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It is important but difficult to study the constitutive equations describing the mechanical properties of
steels. In this work, a thermal/mechanical simulator was used in conjunction with the Anand model to
obtain the stress-strain curves for a high chromium steel associated with different temperature/strain rate
pairs. The finite element software, ANSYS, was used to simulate the stress-strain behavior of a high
chromium steel during casting at the strain rates of 1, 0.1, and 0.01 1/s, and to validate the Anand model.
The results show that the high-temperature deformation is mainly plastic and the von Mises stresses are
small, the stresses introduced at elevated temperatures have little effect on the residual stress fields, and the
simulation of the mechanical behavior of steels using an elastic-plastic model at low temperatures during

cooling is acceptable.

Keywords Anand model, casting, FEM, numerical simulation,
strain, stress

1. Introduction

The study of deformation mechanisms and failure are
important research topics for mechanical and materials engi-
neers (Ref 1-4). At elevated temperatures, the strength of
materials is low and inhomogeneous deformation usually
occurs. To understand the mechanical behaviors of workpieces
at elevated temperatures, constitutive equations of the corre-
sponding materials should be established (Ref 5-8). An
application of this is centrifugal casting in which liquid metal
is poured into a rotating preheated mold, followed by cooling,
crystallization, and solidification under centrifugal force. Cen-
trifugal casting has the characteristics of compact structures,
less stomata, less shrinkage cavities, and impurities. However,
when workpieces are solidified, inhomogeneous deformation
and internal stress exist in workpieces under the effects of the
centrifugal force and thermal stresses result from temperature
gradient during casting process. It is difficult to observe the
evolution of the internal stress field in the rotating workpieces
at elevated temperatures.
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Numerical simulations have advantages over experiments in
studying the physical phenomena that are difficult to measure
under extreme conditions. For example, numerical simulations
of the stress fields of rollers are very important, which are
helpful to predict hot crack, cold crack, and deformation. The
bases of thermal stress analyses during casting process are the
numerical simulations of temperature fields, which are basically
mature (Ref 1, 7-16). The stress simulation of solidified ingot
shells was first performed by using analytical method in 1960s.
Since then, stress field simulations have developed rapidly.
However, there are few studies emphasizing the stress-strain
behaviors of casting at elevated temperatures.

In order to understand the stress evolution of castings during
centrifugal casting process directly and optimize casting
technologies in both theory and practice, the temperature of
the high chromium steel-nodular cast iron steel clad roll during
casting process and the stress field of the high chromium steel
after mold filling process at elevated temperatures were
simulated by using FEM. Unified viscoplastic Anand model
was used to describe the constitutive behaviors at elevated
temperatures. The parameters of Anand model were determined
by analyzing experimental stress-strain data.

2. Anand Model Summary

Thermodynamic behaviors of metals are complex at ele-
vated temperatures. The kinetics of deformation is highly
dependent on temperature and strain rate. During such process,
microstructure evolution produces strain-hardening, dynamic
recovery, and in many instances dynamic recrystallization.
Anand model is a single-scalar internal variable model
proposed by Anand (Ref 17) and Anand and Brown (Ref 19)
for isotropic large deformation with small elastic deformation
(Ref 17-19). This elasto-viscoplastic model has two significant
characteristics: (1) there is no yield surface in stress space. The
loading and unloading rules are not needed during loading and
unloading processes; (2) a single-scalar internal variable
(deformation resistance s) is used to describe average resistance
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of macroscopic plastic flow induced by internal isotropic
hardening, which is related with dislocation density, solid-
solution strengthening, and grain size effect.

Deformation resistance s is proportional to equivalent
stress o,

G =cs c<1l, (Eq 1)

where ¢ is a material parameter, as a function of strain rate:

c= ésinh’l K%”exp (%))m} : (Eq 2)

where &,, 4, O, m, §, R, and T are inelastic strain rate, pre-
exponential factor (a constant determined by experiment),
activation energy, strain rate sensitivity, stress intensity factor,
gas constant, and temperature, respectively.

The flow equation of Anand model can be described
according to hyperbolic creep rule as:

by = exp( ) [sinn ()] " (Eq3)

The steady plastic flow of Anand model can be described as
below:

% 1/m
& =£=Aexp (_R_QT) {sinh (éj—*)} . (Eq 4)

The saturated stress can be derived from the above formula,

o* = st = %(%exp(%))nsinhl [(%exp(R—Q]))m] .

(Eq 5)
The internal evolution equation can be expressed as:
. s|e . s i
5= {ho)l——*‘ mgn(l——jﬁ)} gy, a>1, (Eq 6)
s s
where
N o\N]”
=5|2exp(=])| . E
s =s {A exp <RT>} (Eq 7)

In those above functions, Ay and a are the strain-hardening
constant and hardening/softening strain rate sensitive coeffi-
cient, respectively. s* represents a saturated value of s at dif-
ferent temperature and strain rate, s and n are the saturated
coefficient of deformation resistance and strain rate sensitive
coefficient of saturated deformation resistance, respectively
(Ref 18, 19).

For isothermal, constant true strain rate tests were o™ = cs*.

c=0" - [(0* —50)" + (a — 1){(ch0)(5*)*a}gp} 1/(17“).

(Eq 8)

It can be seen that there are nine material parameters 1An
Anand viscoplastic constitutive equation, 4, Q, &, m, n, hy, S,
a, and so (initial deformation resistance). During the cooling
process after filling process, the internal damage and texture
in high chromium can be ignored in the high chromium steel,
which can be treated as isothermal. Although the use of a
single-scalar internal variable limits the constitutive equations
to describing the deformation behavior of initially isotropic
metals up to deformation levels where significant internal

922—Volume 19(7) October 2010

damage and texture has not developed, the constitutive equa-
tions are useful for obtaining an improved analysis of various
hot deformation operations of metals. Then in this work, the
Anand model was used to describe the mechanical behavior
of high chromium steel at elevated temperatures under the
effect of the centrifugal force.

3. Experimental and Simulation Methods

In this work, the surface layer of the compound roller was
high chromium steel and the core was nodular cast iron. The
chemical composition (wt.%) of the high chromium steel is
1.2-1.8C, 9-15Cr, 1.0-1.5Ni, 0.1-0.4 Mo, and remainder Fe,
while the chemical composition (wt.%) of the nodular cast iron
is 2.7-3.2C, 1.7-2.5S1, <0.15P, <0.2S, and remainder Fe. The
saturated stresses at different temperature and strain rate were
measured by using Gleeble-3500 thermal/mechanical simulator.
The specimens with the dimensions of @ 8 mm x 12 mm were
compressed at 1150, 1200, and 1250 °C, while the strain rates
range from 0.001 to 10 1/s. The measured stress-strain curves
are displayed in Fig. 1. The measured results of the saturated
stresses are listed in Table 1. Values of the Anand model
parameters for high chromium steel were determined by
following the procedure outlined below (Ref 17-19):

(1) The value of the saturation stress c* is determined for
each test from steady state value reached in the (o, €)
data.

(2) The values of 4, Q, m, n, and the combined term of
(&/s*) are then determined by a nonlinear least squared
fit to temperature, strain rate, and saturation stress.

(3) By using the values of 4, O, and m determined above,
the value of the parameter & is selected such that thg
constant ¢ in Eq 2 is less than unity for each test, then s
is determined from the combined term (&/s*).

(4) chy, a, and csq are determined by a least squares fit of
the (o, €) data to the integrated stress-strain relation
equation (8). a is determined as the average of the
values determined from each individual test. After the
value of a is fixed, the least squares fit of Eq 8 to deter-
mine the final values of chy and csg. ¢ is determined in
step (3), the %o and sq can be obtained.

(5) The value of A is then obtained as the simple average:

o — 2ot ([choli/ i)

. (Eq9)

where [chg]; is the value of chy determined in step (4)
for test i, ¢; is the corresponding value of ¢ and ¢ is the
number of tests.

(6) s is determined as the average of the values of s, deter-
mined from each individual test.

The determined parameters of Anand model are listed in
Table 2.

The stress-strain curves were simulated based on Anand
model by using ANSYS software and the element type is
VISCO106 (2D-4 nodes). The simulation model named as M1
is shown in Fig. 2(a) and the dimensions of the model are the
same as the ones used in the actual compression specimens.
There are 120 elements and 143 nodes in the model.
Axisymmetric constraints are applied on the nodes at the
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bottom boundary, and the symmetry axis is Y-axis. The left
boundary is on the symmetry axis, and the displacement of the
nodes on the left boundary along X-axis direction is zero,
OU/0x =0, in which U is displacement. The displacement
along X-axis is coupled on the nodes at the right boundary. The
displacement loading is applied on the nodes at the top
boundary with the value of 4.8 cm. To investigate the mesh
dependence of this model, another model named as M2 with
225 elements and 256 nodes was built shown in Fig. 2(b). The
simulated stress-stain curves at the strain rates of 1 and 0.01 1/s
at 1250 °C are shown in Fig. 3. It can be seen from Fig. 3 that
the model used to simulate stress-strain curves is not mesh
dependent. The reason is that the shape of the model is simple
and the sectional dimension does not change. For verifying the
correctness of the parameters of Anand model presented in this
work, stress-strain curves at different true strain rates at 1200
and 1250 °C were simulated and the results were shown in
Fig. 4. It can be seen from Fig. 4 that, using the chosen
parameters, the simulated behaviors fit well with the experi-
mental data.

f— 4mm—1

(@ z X (b)

Fig. 2 Simulation model of stress-strain curves

Table 1 Values of saturated stress

0.001
Strain rates, 1/s
0 1 T T T T T T T T T T T T T T T 1
00 01 02 03 04 05 06 07 08 T, °C 10 2 0.5 0.05 0.001
(©) True strain
1150 30.3 20.2 8.4 3.1
Fig. 1 Stress-strain curves at (a) 1150 °C, (b) 1200 °C, and 1200 292 201 17.1 8.1 3
1250 28.4 19.6 14 8 3
(c) 1250 °C
Table 2 Parameters of Anand model
0, J/mol A, 1/s 4 Q’ MPa n a hy, MPa so, MPa
3.12¢3 6.35¢l1 3.25 125.1 0.1956 6.869¢-2 1.5 3093 61
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To study the stress-strain behaviors of the high chromium
steel-nodular cast iron roll during centrifugal casting process,
the temperature evolution of the creep model must be
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Fig. 3 Comparison of the simulated stress-strain curves between
M1 and M2 shown in Fig. 2

=
¥
=
2]
£ ]
@ ]

6

4

7 ] Simulated result £=0.01

****** Measured result
0 T T T T T T T 1
0.0 0.1 0.2 0.3 0.4
(a) True strain

16
<
A
=
7]

T T 1
0.0 0.1 0 2 0.3 0.4

(b) True strain

Fig. 4 Simulated and measured results of stress-strain curves at dif-
ferent strain rates at (a) 1200 °C and (b) 1250 °C

924—Volume 19(7) October 2010

determined. Thus, the temperature field of casting process
was simulated first. The model of the temperature simulation is
shown in Fig. 5 and the distortion ratio of height to width is 2.
The element type for this simulation was PLANESS (four
nodes). The thermophysical parameters employed in tempera-
ture field simulation are listed in Table 3-5. The body
dimensions of the high chromium steel-nodular cast iron steel
clad roll was ¢ 835 mm x 2740 mm: the thicknesses of the
high chromium steel layer, the primary nodular cast iron core,
the secondary nodular cast iron core, the coating and the cold
mold were 80, 30, 307.5, 3, and 195 mm, respectively. The
total height of the simulated roller was 6070 mm. It was
assumed that the mold filling process was finished immediately.
The preheating temperature of the coating was 140 °C. First,
the high chromium layer was poured. The casting temperature
of the high chromium layer was 1425 °C. The primary nodular
cast iron core was poured at 810 s, and the casting temperature
was 1520 °C. The rotating speed of the centrifugal machine
with value of 600 rpm was not changed during casting
process and the surface convective heat transfer coefficient
was 35 W/(m” - K). The centrifugal machine was stopped at
1600 s and the secondary nodular cast iron core was poured.
Then, the surface convective heat transfer coefficient was
changed from 35 to 9 W/(m* - K).

Then, the stress field simulation during cooling process after
mold filling was performed. To simplify the stress simulation,
the bottom part of the high chromium steel in Fig. 5 was
selected as the stress simulation model (with the dimensions of
80 mm x 50 mm) shown in Fig. 6 and the element type was
VISCO106. Based on the isotropic hypothesis, the selected
elastic modulus, poisson ratio, and linear expansion coefficient

Sand

Secondary core

' Metal mould
s

RN

Coating

~ High chromium
steel

Primary core

Fig. 5 Temperature field simulation model

Table 3 Thermal physical properties of the metal mold
and coating

Items p, kg/m® C, J/kg - °C A, W/m?* - °C
Metal mold 7100 320 35
Coating 200 230 0.5

Sand 1360 1070 0.967
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of the high chromium steel at elevated temperatures were
12x 10" Pa, 0.28, and 1.12x 107°/°C, respectively. The
rotating speed was 600 rpm, and the acceleration of gravity was
9.78 m/s”.

1 2 3 4 5 6

Fig. 6 Stress field simulation model denoted in Fig. 4 by using
dotted line

4. Simulation Results

The simulated temperature results of the six points shown in
Fig. 6 are displayed in Fig. 7, which was fitted by using the

following equation:

T =a/[l 4+ exp D=9

(Eq 10)

where T is temperature, ¢ is time, @, b, and ¢ are parameters.
The fitted parameters are listed in Table 6. The fitted func-
tions were applied as the boundary conditions in the simula-
tion of the stress-strain behaviors at elevated temperatures.
The simulated stress and strain results of the high chromium
steel layer are shown in Fig. 8 and 9, respectively. It can be

2.4

—_ )
o o
1 1

von Mises stress (MPa)
—
[\®)
1

0.8 -
1450 -
0.4 -
1400 -
- 00 T T T T 1
8 1350 - 0 200 400 600 800
0]
g 1300 - Time (s)
g |
g 1250 4 Fig. 8 Simulated evolution of von Mises stress at different points
ﬁ ] shown in Fig. 5
1200
1150 4 Table 6 Fitted parameters in Eq 8
r T T T T T T 1
0 200 400 600 800 1 2 3 4 5 6
Time (5) a 1412 1414 1422 1441 1480 1494
] ) _ o _ b 0.0037 00035 00030 0.0023  0.0017  0.0014
Fig. 7 Simulated temperature evolution at six points labeled in ¢ 1253.4 1277.7 1349.6 1466.4 1609.5 1680.2
Fig, 5 . . . . . .
Table 4 Thermal physical properties of high chromium steel
T, °C: 20 200 400 600 800 1000 1200 1330 1334 1384 1390
P, kg/m3 7740 7740 7740 7740 7740 7740 7740 7740 7740 7000 7000
C, Jkg - °C 500 503 543 560 580 585 590 590 2000 2000 590
A, W/m? - °C 45.2 42.7 40 39 39 39 39 39 39 39 39
Table S Thermal physical properties of nodular cast iron
T, °C: 20 200 400 600 800 1000 1100 1334 1380
P, kg/m3 7400 7400 7400 7400 7400 7400 7200 7200 7200
C, Jkg - °C 510 548 611 640 680 685 2750 2750 685
A, Wm? - °C 31 31 29 29 29 29 29 29 29
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Fig. 9 Simulated evolution of (a) von Mises elastic strain, (b) von
Mises plastic strain, and (c) total strain at six points shown in Fig. 5

seen that the von Mises stresses at each points are increased
with increasing time. The temperature of the surface layer
decreased more quickly than that of the inner layer, so the
strength of surface layer is higher. Under the effect of
centrifugal force, the von Mises stresses are increased from
the inner part to the surface part as shown in Fig. 8. From
Fig. 9, it can be seen that the amount of elastic deformation of
the surface layer is greater than that of the inner one, while the
amount of the plastic deformation is smaller than that of
the inner one. The reason is that with a decrease in temperature,

926—Volume 19(7) October 2010

the elastic stain of metal is increased while the plastic stain is
decreased as shown in Fig. 9(a) and (b). The plastic strain is
much greater than the elastic strain of the high chromium layer
at elevated temperatures as noted by comparing by comparing
Fig. 9(a-c). Based on the isotropic hypothesis, because of the
small von Mises strain and the low strength of the high
chromium at elevated temperatures, the von Mises stresses are
small and the maximum value is less than 2.4 MPa.

5. Conclusion

Based on the experimental results of thermomechanical
compression test, the parameters of Anand model were
determined. Then, the deformation processes at the strain rates
of 1, 0.1, and 0.01 1/s were simulated by using FEM. The
simulated and the experimental results are in good agreement,
which indicates the correctness of the Anand model established
in this work.

Unified viscoplastic Anand model was used to describe the
constitutive behaviors of the high chromium steel at elevated
temperatures, by which the stress-strain behaviors of centrifugal
casting process at elevated temperatures were studied. The
results show that the high-temperature deformation is mainly
plastic one and the von Mises stress are very small, so the
stresses introduced at elevated temperatures have little effect on
the residual stress fields of steel pieces and the mechanical
simulations of steel pieces using elastic-plastic model at low
temperatures during cooling process are reasonable.
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