1) + €3 sin(wat) (15)

@ = arctan

e1 cos(wit) + ez cos(wyt)

According to Eq. (15), pmax = €1 + €2 and ppin = |e1 — ez|
can be obtained, the motion curve of point O3 is a rose with
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2(e1 + e2) as external diameter, 2 |e; — e3| as internal diam-
eter and a center point located in the geometric center O of
external eccentric sleeve, as shown in Fig. 13a.

When eccentricity of internal and external eccentric
sleeves is equal, i.e. e; = ey = e, the polar equation of mo-
tion curve of O»:

0 = /2e2 +2e2 cosQwit)
w1t + wrt (16)
2

0=

At this time, the motion curve of O, is also a rose with 4e
as external diameter total and the motion curve goes through
the geometric center of external eccentric sleeve, as shown in
Fig. 13b.

From Fig. 13, when e # e, the petal of rose curve will be
more wider and overlap with each other, but the petal number
of rose curve keeps unchanged.

From Eq. (3), when w; # wy and w1 - wy < 0, the acceler-
ation equation of O, can be obtained as follow:

/
a =

(r7)
\/(elw% + ezw%)z + Zelegw%wg [cos(wit — wrt) — 1]
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When eccentricity of internal and external eccentric
sleeves is equal, i.e. e; = ey = e, the acceleration equation

of Os:

/ 2 2
Amax = €107 +erw5, a
a

0= ey (@2 +02)? + 2020 [cos(nt —ant)— 1] (18)
dmax = € (a)% +a)2), Amin = € |a)% - a)%| and A = amaxx —
Amin = 2e w%, a)% Tmin can be obtained from Eq. (18)

The corresponding acceleration and amplitude curve of
O, are presented in Figs. 14 and 15, respectively. Figure 14
shows that, when w1 # wp and w1 -w>2 > 0 (w1 /wy =6/ —17),
the acceleration curve changed cyclically with cosine func-
tion form over time,and the maximum acceleration value
gradually decreases with the increasing of e;/ey, when e
or ey is equal to 0, the rose curve will change into circle,
the corresponding acceleration curve keeps constant value
but the acceleration value is different, and the amplitude is
equal to 0. Figure 15 reveals the effects of e /ex(e1+e2 = 2e)

on the amplitude of the acceleration. Figure 15 shows that
the amplitude curve is a piecewise function curve. When
0 < e1/ex < 1.36, the curve increases rapidly. When e /ex >
1.36, the curve decreases gradually, the amplitude of the ac-
celeration reaches the maximum value when e /e, = 1.36,
when e1/e> < 1 and ey /ey > 1.72, the amplitude of the ac-
celeration will be smaller than that when e /ey = 1.

The acceleration and amplitude of the locus point Oy of
swing head reflect the movement of the swing head. The
greater the acceleration changes, the more unstable the move-
ment of the swing head and the greater shaking the rotary
forging machine will be. In order to reduce the vibration of
machine, it needs to reduce the maximum acceleration and
the amplitude of acceleration at the same time, under the con-
dition that the sum of eccentricity of internal and external
eccentric sleeves and rotation speed of double eccentricity
sleeve are constant, the corresponding equations as follow:

ld'|  <lal

max max
19

{ A <A (19)

The relationship of the eccentricity of the internal and exter-

nal eccentricity sleeves satisfying Eq. (20) can be obtained as
follows:

— When w; = w», no matter the eccentricity of internal
and external eccentric sleeves is equal or not, the ac-
celeration value keep constant, and the amplitude of ac-
celeration is equal to 0.

— When w1 = —w», the maximum acceleration is equal no
matter the eccentricity is equal or not, no matter e; > e;
or e] < ey, the amplitude of acceleration when e # e>
is always smaller than that when e = e3.

— Whenw; # w2 w1 -wy > 0, according to Egs. (14) and
(15),
when w1 > w7 Eq. (21) can be obtained as follow:
2
el w
P s (20)

When w; < ws, Eq. (22) can be obtained as follow:
e 2a)§ — a)%

() a)%

ey

— When w; # wywi - wy < 0, according to Egs. (18) and
(19), when |w;| > |wz]|, Eq. (23) can be obtained as fol-
low:

L (22)



X. Liu et al.: Influence of eccentricity of double eccentricity sleeves 327

When |w1| < |w2|, Eq. (24) can be obtained as follow:

2 2
e 2w5—w
./

e a)%

(23)

According to the amplitude curves and acceleration curves
under different eccentricities, it can be seen that the smaller
the e1 /e, the smaller the amplitude and the maximum accel-
eration, except for the circular trajectory, under the premise
of satisfying the optimization formula. However, the maxi-
mum value of ej/e; is less than 5 because of the 1/3 track
curve to be maintained during rotary forging. For the opti-
mization of specific part shape parts, several sets of eccen-
tricities are obtained under the requirements of optimization
formulas and trajectory curves, The optimal set of eccentric-
ity is determined by studying the influence of several sets of
eccentricity on force and energy parameters and deformation
uniformity of rotary forging parts.

4 Test analysis

The equipment used in the test is 2600 KN rotary forging
machine. When n1 = ny = 1207 min~!, the trajectory of the
swing head was circular. Experiments show that no matter
how the eccentricity ratio changes, it has no effect on the mo-
tion trajectory of the swing head, and there is no obvious dif-
ference between the forged products, which accords with the
amplitude variation curve of Fig. 6 deduced by Egs. (5) and
(6) under different eccentricities. When n; = 1207 min~!,
ny = 140r min~!, the motion trajectory of the swing head
was straight line. It was found that when the eccentricity
ratio increased gradually from zero, the vibration of the
swing head increased significantly. When the eccentricity ra-
tio e1 /ey > 1, the vibration amplitude of the swing head de-
creases gradually, and the equipment runs more smoothly.
When the eccentricity ratio ej/e> > 4, the vibration ampli-
tude of the swing head is more stable, the product outline is
clearer, which accords with the variation curve of the ampli-
tude of Fig. 9 deduced by Egs. (9) and (10). The swinging
motion is shown in Fig. 16.

When np =120, ny = —140 and np =120,
ny = 140r min~! the eccentricity ratio ej/ep increased
gradually from zero, the vibration of the swing head
becomes more and more obvious. When the eccentricity
ratio ej/ep > 2, the vibration amplitude of the swing head
decreases gradually, becomes more stable and the product
outline becomes clearer, as shown in Fig. 17. According to
the relationship (21) and (23) deduced above, the theoretical
calculation value e1/ey > 1.72 is obtained, and the relative
error is about 14 %. The amplitude curves under different
eccentricities of Figs. 12 and 15 are basically in agreement
with Eqgs. (13), (14), (17) and (18). When the eccentricity
satisfies the relations (20)—(23) at the same speed of the
eccentric sleeve, the experimental results show that the
vibration amplitude of the unequal eccentricity is smaller

www.mech-sci.net/10/321/2019/

Figure 16. Swing head movement whenw; = —w» (e1 + ep = 2e).

than that of the equal eccentricity, which accords with the
inferences of Eqs. (20)-(23). Physical experiments show
that the vibration amplitude of the swing head is relatively
small when the ratio of eccentricity and rotational speed is
appropriate. The driven wheel and spiral bevel gear with
clear outline and good dimensional accuracy can be obtained
under the spiral and rosette trajectories, as shown in Fig. 18.

5 Conclusions

This paper studies the influence of the eccentricity of double
eccentricity sleeves on the movements of swing head under
the condition that w;, wy and e + e are constant. The fol-
lowing conclusions are obtained.

1. When e # e, all the four motion curves will not go
through the center point O, the motion curves of swing
head moves in the area with O as the center, 2(e; + e2)
as external diameter and 2 |e; — e;| as internal diame-
ter, and no matter the eccentricity is equal or not, when
w1 = wa, the motion curve of O, is always a circle.

2. When w; = w», no matter the eccentricity is equal or
not, the acceleration and amplitude curve of O, keep

Mech. Sci., 10, 321-330, 2019
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Figure 17. Different eccentricity products. (a) e1 /e; =2, (b) e1/ep = 3.

Figure 18. Product. (a) w1 # wp and w1 - wy > 0, (b) w1 # wr and w - wy < 0.

unchanged, the acceleration is constant and the ampli- e1/ e <3/ (20} — w3), when |w)| < |w2],e1 / €2 >
tude is equal to 0; When w; = —aw;, the acceleration 205 [ (207 — w3).

curve changed cyclically with cosine function form over

time, and the maximum acceleration is equal no matter

the eccentricity is equal or not, when e or e is equal Data availability. Data can be made available upon reasonable re-
to 0, the straight line will change into circular line and ~ quest. Please contact Chun Dong Zhu (zcdzcd6252 @sina.com).
when e /ey = ez /e, the acceleration curve will coin-

cide and the amplitude value is equal, and no matter

e1 > ey or e] < ep, the amplitude is always smaller than

that when e; = ep, when e = e, the amplitude reach

the maximum value.

3. When w; # w2, w1 -wy > 0 and w) # w2, w1 - wy <0,
the acceleration and amplitude curve are the same situa-
tion, the acceleration curve changed cyclically with co-
sine function form over time, and the maximum accel-
eration gradually decreases with increasing e /e;, when
e] or ey is equal to 0, the spiral curve and rose curve
will change into circular line, and when e and e; satisfy
Egs. (20)—(23), both the maximum acceleration and am-
plitude when e # e, are smaller than that whene| = e5.

4. When |wi| # |wz|, the relationships between e
and e, are obtained, which can reduce the vi-
bration in rotary forging press, when |wi|> |wz|,

Mech. Sci., 10, 321-330, 2019 www.mech-sci.net/10/321/2019/
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CDZ proposes method to reduce shaking
by changing eccentricity; he did the final examine of the whole pa-
per. XL studied the influence of unequal eccentricity on the move-
ments of swing head obtained the design relationship of internal and
external sleeves eccentricity. XJ and YZ performed the experiment
to verify the suggested mode.
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