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Abstract

The main contribution of the present work is to investigate the capability of exponential-type constitutive equation
to model the warm deformation flow curves of a eutectoid steel in the temperature range of 620-770 °C and
at the strain rates in the range of 0.01-10 s conducted on a Gleeble-1500 thermomechanical simulator. Warm
deformation in this temperature range facilitates the occurrence of dynamic spheroidization of cementite lamellae
as a softening process as well as some instabilities and microstructural defects. The prediction capability of the
examined model was assessed using the average absolute relative error (AARE) criterion. The obtained AARE
with the value of 7.39% for warm deformation modeling of the tested steel showed the acceptable performance of

the examined model.
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1. Introduction

Eutectoid steels are extensively used as pre-
stressed concrete wires, rail steels and cold head
bolts 1. A new idea to improve the ductility of these
steels is to convert the lamellar structure of fully
pearlitic microstructure to a fine dispersion of nano or
ultrafine spheroidized cementite particles in ferritic
matrix through warm deformation near the eutectoid
transformation temperature. The main softening
process during warm deformation is dynamic
spheroidization which occurs in specific applied strain,
deformation temperature and strain rate * . Indeed,
these deformation parameters must be carefully
controlled. In this regard, mathematical simulation of
warm deformation process of the eutectoid steels is
a suitable way to control the deformation parameters
and consequently, for successful production of the
steel.

Modeling the mechanical response of the material
to the external loading is the first step in mathematical
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simulation which is conducted using the constitutive
equations. Till now, many different constitutive
equations have been developed and applied to model
the materials behavior at elevated temperatures. The
exponential-type constitutive equation is one of these
equations that has ever been developed and used to
model the hot deformation flow curves of different
materials. As reported elsewhere, this equation is
suitable for relatively low temperatures and relatively
high strain rates ®.

To the best of authors’ knowledge, no significant
data are available in the literature on the warm
deformation modeling of eutectoid steels through the
constitutive equations and the only related work in this
scope is the research conducted by Rakhshkhorshid
and Rastgari ?. Rakhshkhorshid and Rastgari used
a neural network with feed forward topology and
Bayesian regularization training algorithm to predict
the warm deformation flow curves of a eutectoid steel.
The main contribution of the present work was to
model the warm working behavior of eutectoid steel
using exponential-type constitutive equation during
single-hit compression testing. Furthermore, the
observed deformation mechanisms of the eutectoid
steel during warm working were briefly discussed
from the metallurgical aspects.

2. Experimental Procedure

The material used in this study was a 12 mm
diameter hot-rolled eutectoid steel rod supplied by
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Nippon Steel Corporation. Chemical composition
(in wt. %) of the eutectoid steel is listed in Table 1. The
initial microstructure consists of a fully pearlitic
microstructure with true interlamellar spacing of
about 290 nm. Cylindrical specimens of ¢8 mm
x 10 mm were machined from the steel rod. To
minimize friction and barreling effect, a graphite
foil and tantalum foil was employed as a lubricant
between the tungsten carbide anvils and the specimen
surface during compression testing. Single-hit
warm compression tests were performed in a
Gleeble 1500 ® thermomechanical simulator in the
deformation temperature of 620, 670, 720 and 770 °C
and constant true strain rates 0f 0.01, 0.1, 1 and 10 s to
a true strain of 0.5. For metallographic examination,
deformed specimens were sectioned at mid-plane
parallel to the compression axis. Microstructures were
characterized in the central location of each specimen
using scanning electron microscopy (Philips XL30).

Table 1. Chemical composition of the eutectoid steel (wt. %).

C Si Mn P S
0.82 0.18 0.66 0.012 0.005

3. Result and Discussion
3. 1. Flow behavior and microstructure

Flow stress correction of true stress- true
strain curves was carried out based on the Gleeble
application note, numbered APN002 ', In addition,
the flow curve was smoothed by fitting a seventh
to ninth-order polynomial regarding to the LOESS
method (a non-parametric regression method: locally
weighted scatterplot smoothing (LOESS); sampling
proportion: 0.1). Smoothed true stress-strain curves
obtained for different temperatures and strain
rates are summarized in Fig. 1. As can be seen, the
flow behavior of the eutectoid steel was affected
by deformation temperature and the strain rate.
The flow stress tends to increase with decreasing
the temperature and increasing the strain rate. In
addition, the higher strain rate at a given temperature
leads to an increase in peak stress. For deformation
temperatures less than or equal to 720 °C, the flow
stress beyond the peak stress decreases continuously
with strain. Moreover, the extent of flow softening
decreased with increasing temperature and decreasing
the strain rate, irrespective of the strain rate. It is
obvious that the onset of dynamic spheroidization
of cementite lamella during warm compression, due
to the softening effect, identified by a single peak
stress at relatively low strains followed by a gradual
fall, which is similar to what can be observed in
typical instances of dynamic recrystallization (DRX)
phenomenon . However, at 770 °C, at the early stage
of deformation, work hardening dominates flow
softening, and a rapid increase of flow stress appears.

As the strain increases, hardening and softening rates
reach to equal values and the curves exhibit a steady-
state behavior. The flow stress at higher strain rates
approaches almost flat behavior, particularly at higher
strains.
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Fig. 1. Experimental flow curves of eutectoid steel at
different warm deformation conditions.
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An example of nearly complete DSX
microstructure that was expected from the shape of
flow curve is exhibited in Fig. 2a, which shows the
microstructure obtained at the temperature of 720 °C
and the strain rate of 0.01 s”'. However, by decreasing
the deformation temperature and increasing the strain
rate, some deformation defects have been observed,
besides the occurrence of DSX. Fig. 2b shows lamella
cracking of the lamella under compressive strain.
A detailed account of the deformation mechanisms
operating during warm working of eutectoid steel has
been elaborated elsewhere *.
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Fig. 2. Microstructure of samples deformed at (a)
dynamic spheroidization at 720 °C / 0.01 s and (b)
lamella cracking at 720 °C / 10 s7'.

3. 2. Exponential-type constitutive modelling

As the flow curves of the metallic materials are
affected by the temperature and the strain rate, it is
a common practice to apply the equations in which
the Zener—Hollomon parameter (Z) is considered
a function of stress to describe the flow curves of
different materials ' '2:

: Q )
Z =¢ exp| — |=f (o Eq.1
p(RT (o) (Eq.1)
where Q is the activation energy (KJ/mol), R is
the universal gas constant and T is the absolute

deformation temperature. Substituting the exponential

15

law as an alternative of f (o):

Q

Z =& exp (ﬁ) = A"exp(fo) (Eq.2)

where A" and £ are material constants. The equation
above, could be rewritten for a characteristic stress
(i.e. for the peak stress) or a stress corresponding to a
certain strain (for example the stress corresponding to
the strain of 0.3) ' 9. Taking natural logarithm from
Eq. (2) yields:

Ing +g(1—)=ln "+ Bo
R\T

Also, taking the partial differentiation from the
equation above (Eq. (3)) gives:

olné +96(1—J - poc
R \T

(Eq.3)

(Eq.- 4

According to Eq. (4), for deriving the Exponential-

type constitutive equation with strain dependent
constants, the following procedure should be
performed to find the values of material constants
of f and InA" together with the values of activation
energy (Q) for the stresses corresponding to different
strains in a predefined interval and step size. Then,
Polynomial curve fitting could be applied to express
these material constants as polynomial functions of
strain 319,
1) The value of f should be obtained from the /ne -0
plot (as a result of writing the Eq. (4) for temperature
constant conditions). The average slope obtained from
this plot is considered as the value of 5. The /ne -o
diagrams plotted for the stresses corresponding to the
strains of 0.3 to determine the average value of f are
presented in Fig. 3.
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Fig. 3. The In¢ -0 diagrams plotted for the stresses

corresponding to the strains of 0.3 to determine the
average value of [ .

2) The value of Q should be obtained from the
o-1/T plot (as a result of writing the Eq. (4) for ¢
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constant conditions). The o-1/T diagrams plotted
for the stresses corresponding to the strains of 0.3 to
determine the average value of Q are presented in Fig.
4. The average slope obtained from this plot should
be multiplied by R* § factor to obtain the value of Q
(from writing the Eq. (4) for € constant conditions).
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Fig. 4. The o-1/T diagrams plotted for the stresses
corresponding to the strains of 0.3 to determine the
average value of Q.

3) Rewriting the Eq. (3) for the tested deformation
conditions (with different temperatures and strain
rates) and substituting the obtained values of f and Q,
an optimization procedure should be used to find the
proper value of /n4". Here, the value of /n4" using a
Newtonian optimization method, has been calculated
equals to 38.59.

In a way similar to what conducted for the stresses
corresponding to the strain of 0.3, the stages 1 to 3
were repeated to find the values of f, Q and /nA"” at
stresses corresponding to different strains in the
range of 0.05 to 0.45 with the step size of 0.05. The
overall results are presented in Fig. 5.

As depicted in this figure, the regression
analysis was used to express the obtained constants
as polynomial functions of strain. The results are
summarized as in the bellow:

B=-0038 ¢+ 0.035¢2+0.002e+ 0.026  (Eq.5)

Q=-2,679,232.517¢&% +3,102,649.148 &>
~1,279,709.223¢ +592,420.562 (Eq. 6)

InA"=—-338.040 £+ 390.258 &2 (Eq.7)

—161.006&+62.757

These strain dependent materials constants were
substituted in the following equation (obtained from
the Eq. (3)) to model the flow stress of tested steel:

= [ Ing + &—lnA"] B (Eq. 8)
RT

A comparison between the experimental and

modeled flow curves (using the exponential-type

constitutive equation with strain dependent constants)

at different warm deformation conditions is presented

in Fig. 6.

3. 3. Evaluating the performance of the examined
constitutive equation

In this paper, the average absolute relative
error (AARE) was used to evaluate the modeling
performance of examined constitutive equation:

1

AARE (%)= 3 (S

€,

i

%100 (Eq. 9)

where e, is the experimental output, y, is the model
output and N is the number of compared data. Using
the exponential-type constitutive equation with strain
dependent constants, the AARE value of 7.39 was
obtained to model the flow curves of tested steel (Fig.
1). This, together in comparison to the experimental
and modeled flow curves (Fig. 6) shows the acceptable
performance of the examined equation.
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Fig. 5. Warm deformation constants of exponential-type
constitutive equation as the function of true strain.
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Fig. 6. The comparison between the experimental and modeled flow curves (using the exponential-type constitu-
tive equation with strain dependent constants) at different tested warm deformation conditions.

It is worth mentioning that the deviation of
experimental data and predicted flow curves seems
to be higher at the temperature of 770 °C compared
to the other deformation temperatures. Indeed, it can
be due to the formation of austenite phase during the
warm working. Based on the eutectoid transformation
temperature of 720 °C, warm deformation in the
temperature of 770 °C can be resulted in the formation
of austenite phase, especially at the strain rate of 0.01
sl Therefore, the situation becomes some complicated.
On the other hand, transformation temperature of
austenite to ferritetcementite may be affected by
warm deformation and it increases the transformation
temperature. Hence, ferrite+cementite may be formed
during warm working at the temperature of 770 °C.

4. Conclusions

In this research, the warm deformation flow
stress of eutectoid steel was described through the
exponential-type constitutive equation. The following
conclusions can be drawn from this study:
¢ Using the exponential-type constitutive equation
with strain dependent constants, the warm deformation
flow stress of eutectoid steel can be described through
the following equation:

o =| In¢ +&—lnA” B
RT

While the strain dependent constants of this equation
were calculated as:

17

B=-0.038 ¢ + 0.035 £2+0.002 £ + 0.026

Q=-2,679,232.517¢%+3,102,649.148 ¢*
—-1,279,709.223¢ + 592,420.562

InA"=—-338.040 &3+ 390.258 &2
~161.006& + 62.757

* The average value of absolute relative error (AARE)
criterion for the exponential-type constitutive
equation was achieved as 7.39% that shows the
acceptable performance of this constitutive equation
in warm deformation modeling of eutectoid steel in
the two phase field region (alpha+cementite).
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