Available online at www.sciencedirect.com
N

“e.° ScienceDirect

Trans. Nonferrous Met. Soc. China 25(2015) 30803087

Transactions of
Nonferrous Metals
Society of China  Z%3

v, Science
ELSEVIER Press

L % .J._

www.tnmsc.cn

Variable-based Ramberg—Osgood constitutive model of power spinning bushing
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Abstract: The influences of power spinning process parameters on the mechanical properties of spinning parts were analyzed with
an SXD100/3—CNC numerical control power spinning machine. The unidirectional tensile tests were carried out. Based on the
experimental data, a ternary quadratic regression equation was established by orthogonal experiment. The Ramberg—Osgood
constitutive model of tin—bronze connecting rod bushing was obtained. Referred to the constitutive relation of macroscopic
incremental, the incremental elastoplastic constitutive relation of spinning parts was deduced based on the Mises yield criterion and

kinematic hardening model. The results can be applied to the elastoplastic analysis in finite element numerical simulation.
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1 Introduction

The future development direction of the vehicle
power system is high power density (HPD). The high
speed moving parts of HPD diesel engine work under the
conditions of high pressure load and inertia load
boundary, and it is required that bushings meet high
bearing capacity [1]. Unlike other sliding bearings, the
friction pair of piston pin and bushing has the
characteristic of relative swing motion. The lubrication
condition is relatively poor due to the piston pin and
bushing or the method of splash lubrication. All these
lead to the deterioration of the frictional wear on the
surface of the bushing [2]. As an important branch of
metal plastic processing, spinning has the advantages of
flexibility and low cost, which is suitable for processing
a variety of metal materials. So, it is a kind of economic
and rapid plastic forming method for thin-wall parts of
revolving body [3]. Compared with sheet metal forming
process, the connecting rod bushing processed by power
spinning has the advantages of good comprehensive
mechanical properties, high fatigue strength and large
bearing capacity. So, the power spinning process is an
ideal processing technology for HPD diesel engine

connecting rod bushing [4]. Tin—bronze QSn7—0.2 not
only has high fatigue strength and bearing capacity, but
also has the advantages of good bearing performance
such as anti-adhesion, compliance, embedded ability,
corrosion resistance and abrasive resistance [5]. The
microstructure of metal processed by power spinning is
optimized, and thus its mechanical properties are
improved, such as increment of strength index and
resistivity, reduction of thermal conductivity and
magnetic permeability, reduction of corrosion resistance.
Meanwhile, its elongation can restore to that of metal
processed with stress relieving annealing at a certain
temperature before power spinning. Recently, the
application of power spinning process for tin—bronze
bushing has been widely concerned. The successful
application of power spinning process in HPD diesel
engine has played a role in bearing and anti-attrition. It is
more applicable by power spinning to process the
connecting rod bushing than by other processes.
However, it is difficult to predict the mechanical
properties of cylindrical parts after spinning in most
cases in practice. And debugging process parameters are
often used to meet the requirements of bushing.
Constitutive relation is the essential condition of
the finite element analysis, which is the comprehensive
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macro-mechanical properties reflection of material. The
constitutive model of tin—bronze connecting rod bushing
processed by spinning is uncertain, of which the
mechanical performance varies with the spinning process
parameters. At present, the methods for establishing the
constitutive relation are divided into two types basically:
one is establishing coupled constitutive equation from
microstructure parameters like dislocation density and
grain size, which is based on the deformation mechanism
[6—8]. The other is based on the conclusion of regression
analyzing experimental data to get the constitutive
relation of material, which includes macroscopic stress
and strain, and combines with the internal state
parameters. A kind of explicit constitutive model is
proposed to describe the flow behavior of materials with
dynamic response characteristics in Refs. [9,10]. CHUN
et al [11] predicted the flow stress of aluminum alloy
using the back propagation algorithm.

All kinds of material deformation behavior can be
described by the method of neural network [12—15]. It is
necessary to write source programs of neural network, or
to write the neural network toolbox interface programs of
Matlab. Both are not easy to implement in the finite
element program. At present, the constitutive relation of
different spinning process parameters is an empirical
formula usually obtained by the regression model. But
the spinning process is very complicated and it is
susceptible to the interference of various kinds of
random factors, which make the influence of spinning
process parameters on the flow stress. It is difficult to
express the precise constitutive equation because many
factors influence the flow stress in most cases. Based on
bilinear elastoplastic stress—strain relation model, the
stress—strain curve of bushing of different spinning
process parameters can be described intuitively. But the
curve near the yield point cannot be described accurately
enough in this model [16].

Herein, concentrating on the key parameters of
power spinning, reduction ratio ¥, stress relieving
annealing temperature ¢ and feed ratio f, this paper
establishes the ternary quadratic regression equation of
elasticity modulus E, proof strength of plastic extension
Ry, tangent modulus £’ and hardening exponent n by
orthogonal experiment and unidirectional tensile test.
The influence of power spinning process parameters on
its mechanical properties was analyzed. The
Ramberg—Osgood constitutive model of tin—bronze
connecting rod bushing after spinning was studied. The
constitutive relation equation of power spinning
considering the process parameters was built based on
the Mises yield criterion and kinematic hardening model,
which can provide the basis of connecting rod bushing
finite element numerical simulation.

2 Experimental

2.1 Orthogonal experiment design

The key parameters of power spinning process
parameters are reduction ratio, feed rate, spindle speed,
axial offset, wheel radius, and wheel forming angle.
Among them, the reduction ratio, feed fate and heat
treatment temperature affect the mechanical properties of
spinning cylindrical parts [17].

According to the range of power spinning process
parameters, three factors are selected in the experiment,
namely reduction ratio, feed rate and heat treatment
temperature, and five levels are selected for each factor.
The factor values of the orthogonal experiment are listed
in Table 1.

Table 1 Factor values of orthogonal experiment

Test No. Re{duction Heat treatment Feed ratj,

ratio, ¥/%  temperature, #/°C f/(mmrt ")
1 24 263 0.13
2 24 263 0. 46
3 24 296 0.13
4 24 296 0. 46
5 44 263 0.13
6 44 263 0. 46
7 44 296 0.13
8 44 296 0. 46
9 22 280 0.30
10 46 280 0.30
11 34 260 0.30
12 34 300 0.30
13 34 280 0.10
14 34 280 0.50
15 34 280 0.30

2.2 Experimental method

Tin—bronze QSn7-0.2 was selected as the raw
material. To avoid the influence of forming technology
of cylindrical parts before spinning on the results, the
physical and chemical tests were conducted for the raw
material, and the results are listed in Table 2 and Table 3,
respectively.

The tin—bronze rods were manufactured into
cylindrical parts for tests. The inner diameter, outer

Table 2 Mechanical properties of QSn7-0.2

Elastic Proof strength of Tensile Elo:f%:?on
modulus, plastic extension, strength, failure

E/GPa Ry0o/MPa R,/MPa 5o

150. 35 345. 81 418. 67 17




3082 Jun-sheng ZHAO, et al/Trans. Nonferrous Met. Soc. China 25(2015) 3080—3087

Table 3 Main chemical composition of QSn7-0.2 (mass
fraction, %)
Sn Al Zn Fe Pb P Cu
7.18 <0.002 <0.05 <0.001 <0.01 0.18 Bal.

diameter and height of the cylindrical parts are 42, 55
and 90 mm, respectively.

The tin—bronze cylindrical parts were processed
with an SXD100/3—-CNC numerical control power
spinning machine. The tin—bronze connecting rod
bushing parts before and after power spinning are shown
in Fig. 1.

Fig. 1 Tin—bronze connecting rod bushing parts before and
after power spinning

The heat treatments for cylindrical parts were
carried out with a 500 kW BPG—9200BHD high
temperature drying oven. All cylindrical parts were
slowly heated up to 300 °C and held for 1 h, and cooled
inside the furnace.

The processed cylindrical parts were machined into
tensile specimens according to the tensile test method at
room temperature. All specimens were loaded by
microcomputer control TLS—WS50000A. The testing
temperature was at 20 °C, the loading rate was controlled
by the displacement, and the deformation rate was
5 mm/min. A BF120—2AA strain gauge was applied to
measuring the strain. Full bridge circuit was adopted to
eliminate the influence of the deviation when the
specimens were processed.

3 Results

Seventy five curves of force—displacement were
obtained by tensile tests. After converting the
force—displacement curve to the stress—strain curve, the
stress—strain curve can be modified by taking the
modulus of elasticity in the static tension test curve into
the stress—strain curve. The main mechanical properties
can be found by the graphical method, as shown in
Fig. 2.

Through the tensile tests, all the stress—strain curves
of specimens, elastic modulus E, yield strength Ry,,
tensile strength R, and elongation ¢ can be obtained.
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Fig. 2 Stress—strain curve of QSn7-0.2 in initial phase

As shown in Fig. 2, E is the elastic modulus. Ry, is
the strength when the plastic elongation is 0.2%, which is
known as the proof strength of plastic extension. The
yield stage of QSn7—0.2 gradually changes without
obvious yield point. £y, is the tangent modulus at Ry».
Two stress—strain revised curves before and after
spinning are shown in Fig. 3.
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Fig. 3 Stress—strain relationships of specimens

The value of each factor and the measured
parameters, elastic modulus, yield strength, tensile
strength and elongation percentage after fracture, are
listed in Table 4. In order to study the change of
cylindrical parts’ mechanical properties before and after
the heat treatments, the 16th specimen is added, which is
not heat-treated. The technological parameters and
measured mechanical properties of the stress—strain
curves from the first to the 16th are listed in Table 4.

4 Ramberg—Osgood constitutive model of
variable parameters

4.1 Elastic deformation stage
The Ramberg—Osgood model is
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Table 4 Experimental factors and main physical-mechanical properties

Test Reduction  Heat treatment  Feed rate, f/ Elastic

Proof strength of plastic  Tensile strength, Elongation after

No. ratio, ¥/% temperature, #°C  (mmtT ') modulus, E/GPa extension, Ry02/MPa R,/MPa failure, 6/%
1 24 263 0.13 131.37 545 586 16.0
2 24 263 0. 46 131. 44 505 609 13.3
3 24 296 0.13 127. 17 481 581 17. 4
4 24 296 0. 46 132.48 554 621 13.3
5 44 263 0.13 133.34 578 648 16.0
6 44 263 0. 46 130. 16 625 685 14. 8
7 44 296 0.13 131.79 585 635 18. 8
8 44 296 0. 46 129. 23 603 664 16.5
9 22 280 0.3 131. 49 475 594 14.0
10 46 280 0.3 127. 64 596 669 23.0
11 34 260 0.3 133. 84 499 643 17.2
12 34 300 0.3 130. 34 561 627 16.5
13 34 280 0.1 127. 88 561 606 17.5
14 34 280 0.5 129. 33 576 641 16. 8
15 34 280 0.3 132. 84 577 629 17. 1
16 34 0 0.3 129. 51 679 748 6.7
R R n modulus has a certain decline, about 8%, compared with
e= z +¢, (R—J €] that before': power spinnipg. ‘ '
P Elastic modulus is a relatively stable material

The standard Ramberg—Osgood constitutive model
can be used when the stress is less than Ryo». Eq. (1) can
be converted into the following expression:

R

&= R +0.002
E p0.2

J s R< Ry, @)
1) Elastic modulus £

The regression equation of elastic modulus obtained
from the regression orthogonal table is expressed as

y=130.53+0.059x, —0.9x, +0.02x; — 0.13x,x, +
1.38x,x; +0.63x,x; —0.47(x7 —0.73) +
1.22(x5 —0.73)—1.45(x3 —0.73) (3)
where x; (i =1, 2, 3) is the coded formulas.
_#-034 o 1-280 0 f-03

X , X Xy =
! 01 27 16 7016

All the partial regression coefficients of Eq. (3) are
not significant after the tests of significance. Therefore,
the regression equation can be simplified as

E=130.53

According to the variance analysis of Eq. (3), the
influence of each factor to the elastic modulus is not
obvious in the ranges of the power spinning process
parameters. The elastic modulus, E, of QSn7-0.2 is
130.53 GPa after power spinning. But the elastic

constant. The elastic modulus will slightly reduce after
the plastic deformation, and has less change when the
reduction ratio increases to a certain degree. The elastic
modulus of tin—bronze after plastic deformation can be
increased by the stress relieving annealing in a small
range. Therefore, the elastic modulus of tin—bronze
QSn7-0.2 has a decline of 8%, which is the result of
mutual influence of the process of power spinning and
stress relieving annealing.

2) Proof strength of plastic extension Ry

The regression equation of yield strength is
expressed as

y=597.93+33.72x; —4.21x, +16.65x; —6.63x,x, +
1.38x, X3 +2.62x,x;, —3.53(x% —0.73) +
5.27(x3 —0.73) = 3.19(x3 —0.73) 4)

Taking the coded formulas into Eq. (4), we get the
regression equation of proof strength of plastic extension

Rp0,=131.61+1496.60 ¥, +1.15¢+104.06/~4.14 V¢

3) Hardening exponent »
The expression of the hardening exponent is

,__In0) )
In [ Rp0.2 J
RpO.Ol

where R,01 is the proof strength when the proof strength
of plastic extension is 0.01%, commonly referring to the
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proportional limit.
The parameters determined by graphical and
calculation method are listed in Table 5.

Table 5 Proof strength of plastic extension Ry, and hardening

exponent n
Proof strength of plastic Hardenin
Test No. extension,g RDO,OI/pMPa exponent,gn
1 448 15
2 461 14
3 446 15
4 465 13
5 514 16
6 538 15
7 485 14
8 515 14
9 440 13
10 511 14
11 498 14
12 488 15
13 458 13
14 493 14
15 473 13

The regression equation of hardening exponent can
be obtained from the regression orthogonal table.

¥ =14.13+0.29x, —0.25x, — 0.25x; —0.25x,x, +
0.25x,x; +0.25(x7 —0.73) +0.93(x; —0.73) +
0.25(x% —0.73) (6)

All the partial regression coefficients of the
equation are not significant after the tests of significance.
The regression equation can be simplified as constant.
According to the variance analysis of regression equation,
the influence of each factor to the elastic modulus is not
obvious in the ranges of power spinning process
parameters. There is no change of hardening exponent
after spinning. The hardening exponent after rounding
can be obtained to be n=14.

4.2 Plastic deformation stage

As shown in the stress—strain curves of QSn7-0.2,
the curves when the stress is between R, and R, are
similar to those when the stress is less than Ry, Ry, is
the strength when the force is the maximum. Therefore,
the curve can be represented by the Ramberg—Osgood
model between Ry, and R,,. When the stress is larger
than R, the coordination of the Ramberg—Osgood
expression should be translated from the origin point to

Ry, which is expressed as
m
R’ R’
g=—+A— |, Rys<R<R, (7
E; R ’
0.2 P

where ¢ and R’ are the strain and stress after linear

conversion, respectively. R is the reference stress after
conversion. Their expressions are

g'=¢-¢g, (8)
R'=R-Ry, )

Ré :Rm_Rp0.2 (10)

Based on Egs. (8)—(10), we can get

R _IrepO.Z n A{ R _Rp0.2
0.2 Rm - Rp0.2
E;, canbe expressed as

, E
Eop=——r (12)

1+0.002"
e

E=&p =

J, R2R,, (11)

where e is non-dimensional and can be expressed as

Ry
e=—F— 13
E (13)
Substituting the point (&, Ry) into Eq. (11), the
residual strain 4 can be expressed as

_ Rm — R0.2

A=¢&, -8, ;
Ey,

(14)
where « is a shape index whose value is determined by a
stress point between R, and Ry, &y, is the strain which
corresponds to the maximum pulling force.

Firstly, the curve shapes of the model are analyzed
when a takes different values. When a is zero and the
stress is larger than R, the stress—strain curve is a
straight line, whose slope is E'y,. But it does not pass
through the stress point (Rp., €.), which does not make
sense. When « is between zero and one and the stress is
larger than Ry >, the stress—strain curve is a straight line,
whose slope gradually increases. This
conformity with the stress—strain curve of QSn7-0.2.
When a is one and the stress is larger than Ry,, the
stress—strain curve is a straight line connecting (R0, £0.2)
and (R, &n), and the slope of the stress—strain curve
decreases with the increase of stress. This is in
conformity with the stress—strain relationship of plastic
stage of bilinear model. Therefore, when a is one or
larger than one, the curve of model is in conformity with
the stress—strain curve.

is not in

In this work, the authors select Ry, as a reference
point to determine the value of a. Its expression is shown
as

in 0.018+ 020 " Reoz _ Rozo=Fpo2 ) |
E E0.2

a= (15)
ln(szo - R‘pOAZ) —In(R,, - Rp0.2)

where R, is the stress when the plastic extensibility is
2%.
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The regression equation of R, is obtained by the
regression orthogonal table:

Y =629.20+29.77x, —4.24x, +15.66x;, —5.13x,x, +
0.38x,x; +1.13x,x; —0.79(x{ —0.73) +
3.16(x% —0.73) - 4.62(x3 —0.73) (16)

After the tests of significance, the regression
equation can be simplified as

y =629.20+29.77x, —4.24x, +15.66x; —5.13x,x, (17)

Taking the coded formulas into Eq. (17), we can get
the regression equation of tensile strength:

R, =267.23+1196.50%, +0.82t+ 9788 f —3.21%,¢ (18)

When the strain is the maximum, the strain is the
total elongation &, which can be expressed as

£, =2.67—15%, +0.059—5.31f (19)

The regression equation of Ej, obtained from the
regression orthogonal table is expressed as

y =18.28+0.54x, +0.26x, +0.68x; —0.083x,x, —
0.23x,%3 +0.10x,2; —0.56(x} —0.73) —
0.67(x3 —0.73)—0.56(x3 —0.73) (20)

All the partial regression coefficients of the
equation are not significant after the tests of significance.
The regression equation can be simplified as constant.
According to the variance analysis of regression
equation, the influence of each factor to the tangent
modulus £’y at point Ry, is not obvious. Therefore, the
value of the tangent modulus £’ is 18.28 GPa. In the
same way, the hardenability value m obtained by the
regression orthogonal table is 4.

Based on the above calculations, the values of the
parameters of Ramberg—Osgood model in the plastic
stage are attained, as listed in Table 6.

4.3 Ramberg—Osgood constitutive model of spinning
bushing based on variable parameters
Based on the expression above, we can get the
model of stress—strain curve of QSn7-0.2 processed by
power spinning, which can be expressed as

n
R 0002 R | | r< Ry»
E Rp0.2

&= w_i_[gm_go‘z _M] (21)

EO.Z 0.2

[ R-Ry,

m
s R>R,
Rm - Rp0.2 J

where E=130.53; Ry, =131.61+1496.60%, +1.15¢ +
104.06f —4.14¥,¢ ; n=14; E'o,=18.28; £,=2.67—

Table 6 Parameters of Ramberg—Osgood model in plastic stage

Tangent Proof strepgth Residual 3
Test rpodulus of pla§t1c strain Hardenability
No. in Ry, extension, A% ’ value, m
E',,/GPa Ry0,/MPa
1 16. 04 559 13.15 4
2 17. 63 593 10. 14 4
3 15.97 565 14. 16 4
4 19.17 606 12.17 4
5 16.90 636 10. 18 4
6 18.79 675 8.15 4
7 18.36 615 12. 17 4
8 19. 46 653 10. 20 4
9 18.28 576 14. 15 4
10 19.28 655 8.14 4
11 18.92 632 10. 20 4
12 18.32 613 13.18 4
13 18.91 593 13.20 4
14 18. 66 627 13.17 4
15 19.55 614 12. 18 4

15¥, +0.059t-531f ; Ryn=267.23+1196.50¥+0.82¢+
9788 f —3.21%,¢t ; m=4.

The specimens were processed according to the
following process parameters: reduction ratio of 34%,
heat treatment temperature of 296 °C and feed ratio of
0.3. The stress—strain curve of tensile test and the curve
of Ramberg—Osgood model are compared, as shown in
Fig. 4. The results show that the stress—strain curves of
Ramberg—Osgood model based on the parameters of the
regression equation have a good agreement with the test
data. The stress—strain curves of the spinning bushings
can be predicted by the model accurately.

4.4 Derivation of incremental
constitutive equation

The Mises yield criterion is similar to the
experimental data for the -elastoplastic metallic
materials [18]. Due to the process of power spinning, the
cylindrical parts present anisotropy, which will change
according to the change of parameters of power spinning
process. Therefore, the yield condition must satisfy the
following formula in the process of plastic loading,
which uses the Mises yield criterion and kinematics
hardening model, refers to the constitutive relation of
macroscopic incremental, and combines with the
unidirectional tensile test results under the normal
temperature:

elastoplastic

F(R)=(R—h[dz") =Ry, =0 (22)

where / is the plastic modulus.
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Fig. 4 Stress—strain curves of tensile test and Ramberg—Osgood
model

For plastic reinforcement material, the plastic strain
only appears when the stress changes from the proof
strength of plastic extension. Therefore, assuming that
the current stress is Ry and the current proof strength of
plastic extension is Ry, in an incremental step, then the
stress and strain increment are dR and de, respectively.
The incremental constitutive equation considering the
process parameters of power spinning are expressed as

n-1
1 R
When Ro<Ry2, dR=|—+ €p0.2n de
E Ry

When R0>Rp0.2,

de

m—1
R_— R—-R
'1 +m[Rm SRy, m 'Rp0.2 J 0.2
E, Ey, Ry = Rp0-2

0.2

The strain increment is usually divided into two
parts. One is elasticity and the other is plasticity in the
process of plastic loading:
dR dR dR

de=—=—+—=d&° +d&’ (23)
E' E h

where £’ is the deformation modulus.

Therefore, in the loading incremental step, the
increment of plastic strain is

de? = % (24)
or
de? =de —% (25)

By applying the constitutive Eq. (23) to the finite
element analysis, the incremental method flow chart in
an incremental step is shown in Fig. 5. In Fig. 5, R, is the
heuristic stress, R, is the stress of nth iteration and dR° is
the elastic stress increment.

5 Conclusions

1) Compared with the specimens without spinning,

[Given strain increment, da]

I

n-1
. . e 1 R
Elastic stress increment, dR" =| —+&,,, [—J de
£ 2

R])f].z

l

R=R,+dR®

!

Ryo=F(¥ f.1) | F(R)=(R~h[de") =Ry, =0

R []ER p0.2

R>Rptl.2

de

E'=F(¥,f, )~ dR =

0.2

m—1
R.—R,> | R-R,
l; | Ry~ Rgs - m : p0.2 p0.2
E Ey, Ry—R

m pi).2

!

Ru-r 1 :Ru+ dR

Fig. 5 Flow chart of incremental method
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the elastic modulus of connecting rod bushing specimen
has a decline of 8%, which maintains relatively stable.
The yield strength and tensile strength have been
significantly improved. The influence of reduction ratio
on the strength is the most significant. The elongation
drops to below 10% after spinning, which can restore to
that of metal processed by stress relieving annealing at a
certain temperature before power spinning.

2) Based on the parameters of reduction ratio, feed
ratio and heat treatment temperature, the Ramberg—
Osgood constitutive model of tin—bronze connecting rod
bushing was attained, which well describes the
relationship of stress—strain under different process
parameters of power spinning.

3) The variable-based constitutive relation of
incremental elastoplasticity of spinning parts is built
based on the Mises yield criterion and kinematic
hardening model, which can be applied to finite element
numerical simulation.
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