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Abstract

In this paper, the influence of flow stress models on FEM simulation results is discussed; the
flow stress of AISI 5140 steel at different T, ¢ and & in the temperature of warm-hot forging
is measured by a uniaxial compression experiment with a thermomechannical simulator. The
experimental results show that flow stress is very complex within the temperature range of
warm-hot forging; and the traditional interpolation method adopted in FEM simulation on
the basis of cold or hot flow stress models is not scientific. To improve FEM simulation
precision, a flow stress mathematic model should be calibrated by experiment. Finally, the
calibrated flow stress model of AlSI 5140 steel is applied in the FEM simulation of the warm-
hot forging process of the splined shaft of an automobile. Comparison between the results of
FEM simulation and the warm-hot forging experiment indicates that the flow stress model
calibrated by experiment is scientific and effective.
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1. Introduction

Warm-hot forging is a new kind of
precision forming process for manufacturing
complex high-quality components and is presently
used widely in precision forging of the automobile
industry [1-3]. The process combines the precision
of cold forging with the low yield stress and high

forming capacity of hot-forging, and it also avoids
the disadvantages of cold and hot forging. Usually
the warm-hot forging temperature of steel is above
and near to the recrystallization temperature. In this
study, the temperature scope of warm-hot forging
is 1073-1273K.

At warm-hot forging temperature, metal
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flow stress is critical to process planning, die
designing, selecting of die material and press
capacity. In FEM simulation, the model of the flow
stress determines the precision of the simulated
result in a large degree. Although warm-hot forging
has been used widely for its precision and
efficiency in the automobile industry, the
mechanism of this process has not been studied
intensively. Flow stress and its FEM model within
the warm-hot forging temperature range have not
yet been investigated systematically.

Considerable work has been done to
understand the flow behavior of austenite in carbon
steels [4-6]. These research results show that the
flow stress, at any time during hot working, can be
seen as a function of the deformation parameters:
temperature (T) , strain (&) and strain rate (£ ).

In this paper, axisymmetric compression
tests were carried out on AISI 5140 steel to
investigate its flow behavior within the
temperature range of warm-hot forging. The flow
stress of AISI 5140 steel at different temperature
(T), strain (&) and strain rate (¢ ) within the warm-
hot forging temperature range is determined, then
a flow stress mathematic model of AISI 5140 steel
is set up and applied in an FEM simulation of the
warm-hot forging process of automobile splined
shaft.

2. Experimental method

2.1 The principle of the experimental
method

There are three methods usually used for
the determination of material flow stress, e.g.,
tension tests, torsion tests and compression tests.
Amongst them, the method of the compression test
is used mostly in bulk forming [1].

There are two main advantages with the method of
the compression test:

(1) 1t is convenient to change and control
variables such as temperature (T), strain (¢) and
strain rate (&) in the tests.

(2) The deformation is usually done in a
state of compressive stress, which accords well
with the true stress state of most bulk forming
processes.

It is useful to making the experimental
results approach the real flow stress closely for the
two aspects above. In an ideal compression test:
o=LIA 1)
g=1In(h, /h)=In(A /A 2

Where L is the instantaneous compressive
load; h and ho are the instantaneous and original
height of a sample; and A and A, are the
instantaneous and original cross-sectional area.

2.2 Materials and experimental
procedure

The material used in this study is a
commercial AISI 5140 steel, whose chemical
compositions are listed in Table 1. The solid
cylindrical compressed specimen of AISI 5140
steel was machined from an annealed bar. The
height to diameter ratio of 1.5 was selected for the
samples to ensure homogeneous deformation. The
size of the specimen is 8 mm in diameter and 12
mm in length. The axisymmetric compression
deformations were conducted on a Gleeble-3500
thermo-mechanical simulator at four strain rates,
i.e. 0.1 st 055t 55t and 20s?, to a maximum
strain of 0.8 at the various temperatures of 1073 K,
1123 K, 1173 K, 1223 K and 1273K. To
minimizing friction, thin graphite flakes are laid
between the punch head and the billet head. The
schematic  description of the deformation
simulations is illustrated in Fig.1l. The whole
experimental scheme is shown in Table 2.

Table 1. Chemical composition of AISI 5140 steel used in this investigation (wt%)

Steel C Si Mn

P S Cr Cu

AISI 5140 0.37-0.44 0.17-0.37

0.50-0.80

<0.04 <0.04 0.80-1.10 | <0.30

Temp & TI1073-1273K),

Skfs
10k/s

Time

Figure 1.  Schematic process of the warm-hot
compression tests

Table 2. The scheme for the determination of the flow
stress of AISI 5140 steel

Temperat | 107 | 112 | 117 | 122 | 127
ure (K) 3 3 3 3 3
Strainrate | 0.1 |01 |01 |01 |01

C)
Strainrate | 05 |05 |05 |05 |05
()
Strain rate | 5 5 5 5 5
C)

Strain rate | 20 20 20 | 20 20
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3. Determination of AISI 5140 steel flow
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Figure 2. The true stain-stress curves of AlSI 5140 steel at different strain rates

The flow stress curves of AISI 5140 steel
by thermo-mechanical experiment with different
temperatures and different strain rates are shown in
Fig. 2. From the distribution of the flow stress
curves it can be seen that all the flow stresses
increase first quickly and then gradually with the
increase of strain, until they reach a fixed value. It
can be found that the effects of the temperature and
strain rate on the flow stress are significant for all
the tested conditions. The stress level decreases
with increasing deformation temperature and
decreasing strain rate.

It can be seen that the strain to the peak
flow stress increases with decrease of the
temperature and increase of the strain rate. When
the temperature is high and the strain rate is low,
the peak flow stress decreases slowly after a peak
strain has been reached, consequently dynamic
recrystallization (DRX) acts as the main softening
mechanism during deformation. While in other
conditions these curves are typical dynamic
recovery curves, i.e. the dynamic recovery is

sufficient to counteract the increase of flow stress
caused by mechanical hardening and dynamic
recrystallization does not occur.

It can be seen that in the range of
£=0.1-20s", the flow stress at 1173K is 1/3
lower than that at 1073K, while the flow stress at
1273K can be 1/4 lower than that at 1173K. Thus
under the premise of ensuring the precision and
quality of the formed parts, high deformation
temperature such as 1173-1223K is a
recommended temperature for carton steel AISI
5140, which will be helpful in reducing
deformation resistance and work energy.

3.2 Prediction of flow stress

It is well known that in hot deformation
process the flow stress of metallic material is
decided by the deformation temperature, the strain
and the strain rate. The well accepted constitutive
equation which can take care of the influence of the
strain rate and temperature is

Z = ¢exp(Q/ RT) = Asinh(ac)’ (3)
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Where A and « are constants related to materials,
Z is the Zener-Holloman parameter, n is strain rate
sensitivity parameter, Q is the activation energy of
deformation, R is the gas constant, ¢ is the strain
rate , T is the absolute temperature and o is peak
stress o, or steady-state stress o, . In this paper o

is the peak flow stress o, « is 0.012 [7].

Then the flow stress « can be written as a
function of Zener-Hollomon parameter,
considering the definition of the hyperbolic law.

1 v 2y I
o 2ul(2) {(X) ] @
Taking the logarithm of both sides of Egs.
(3) respectively, we have
. . Q
Ing=InA+nl h -——
né =InA+nin[sinh(ac)] - (5)

When & value is fixed, Q can be described
as Egs. (6).

o- Rn[@ln sinh(aap)} _rnp ()
oIty |
When T is a fix value, n can be described
as
. ?In‘,é @)
dInsinh(ao,) i

The value of n can be obtained from the
slope of the lines in the mnsinh(ao,)-In: plots.

Because the slope of the lines is approximately the
same, the value of n can be obtained for different
deformation temperatures by linear fitting method,
and a mean value of n can be computed. s can be
calculated by a similar method from the slope of
the lines in the 1/T - Insinh(ac,) plots.

T=1073K
T=1123K
T=1173K
T=1223K
T=1273K

N
v A<D

he

1 1 1 1 1
0.0 05 10 15 20 25 30

In(sinh(og,))

Figure 3. Peak flow stress versus strain rate for the AlISI
5140 steel

According to the thermo-mechanical
experiment results, the curves of the strain rate on
the peak flow stress of AISI 5140 steel are shown

in Fig. 3. Also Fig. 4 represents the relationship of
the temperature and the peak stress of AISI 5140
steel. Based on Fig. 3 and Fig.4, the parameters
calculated in this work for AISI 5140 steel are
shown in Table 3. The values of InZ of AISI 5140
steel at different deformation conditions are shown
in Table 4.

30

0.1s*
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In(sinh(as,))
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Figure 4. Effect of the temperature on the peak stress
of AISI 5140 steel

Table 3. The parameters calculated for AISI 5140 steel

Parameter Value

n 4.004 MPa'*

B 8119.896 K-MPa
Q 270.321 KJ-mol*
A 5.3156x109 s*

Table 4. Values of InZ of AISI 5140 steel at different
deformation temperatures and strain rates

(1073 [ 1123 | 1173 | 1223 | 1273

£(s9) K K K K K

0. | 27.99 | 26.64 | 2541 | 2428 | 23.23

1 |8 8 4 1 7

0. | 29.60 | 28.25 | 27.02 | 25.89 | 24.84

5 |7 7 3 0 6

¢ |3L91 [3056 2932 [2819 |27.14
0 0 6 3 9

o0 | 3329 3194 |30.71 | 2957 |2853
6 6 2 9 5

Substituting the calculated values of Q and
Ainto Egs. (3) and Eqgs.(4) we can get Egs. (8) and
Egs.(9), which can be used to calculate actual peak
stress in the warm-hot deformation process of AlSI
5140 steel.

2.70321x10°
Z=¢ exp(—x) (8)
RT
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1

L * 2
Z 4004 Z 2002
o =83.333In ( ) + ( j +1] ¢+ (9)
5.3156 x 109 5.3156 x 109

The comparison between the measured and
predicted flow stress using the above model is
shown in Fig.5. The mean error D is calculated as

n -m

> 100%™
i=1 m

D= L %,n=123,..

(10)

n
Where p; is the predicted flow stress, and
m; the measured flow stress and n is the number of
points. Obviously, the prediction results from the
above model show high accuracy.
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Figure 5. Comparison of the predicted and measured
flow stress
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4. FEM simulation of the warm-hot
forging of splined shaft

Analysis of metal forming operations relies
on accurate knowledge of the flow behavior of the
workpiece under a variety of operating conditions
[8]. This knowledge is contained in constitutive
equations, which typically relate plastic flow stress
to a number of variables including strain, strain-
rate and temperature. Such data is usually
determined using a series of stress-strain curves
performed over a matrix of temperature and strain
rate conditions. These equations are often used in
connection with finite-element analysis to solve the
equilibrium boundary-value problem numerically.
It is also well known that flow stress depends not
only on the current strain, strain rate and
temperature but also on the history of strain rate
and temperature while reaching the current strain
level.

The flow stress measured in Fig. 2 has been
put into a FEM simulation system, and the new
flow stress model has been applied in the FEM
simulation of a warm-hot forward-extrusion station
of an automobile splined shaft. Fig. 6 is a
comparison of load-stroke curves determined by
experiment and FEM simulation. The comparison
shows that the trends acquired in the different
methods are similar. The reason why the
experimental value is always a little larger than the
FE simulation value is mainly because of the
cooling process where a heated billet is put into the
cavity of a cold mold.
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1 & 200+ d ] ]
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Figure 6. Load-stroke curves at different temperatures (a)T=1173K (b) T=1223K

5. Conclusions

A mathematical model has been developed
for evaluation the flow stress of AISI 5140 steel at
warm-hot temperatures ranges. The comparison
between the theoretical and experimental confirms
the validity of the model. Also, it is worth noting
that the employed model is capable of utilizing in
the finite element application. Among the
influencing factors of T, £and ¢, the effect of the

temperature (T) on the flow stress is most obvious.
Therefore, the strict control of the forming
temperature is very important in precision warm-
hot forging, which will be helpful in reducing
forces and work energy, eliminating defects, and
advancing the metal flow. For AISI 5140 steel,
1173-1223K is a reasonable warm-hot forging
temperature range.

The systematical

and accurate
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determination of flow stress curves of all warm-hot
forging materials is a very significant work. It will
be great beneficial for improving further research
on warm forging theory and process.
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