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0.001-1 s . Flow curves were typical of dynamic recrystallization during hot working over
temperature range of 900-1150 °C and strain rates of 0.001-1 s~!. However, at lower tem-
peratures no indication of flow softening was observed. The constitutive analysis using the
hyperbolic sine function was performed and the value of apparent activation energy for the
. hot deformation determined to be about 435 kj/mol. The flow curves up to the peak were
Hot compression . . . .
Dynamic recrystallization successfglly modeled using a dynamic recovery model. All t.he factors in this mpdel were
Modeling defined in terms of the Zener-Hollomon parameter. A modified form of Avrami equation
Flow characteristics was used to estimate the fractional softening due to the dynamic recrystallization for
any given strain in flow curve. Using this model, the flow curves were successfully pre-
dicted and generalized to different deformation conditions.
© 2012 Elsevier Inc. All rights reserved.
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1. Introduction

Hot deformation of an alloy is often analyzed from the flow curves obtained at high temperature testing as well as the
corresponding microstructural evolutions. A prosperous design of an industrial hot working process is ensured by acquiring
a deep knowledge about the microstructural evolution of the alloy and by defining the dependence of flow curve to the
deformation variables, i.e. strain, strain rate and temperature. Many of previous researchers have worked to establish differ-
ent constitutive equations between flow stress and deformation parameters. Many of these works have been devoted to
determine the material constants in previously well-developed constitutive equations for the hot deformation of different
industrial alloys [1-5]. Some other researchers proposed their own formulas to model a typical hot flow curve. It has been
observed that the flow stress can be defined as the multiplication individual functions each one describing the dependence to
a deformation variable [6]. Irrespective of the fact that the different constitutive equations have been developed based on the
phenomenological or experimental concepts, they have been used to generalize the laboratory data to actual industrial hot
working processes. Therefore, proposing a constitutive equation which opens a way to predict the flow stress of a given
material in an industrial process such as hot rolling or forging is still of great interest.

Many investigations have declared that dynamic recrystallization is the major microstructural phenomenon during hot
deformation of carbon, low alloy and stainless steels [7-11]. This is because austenite in steels has low stacking fault energy

* Corresponding author. Tel.: +98 21 9123349007.
E-mail address: ammomeni@aut.ac.ir (A. Momeni).

0307-904X/$ - see front matter © 2012 Elsevier Inc. All rights reserved.
doi:10.1016/j.apm.2012.01.008


http://dx.doi.org/10.1016/j.apm.2012.01.008
mailto:ammomeni@aut.ac.ir
http://dx.doi.org/10.1016/j.apm.2012.01.008
http://www.sciencedirect.com/science/journal/0307904X
http://www.elsevier.com/locate/apm

A. Momeni et al./Applied Mathematical Modelling 36 (2012) 5624-5632 5625

which decreases the efficiency of dynamic recovery [12,13]. During hot deformation, DRX starts once the build-up of
dislocations reaches a critical value [14,15]. The softening due to DRX gives rise to decreasing flow stress and leaves a peak
on the flow curve. However, DRX actually starts at a critical strain, & which is 0.6-0.8 times the peak strain, &, [16,17]. Be-
yond the peak, softening keeps on to a dynamic balance with work hardening which is attained in the plateau of steady state
deformation.

Medium carbon low alloy steels are greatly applicable alloys which are used in many different industrial applications.
Although they are prepared by quenching and tempering treatments, the high temperature deformation of theses alloys
to the finished or semi-finished products have drawn little attentions. The present work is therefore devoted to address
the hot deformation behavior of VCN200 medium carbon low alloy steel.

2. Experimental procedures

The material used in this investigation was VCN200 medium carbon low alloy steel having the composition of 0.29% C,
0.38% Si, 0.55% Mn, 1.97% Cr, 2.20% Ni, 0.34% Mo, 0.06% Ti, 0.34% Cu, 0.015% P, 0.004% N and the balance of Fe (in wt%). Cylin-
drical compression samples of 10 mm height and 15 mm diameter were prepared from the as-received hot forged bar.
Graphite was used to reduce friction between the contacting surfaces of samples and anvils. An Instron 8502 testing ma-
chine, equipped with a fully computerized furnace, was used to perform hot compression tests. Before testing, all the spec-
imens were reheated at 1200 °C for 30 min, followed by cooling down and soaking about 10 min at deformation
temperature. Continuous hot compression tests were carried out in a temperature range of 850-1150 °C with the intervals
of 50 °C and at strain rates of 1073-1s1.
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Fig. 1. Typical DRX flow curves obtained at different deformation conditions. (a) 1050 °C, (b) 0.01 s~ .
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3. Results and discussion

Some representative flow curves of the studied steel at different deformation conditions are shown in Fig. 1. This figure
indicates the influence of strain rate, Fig. 1(a), and deformation temperature, Fig. 1(b), on the flow curves. As expected, flow
stress level increases with increasing temperature and decreasing strain rate. Also the typical form of a DRX flow curve is
more observable at high temperatures and low strain rates. At high strain rates or low temperatures, concurrent deformation
decelerates the rate of work softening giving rise to a more faded peak. In this case, peak point and the onset of steady state
flow are also shifted to higher strain levels. Although most of flow curves indicate a single peak, the multi-peak behavior is
also discernible at low strain rates and high temperatures. When the recrystallization strain ¢, = & — ¢p is lower than ¢, (¢, is
peak strain and & is steady state strain), nucleation is cyclic in nature and the growth rate of new grains is higher than their
nucleation rate. In such a case, a cycle of DRX is completed before the next starts and the flow curve is multi-peak in nature.
On the other hand, when ¢, > ¢, recrystallization becomes continuous because the strain required for nucleation is smaller
than that needed for growth [18]. Consequently, the material is partially recrystallized and the successive cycles of nucle-
ation overlap so that a single-peak flow curve appears.

In order to model the flow curves of DRX, the first step is to determine the value of apparent activation energy of the
material. The basic equation often used for the determination of the apparent activation energy, Q, is as follows:

Z=éexp <R%"> = Asinh(a - 0)]", (M

where Z is the Zener-Hollomon parameter and «, A and n are material constants. Eq. (1) embraces the definition of the
Zener-Hollomon parameter and the constitutive equation of hyperbolic sine function. From Eq. (1), the value of Q can be
defined as follows:

dln & Insinh(aa)
alnsinh(aa)}'{ a(1/T) }

Fig. 2 indicates the variations of flow stress with strain rate and the reciprocal of temperature which are used to determine
the value of Q according to Eq. (2). In this study, n was determined as 4.76 ( = 1/0.21) and « was adjusted as 0.014 to make the
data in Fig. 2(a) linear and parallel. Using the values of n and o, Q takes the average value of 435.3 kJ/mol.

To model the flow curves up to the peak, the Estrin and Mecking’s method [19] which was based on the evolution of dis-
location density due to concurrent work hardening and dynamic recovery (DRV) was used. In this approach, the evolution of
dislocation density with strain is determined as the sum of differential hardening and softening terms as follows:

2-(8) - (2)

Here, the first term stands for work hardening part and the second term the softening due to DRV. According to the Estrin
and Mecking method [19] the terms in Eq. (3) can be replaced as follows:

dp _
%_hfrp, (4)

Q:R{ 2)

where h is the athermal work-hardening rate and r denotes the rate of dynamic recovery at a given temperature and strain
rate. By doing some algebraic operations, the above differential equation can be written as follows describing a treatment of
flow stress [20]:

2
rec

— (0% — ad)exp(—re)] ", (5)

rec

g=|o
where 6 and ¢ denote the initial and saturated stress defined as (« MGb)?(h/r) and (o MGb)?py, respectively. o is a shape
factor in the order of unity, M is the Taylor factor (3.07 for FCC materials), G is the shear modulus, b is the magnitude of Bur-
ger’s vector and py is the initial dislocation density. We can take this simplifying assumption that pq is nearly negligible as
compared to the stored dislocation density during hot deformation. This assumption is also more pertinent to a low SFE

material such as austenite characterized by a sluggish DRV. Therefore, in the formulation of flow curve using Eq. (5), go
can be neglected and the simplified description of work hardening curve can be as follows:

0 = Orec(1 — exp(—r¢))°°. (6)
The differentiation of which gives:

Z—: = 0.50 . exp(—re)(1 — exp(—re)) .

Substituting 1—(0/oyec)? for exp(—re), Eq. (7) can be written as:

do 0% — o?
% = 05]’(%) . (8)
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Fig. 2. Variation of the hyperbolic sine function of peak stress with, (a) strain rate and (b) the reciprocal of temperature for the determination of apparent
activation energy according to Eq. (2).
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Fig. 3. Flow stress multiplied by work hardening rate versus the square of flow stress at 1050 °C used to determine the recovery factor and the DRV
saturation stress.
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Fig. 4. Variation of dynamic recovery coefficient, r, and the saturation stress of DRV, ... with the Zener-Hollomon parameter.

The plots of ¢ - 0(=ada/de) vs. o2, typically shown in Fig. 3, are linearly fitted according to Eq. (8) from which the slope and
the intercept are therefore tantamount to —0.5 r and 0.5 e, respectively. R and o values determined by the method
mentioned are depicted versus the Z parameter in Fig. 4. The decrease in r and the concurrent increase in the saturation
stress of DRV, g, With increasing Z reflect that DRV becomes less efficient as strain rate increases or temperature declines.
Using the determined values for r and o, the predicted flow curves are depicted versus the experimental ones in Fig. 5. It
manifests that the DRV model can give a good approximation of the actual flow curve up to the peak point of DRX flow curve.
However, at strain close to the peak deviation in the model begin to appear. This can be attributed to the softening due to
DRX which actually starts at a critical strain near the peak. Between the critical point and the peak both DRV and DRX occur.
The situation has been further discussed elsewhere [20]. After the peak DRX occurs preferentially and therefore a model
describing the nucleation and growth of new recrystallized grains should be adopted. The starting point of DRX can be there-
fore distinguished by studying the variation of work hardening rate versus flow stress as described by Poliak and Jonas [21].
The method proposed by Poliak and Jonas was used to characterize the critical points of the flow curves and to establish a
relation between the characteristic points and the deformation variables, i.e. temperature and strain rate, incorporated in the
Z parameter. In Fig. 6 the onset of DRX in the typical flow curves can be identified as the inflection point of the 0 — ¢ curve
near the saturated or peak stress. The observed inflection in the 0 — ¢ curves is associated with the softening due to the first
bulges of grain boundaries at the early stages of DRX. Beyond the peak, work hardening rate becomes increasingly minus due
to the softening of DRX up to a maximum and then tends to zero again at the onset of the steady state flow. All the charac-
teristic points are now discernible. Due to the influence of deformation condition on the kinetics of DRV and DRX, the posi-
tions of characteristic points are functions of the Zener-Hollomon parameter. DRX is shifted to higher strains when
deformation temperature declines or strain rate increases. Therefore, characteristic strains and stresses are expected to in-
crease as Z rises. The results showed that the critical strain, &, is about 0.8 times the peak strain, &p, and the critical stress, o,
is about 0.98 times the peak stress, o). It is also evident that the stress and strain required for the steady state deformation
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Fig. 5. Predicted flow curves indicating the accuracy of the Estrin and Mecking's equation to model the DRV region of flow curves at 1050 °C.
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Fig. 6. Plot of work hardening rate vs. flow stress at different temperatures and strain rate of 0.01 s~! used to determine the starting point of DRX, the peak
stress and the steady state stress.

increases as Z rises. Depending on the results indicated in Fig. 7, the following power-law equations can simply correlate the
characteristic strains and stresses to deformation condition:

¢ = 0.0082"", (3)
g, =0.782°8, (10)
& = 0.0042°"7, (11)
o, =0.362°". (12)

The developed power-law equations are very useful when modeling the DRX flow curve based on the Avrami’s equation. Pre-

vious researchers have proposed that the kinetics of DRX bears the following relation with strain beyond the critical strain
[22]:

Xorx = 1 — exp [—k(e — &)"], (13)

where n is the Avrami’s power and k is a constant. The fractional softening due to DRX at the peak point of flow curve is

known to be constantly about 10% [20] and further softening actually occurs between ¢, and &,. Therefore, the fractional soft-
ening between the peak and the onset of steady state flow can be written as follows:

Xore];, = 0.9 —exp [—k(& — &)"].

(14)
Softening between the peak and the plateau can be also interpreted in terms of the decrease in flow stress as follows:
& __ O-p -0

Xowly, = 52— (15)
Combination of Egs. (14) and (15) is given as follows:

0p,—0 n

=09- —k(e —¢p)"]. 16
o exp [—k(e — &)"] (16)

In order to determine the value of n and k, the plot of In In(1/(0.9 — Xprx) determined from the stress term in Eq. (15) should
be drawn versus In (¢ — ¢p) as indicated in Fig. 8. As expected, The experimental data can be linearly fitted according to Eq.
(16) to determine n and k respectively as the slope and intercept. The average of slopes determines the Avrami exponent
around 1.9 which is in good agreement with value of 2 reported for discontinues DRX in different alloys [23]. However,
as indicated in Fig. 9, n and k actually decrease as Z value rises. These observations are in agreement with other reports
on the dynamic recrystallization of other steel grades [13,23]. The reason is that when Z increases the rate of DRX decreases
and therefore is completed at higher strains. The substitution of Egs. (9)-(12) for the corresponding terms in Eq. (16) gives
rise to a formalism of flow stress. Fig. 10 shows the results of modeling by Eq. (16). It is observed that the flow softening due
to DRX is well predicted using the modified form of Avrami equation proposed in Eq. (16).



5630 A. Momeni et al./Applied Mathematical Modelling 36 (2012) 5624-5632

(a) 0 6
4 5.5
0.5

45
% ak 1 4.5 ﬁ
- 1
® 14 &
B g
= 18 4 35F

4 3

2+
aCp 1 2.5
xO¢
-2.5 : L 2
30 35 40 45
InZ

(b) o 5
g
£ =
= =
b 2
5 e
(] -t
2 7]
i g
i

InZ

Fig. 7. Dependence of (a) the peak and critical strain and stress and (b) steady state strain and stress on the Z parameter.

1.5
¢ 1150°C-0.1s™ & -
1| = 1050°C-0.1s"
#1050°C-0.01s"
— 05
g
2 ol §=1.86
)
s
= 05
£
£ 4t
1.5
_2 L 1 1 1
-4 -3.5 -3 -2.5 -2 -1.5

In(e-£;)

Fig. 8. Avrami graphs at different deformation conditions for the determination of n and k.

4. Conclusions

The hot working behavior of VCN200 medium carbon low alloy steel was analyzed by constitutive analysis as well as by
modeling the flow curve. The most important results are drawn as follows:
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(1) Dynamic recrystallization is the major microstructural phenomenon during hot working over temperature range of
900-1150 °C and strain rates of 0.001-1s7".

(2) The constitutive analysis using the hyperbolic sine function can be performed and the value of apparent activation
energy for the hot deformation is about 435 kJ/mol.
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(3) The flow curves can be modeled using a dynamic recovery model with a good accuracy. All the factors in this model
are defined in terms of the Zener-Hollomon parameter.

(4) A model can also be developed based on a modified Avrami’s equation to estimate the fractional softening of DRX for
any given strain in flow curve. The flow curve can be successfully predicted and generalize to different deformation
conditions.
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