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THE CRITICAL CONDITIONS AND KINETICS REQUIRED FOR DYNAMIC RECRYSTALLIZATION
IN A HIGH-CARBON TOOL STEEL

Ahot compression test was conducted on a Gleeble-3500 thermo-simulation machine to study the critical conditions and kinetics
of dynamic recrystallization in a high-carbon tool steel. The critical conditions for the initiation of dynamic recrystallization were
determined using the working-hardening theory. The quantitative relationship between the critical characteristics of dynamic recrys-
tallization and the hot deformation parameters were elucidated based on two different methods:the apparent method and physically
based method. It was found that the two methods both have high applicability for the investigated steel. but the physically-based

method needs less parameters and makes it possible to study the effect of different factors. A dynamic recrystallization kinetics
model was used to calculate the recrystallization volume fraction under different conditions. The calculation results matched well

with the data obtained from the flow curves.
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1. Introduction

High-carbon steel 75Cr1 is currently one of the most widely
used alloy tool steel. It is often used as a saw blade substrate in
precise cutting machine, diamond circular saw blades, and spe-
cial spring steels due to its excellent wear-resisting properties,
good machinability and high thermal stability [1-2].

Dynamic recrystallization (DRX) can diminish the disloca-
tion density, reduce the deformation resistance, refine the grain,
control microstructural evolution and improve the hot workability
of'this steel [3-4]. Therefore, the determination of critical condi-
tions is of great significance in the selection of the technologi-
cal parameters necessary for industrial hot-working processes [5].

Dynamic recrystallization starts before the peak strain, but
the critical strain (or critical stress) does not show significant
characteristic such as a "single peak stress" on the flow curve,
so it cannot be directly determined from the flow curve [6-7].
Although microstructural changes in metal materials can be used
to determine the critical conditions for the initiation of DRX, this
method requires that a large number of samples be subjected to
critical conditions of DRX [8-10]. Therefore, some researchers
have tried using different methods to predict the occurrence of
DRX. For example, Ryan and McQueen [11] found that there
was a stress peak in a constant strain rate flow curve such that

an inflection point appeared at the curve of the strain hardening
rate (6) vs. stress (o). Later on, Poliak and Jonas [8-9] showed
that the inflection point corresponded to the appearance of an
additional thermodynamic degree of freedom in the system which
has been identified as dynamic recrystallization. Moreover, Na-
jafizadeh and Jonas [ 12] simplified the previous method and the
work-hardening rate vs. true stress curve was fitted using a third
order polynomial equation.

To date, some researches have investigated hot-deformation
behaviors and the constitutive relationship of 75Cr1 high carbon
tool steel, but research studies on the critical conditions and
kinetics of DRX are few. Therefore, the aim of this work is to
determine the critical conditions for the onset of DRX in high-
carbon tool steel. Furthermore, the relationship between critical
conditions and hot deformation parameters obtained by intro-
ducing the Zener-Hollomon parameter. The strain of maximum
dynamic softening will be obtained from the hardening rate-strain
curve, which is used to calculate the volume fraction of DRX.

2. Experimental

The high-carbon steel with chemical composition of 0.75
wt.% C-0.33 wt.% Si- 0.7 wt.% Mn-0.42 wt.% Cr-0.25 wt.% Ni
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was used in this work. Cylindrical specimens were machined into
8 mm in diameter and 12 mm in length. The hot compression
tests were carried out using the Gleeble-3500 thermo-simulation
machine in the temperature range of 900-1100°C at 50°C in-
tervals, and strain rates ranging from 0.1 s™' to 5 57!, up to the
true strain of 0.7. The specimen was austenitized at 1200°C
for 300 s. The specimen was then cooled down to deformation
temperature at a rate of 5°C/s and held there for 120 s to ensure
that the temperature became homogeneous. After the hot com-
pression tests, the specimens were immediately water cooled to
room temperature.

3. Results and discussion
3.1. Flow curves
Fig. 1 shows the true stress-strain curves of the studied steel

under different experimental conditions. It can be seen from the
figures that the deformation temperature and strain rate have
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a significant effect on the flow stress. As shown in Fig. 1(a)-(d),
the peak stress and strain decrease with an increase in the de-
formation temperature or an decrease in the strain rate. This is
because DRX is a heat-activated microstructure phenomenon
that includes nucleation and growth. Increasing the deformation
temperature increases grain-boundary mobility and accelerates
the growth of dislocation-free grains [13-14]. In addition, an
increase in strain rate reduces the time required to complete the
deformation process while limiting the extent of grain growth
after nucleation [15-16].

Moreover, most flow curves rise to peak stress and then
gradually decline to steady-state stress. During the initial state
of deformation, work hardening and dynamic recovery occur.
However, the kinetics of work hardening is higher than that of
dynamic recovery, which leads to a sharp increase in flow stress.
When deformation proceeds to the extent that the internal metal
dislocation density reaches a critical value, then the driving
force for DRX is attained. The softening effect of DRV and DRX
offsets a portion of work hardening. At the same time, the flow
stress increases continuously, but the growth rate slows down
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Fig. 1. Flow stress curves of 75Cr1 tool steel under different deformation conditions (a) 0.1s7'; (b) 1 s7'; (c) 5 s7'; (d) 1000°C



and the flow stress reaches its peak value when the softening is
in balance with work hardening. After reaching the peak stress,
the flow stress gradually decreases to steady state stress (o),
and the difference between peak stress (,,) and oy, reflects the
kinetics of DRX. The greater the difference between o, and o
is, the higher the kinetics of DRX is, so that the DRX offsets the
effect of work hardening and softens the material to a lower
stress level [12].

3.2. Critical stress and strain

As mentioned before,the critical conditions for the initiation
of DRX cannot be determined directly from the flow curves.
Najafizadeh and Jonas [8] found that the §-o relation curve can
be adequately expressed as a cubic polynomial as follows:

0= Ao’ + Bo? +Co+D (1)

where 6 = do/de and 4,B,C and D are constants for a given
deformation temperature and strain rate.
The first derivative of Eq. (1) is
90 4o +2Bo+C Q)
do
At the critical stress point, the second derivative value of
Eq. (1) is zero, i.e.,

d*o -
Z 2 =0=>640,+2B=0=>0,=— (3)
do? 34

Fig. 2(a) shows the original -¢ curve and the fitted 6-o
curve at the strain rate of 0.1 s=! and different temperatures. It
can be seen from the figure that the fitted curves are in good
agreement with the original - curve. According to Eq. (3), the
critical stress value (o) under the corresponding deformation
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condition for the investigated steel can be calculated. The results
are shown in Fig. 2(b) and the ratio of o/op is 0.89.
As noted earlier, at the inflection point of the Inf-¢,

0%0
. 5=0 “4)
(o2

where 6, is the work hardening rate in the critical state for the
occurrence of DRX, and

20, 00 o0  0lné,
oc 00 . 0-0¢ o )
7.65
o€
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Therefore, the inflection point of the Inf-¢ curve also indi-
cates the onset of DRX. In this work, the third order polynomial
fitting of the Inf-¢ curve up to the peak strain at 900°C and
different strain rate is performed (Fig. 3(a)). Then the critical
stress is calculated by using the above method to determine the
critical stress. The results are shown in Fig. 3(b), and the ratio
of ec/ep is 0.43.

It can be seen from Fig. 2(b) and Fig. 3(b) that there is
a good linear relationship between the critical stress (strain)
and the peak stress (strain). In addition, the value of normal-
ized critical stress (0,./0,) is in good agreement with the results
that have been reported to be 0.875 [8], 0.84 [9], 0.89 [3], and
0.83 [16]. The value of the normalized critical strain (g /),
determined using the Inf-¢ curve, is 0.43. It should also be
noted that for some steels, such as medium carbon alloy steel
[16], and 17-4 PH stainless steel [3], the values of 0.47, 0.42
have also been reported in literatures. Therefore, the ratio of
¢./e, and o /0, are in reasonable agreement with previously
reported results.
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Fig. 2. The #-o curves at 0.1s™! and different temperatures (a), relationship between critical stress and peak stress (b)
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3.3. The relationship between critical conditions
and hot-deformation parameters

To further understand the dependence of these critical
characteristics on the deformation parameters, it is necessary to
introduce the Zener-Hollomon parameter:

Qact

Z= ;‘ exp [Ej =A[sinh(xo)]" @)

Z =¢gexp Qucr | _ A" ac <0.8
RT

®)

Z= gexp[%) = A4, exp(fo) aoc>1.2

Where ¢ is the strain rate (s ), ¢ is the flow stress (MPa), Q,,
is the activation energy for deformation (J/mol). 4, 4, A, B, n,
n; and a(=f/n;) are material constants, R is the universal gas
constant (8.314 J/mol/K).

Characteristic stresses such as peak stress, steady state
stress,or stress corresponding to a specific strain can be used
in these equations [4,17]. Since the peak stress can be attained
from the flow curves precisely and easily, so in this paper peak
stress was chosen to find the hot working constants. Taking
natural logarithm of both sides of Eq. (7)-(8) respectively yields
the following expressions for peak stress:
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Partially differentiating Eq. (9-11) at constant tem-

perature respectively yields: n= {Mn el 8ln(sinh(aap))} ,
T

n :[aln(g)/ﬁln(ap)} , ﬁz{aln(e‘)/ao‘f,} . The value of
T T

n; and f can be derived from the average slopes of the plot
of In¢ versus Ing, and the slope of the plot of Iné versus o,
respectively. The value of n; and f are obtained as 8.48 and
0.062 respectively, as shown in Fig. 4 (a)-(b). Thus, the value
of constant a(a = f/n;) can be obtained as 0.0073. As shown in
Fig. 4(c), the value of n can be determined from the slopes of
the plot of In¢ versus In[sinh(as,)]. The average value of n is
calculated to be 6.33.

Partially differentiating Eq. (9) at a constant strain rate
yields the following equation:

Olnsinh(ao,)
—— =0,.,/Rn (12)
oarry

The value of Q,., can be obtained from the slope of the
plot of In[sinh(aa),)] versus 1/7, as shown in Fig. 4(d). The ave-
rage value of 9, is calculated to be 275.52 kJ/mol. Then, the
relationship between Z and peak stress can be determined ac-
cording to Eq. (7) as shown in Fig. 5(a) and can be expressed
as follow:

633 (13)

Recent research[17] showed that a constant hyperbolic sine
power of n =5 and self-diffusion activation energy (Q,,) can be
used to describe the appropriate stress. It can be seen that the
deformation activation energy Q,,.,=275.52 kJ/mol and it is close
to the lattice self-diffusion activation energy (Qgp =270 kJ/mol).
However, the hyperbolic sine power of n is 6.33 and it is quite
different from the theoretical value of n = 5.

By consideration of the self-diffusion activation energy,
the value of n is 5 only when the deformation mechanism is

Z =4.21x10'"" x[sinh(0.01055 )]
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controlled by the glide and climb of dislocations and thus the
only softening mechanism considered is DRV [18]. Mirzadeh et
al. [17] showed that the DRX process leads to a deviation of the
value of n from the theoretical value. Since the critical conditions
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of DRX have been met before the peak stress, the DRX process
has a certain influence on the peak stress. However, the material
constant can be derived using the critical stress of initiation of
DRX to bypass the effect of DRX, because the volume fraction of
DRX is zero at the critical stress [18]. The critical stress values
determined using the working-hardening theory are used for
constitutive analysis. The value of §, n, a and n is determined
as 0.068, 6.88, 0.0099 and 5.12, respectively. The hyperbolic
sine law is applied by consideration of Qgp = 270 kJ/mol and
the results are shown in Fig. 5 (b) and the linear regression of
the data results in the following equations:

Z = 2.84x10"° x[sinh(0.00995) "

(14)

The calculated value of n = 5.12 is close to 5, which con-
firms that the deformation mechanism close to the critical point
for the onset of DRX is controlled by the glide and climb of
dislocations. The results show that the self-diffusion activation
energy and the theoretical values of n =5 can be used to describe
the critical stress of DRX for the investigated steel. Although the
consideration of the physical-based value of n and Qg may lead
to some lack of precision for constitutive analysis, this makes it
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possible to study the effects of different factors (such as carbon
content [ 19], alloying element content and second phase particles
[20]) on the flow stress and identify the rate control mechanism
during thermal deformation [18].

3.4. The Kkinetics of dynamic recrystallization

The relationship between the volume fraction of dynamic
recrystallization and plastic strain can be expressed in the fol-
lows [21]:

(15)
Em — &

2
Xppy =1—exp —0.693( £7% ]

where Xppy is the volume fraction of DRYX, ¢ is the true strain,
&, 1s the critical strain, and ¢, is the strain corresponding to the
maximum softening rate.
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Fig. 7. Kinetics curves of DRX of high carbon tool steel: (a) 1100°C
and different strain rates; (b) 0.1 s™' and different temperatures

The relationship curves of work hardening with strain
are shown in Fig. 6(a), and the minimum value of the curve
corresponds to g, [22]. The value of ¢,, under all experimental
conditions can be obtained using this method and the dependence
of ¢,, on the Z parameter is shown in Fig. 6(b) and a regression
analysis of this curve leads to the following equation:

Ine,, = —3.35 + 0.0862 InZ (16)

Fig. 7(a)-(b) present the volume fraction of DRX as a func-
tion of strain at different strain rate with constant deformation
temperature (1100°C) and different deformation temperature
with constant strain rate (0.1 s™'), respectively. Regardless of
the effect of the deformation conditions, the volume fraction
of DRX increases with strain due to the continuous nucleation
and grain boundary migration [23]. Furthermore, as can be seen
from Fig. 7(b), contrary to the effect of strain rate (Fig. 7(a)),
the higher the deformation temperature, the smaller the plastic
strain required to reach an equivalent recrystallization volume
fraction, i.e., the greater the crystallization rate.

The work hardening rate and the volume fraction of DRX
as a function of strain under the same conditions (1050°C and
different strain rates) are compared to verify the accuracy of
the kinetic recrystallization kinetic equation as shown in Fig. 8.
In general, there will be two points for the zero of the work
hardening rate on the #-¢ curves. When 6 is zero for the first
time, it indicates that the flow curve has reached the peak point.
The second zero point of the work hardening rate will be appear
due to the continuation of deformation which is the sign of the
completion of recrystallization. Obviously, the second zero point
of the work hardening rate, indicates the beginning of steady-
state deformation, and the completion of the recrystallization
(Xpry > 95%) [24]. Moreover, they appear almost at the same
time. This confirms the model accurately predicted the dynamic
recrystallization kinetics of the investigated steels.
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4. Conclusions

(1) Most of the high temperature flow curves of high carbon tool
steel exhibited typical characteristics of DRX with a single
peak stress followed by a gradual fall toward a steady-state
stress.

(2) The ratio of o./0, and ¢_/¢, are calculated using the hard-
working method and are found to be 0.89 and 0.43, respec-
tively. The calculated deformation activation energy of the
high-carbon steel is approximately 275.52 kJ/mol.

(3) The relationships between the peak/critical stress of DRX
and the deformation conditions are obtained by introducing
the Z parameter based on two different methods.

(4) The value of ¢,, is obtained by determining the minimum
point on the 6-¢ curve. This value is used to calculate the
dynamic recrystallization volume fraction under different
conditions utilizing an Avrami type dynamic recrystal-
lization kinetics model. The calculated results are in good
agreement with the steady-state strains that represent the
completion of DRX.
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