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Constitutive Analysis of Dynamic Recrystallization and
Flow Behavior of a Medium Carbon Nb-V Microalloyed
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Wen-fei Shen, Li-wen Zhang, Chi Zhang, Yi-feng Xu, and Xin-hua Shi

(Submitted September 4, 2015, in revised form February 29, 2016, published online March 31, 2016)

The dynamic recrystallization (DRX) and flow behavior of a medium carbon Nb-V microalloyed steel was
investigated using hot isothermal compression experiments in a wide range of temperatures (1123-1473 K)
and strain rates (0.01-10 s~ '). The flow stress curves were analyzed comprehensively, and it was found that
the flow stress of this steel is higher than C-Mn steel and V microalloyed steel. All the curves obtained can
be ranged into three principal types: work hardening, dynamic recovery, and DRX. The DRX behavior of
this steel was investigated, including critical strain, kinetics of DRX, and microstructure. The constitutive
equation to predict the flow stress of the tested steel was also developed, and the analysis result indicates
that the developed model has a high accuracy in predicting the flow stress during hot deformation.

Keywords constitutive equation, dynamic recrystallization, flow
stress, hot deformation, medium carbon Nb-V
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1. Introduction

The medium carbon Nb-V microalloyed steel, as a typical
non-quenched and tempered steel, has been widely used for
cutting shaft parts in machine tool and other machinery industry
(Ref 1, 2).This steel can be directly used for cutting products
after shaped into parts, as the mechanical properties are
obtained at the end of the forming process. So an important
saving of costs and energy can be reached by reducing the
number of operations (such as heat treatment, and straighten-
ing.) (Ref 3-6). Recently, more and more attention has been
paid on this kind of steel.

This steel is produced by thermo-mechanical controlled
processing consisting of controlled rolling and controlled
cooling. The rolling temperature is from about 850 to
1200 °C. Several interconnect metallurgical phenomena such
as WH, DRYV, and DRX inevitably occur during hot deforma-
tion process (Ref 7). The hot deformation process directly
affects the microstructure evolution of the material and the
mechanical properties of the formed product. So, in order to
improve the properties of this steel, parameters of the hot
forming process must be controlled carefully and the hot
deformation behavior of this steel must be investigated clearly
(Ref 8, 9).

In the past, some researches about microalloyed steel have
already been done. Xie et al. (Ref 10), Bao et al. (Ref 11), Cho
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et al. (Ref 12), etc., have studied the DRX, static recrystalliza-
tion (SRX), and metadynamic recrystallization (MDRX)
behavior of Nb microalloyed steel. Wei et al. (Ref 13) and
Zhao et al. (Ref 14) investigated the DRX behavior of V
microalloyed steel. Lan et al. (Ref 15) studied the DRX and
SRX behavior of Nb-Ti microalloyed steel. There are also some
studies about the flow behavior of V microalloyed steel (Ref 4,
16-20). However, for hot deformation behavior of the medium
carbon Nb-V microalloyed steel, few studies have been
reported, especially for systematic researches about both
DRX behavior and flow behavior of the steel.

In this paper, the isothermal hot compression tests of a
medium carbon Nb-V microalloyed steel in a wide range of
strain rates and deformation temperatures were conducted.
Based on the experiment data, the DRX behavior of this steel
was investigated. The constitutive equation to predict the flow
stress of the tested steel was also developed and flow stress
predicted by the developed constitutive equation was compared
with the experimental ones.

2. Experimental Procedures

The chemical composition of the tested steel in this paper is
given in Table 1. In order to perform the isothermal hot
compression tests, cylindrical specimens with a diameter of
8 mm and a height of 12 mm were machined. To reduce the
friction between the anvils and the end faces of the specimens
during the compression process, tantalum foils with thickness
of 0.05 mm were placed between anvils and specimens.

Isothermal hot compression tests were conducted on a
Gleeble-1500 thermo-mechanical simulator. Figure 1 shows the
schematic of the isothermal hot deformation process. Before
compression, the specimens were heated to 1523 K at the rate
of 20 K/s and held for 300 s to make the alloyed elements
completely dissolve and ensure uniform temperature, during
this process the initial ferrite and pearlite phases transformed to
single austenite phase. Then, the specimens were cooled to the
testing temperatures (from 1123 to 1473 K with an interval of
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Table 1 Chemical composition of the tested steel (wt.%)

C Si Mn p S Cr v Nb N
0.38-0.45 0.45 1.50 <0.02 <0.04 0.25 0.05 0.02 0.0083
' 1523k, 300s
20K /s compression

o 30s

>

‘@‘ Water

7 20K/s quenching

€

o

Time

Fig. 1 Schematic of the isothermal hot deformation process

50 K) at the rate of 20 K/s and held for 30 s to eliminate the
temperature gradient. Subsequently, the specimens were com-
pressed to a strain of 0.8 at the testing temperatures with the
constant strain rates (0.01, 0.1, 1, and 10 s™'). After compres-
sion, the specimens were water quenched immediately to room
temperature. The initial austenite grain size of the steel after
austenite homogenization is shown in Fig. 2.

3. Results and Discussion

3.1 Analysis of Flow Stress Curves

A series of typical true strain-stress curves obtained from the
hot compression tests are shown in Fig. 3. It can be seen that
the flow stress was greatly influenced by the deformation
temperature and strain rate. The flow stress increases with the
increase of strain rate and the decrease of temperature. This is
because that lower strain rates and higher temperatures provide
longer time for energy accumulation and higher mobility at
boundaries for the nucleation and growth of dynamically
recrystallized grains and dislocation annihilation (Ref 21).
Meanwhile, all the curves obtained can be ranged into three
types depending on the relationship between stress and strain,
as shown in Fig. 4: WH, characterized by increasing stress with
strain (like curve 1123 K, 1s~'); DRV, characterized by
saturation stress with increasing strain (like curve 1223 K,
0.1 s7"); and DRX, characterized by an observed peak stress
(like curve 1473 K, 0.01 s~ ') (Ref 22). Besides, compared to
the C-Mn steel (Ref 17) and V microalloyed steel (Ref 4, 18,
19), the flow stress of this medium carbon Nb-V microalloyed
steel is about 10-40 MPa higher than them. This may due to the
high solute strengthening and precipitation strengthening effect
of microalloyed element Nb (Ref 23).

As shown in Fig. 4, the typical true strain-stress curves of
DRX of the tested steel can be divided into two stages by
critical strain g.. In stage I, the true stress increases rapidly
with the increasing strain at initial deformation process and
then the increasing rate decreases. This is because that the
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Fig. 2 The initial austenite grain size of the steel after austenite
homogenization

WH caused by the dislocation generation and multiplication is
greater than the DRV caused by the dislocation climbing,
sliding, and cross-slip. In stage II, the true stress is influenced
by the interaction of WH, DRV, and DRX. At the beginning
of this stage, the true stress increases to a peak stress with a
decreased increasing rate. Because in this region, the WH is
dominant until the balance of hardening and softening,
including DRV and DRX, is reached. Then, the true stress
gradually decreases to a steady value. The reason is that in
this region the hardening is weaker than softening until a new
balance of them is reached.

3.2 Constitutive Analysis of DRX Behavior

3.2.1 Zener-Hollomon Parameter and Hot Working
Equation. Hot deformation of metals is a thermally activated
process, and the flow stress is mainly affected by deformation
temperature, strain rate, and stain. Recently, the Arrhenius
equation is widely used to analysis the relationship between
deformation temperature, strain rate, and flow stress, particu-
larly at high temperature (Ref 24):

£ = AF(o) exp(~Q/RT), (Eq 1)

where

o ac<0.8
exp(po) ac>1.2,
[sinh(ac)]"  for all o

F(o) =

in which, ¢ is the strain rate, Q is the activation energy of hot
deformation, R is the universal gas constant, T is the absolute
temperature, ¢ is the flow stress, and A4, o, B, n;, and n are
material constants, oo = B/n;.

The effects of the temperatures and strain rate on the
deformation behaviors can be represented by Zener-Hollomon
parameter (Z) in an exponential equation (Ref 25). Z parameter
is written as follows:
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Fig. 3 Flow stress curves of the tested steel obtained under different strain rates (a) 0.01 s1()0.1s ' (c)1s ' and(d)10s7!

Z = ¢exp(Q/RT).

(Eq 2)

In order to determine the parameters in the equations, the
peak stress is employed to the linear regression process.
Equation 1 can be expressed as power law equation and
exponential law equation at low and high stress levels,
respectively. Then the following equations can be obtained,

: n
€ :Alel,

& = A4, exp(Poy),

(Eq 3)

(Eq 4)

where A, and A4, are material constant. Taking the logarithm
of both sides of Eq 3 and 4, respectively, then Eq 5 and 6

can be gained,

Iné =n;Inc, +1n4,,

In€ = Bo, + In4,.

(Eq5)

(Eq 6)

True stress

Op|- - - /4

WH

WH+DRV

WH+DRV+DRX

Stage I

True strain

Fig. 4 Three types of the flow stress curves

Substituting the value op and € into the Eq 5 and 6. Then
the relationships between strain rate and stress can be obtained
in Fig. 5. The value of B and #, can be obtained from the mean
slopes of In € — &, and In € — Inc,,, respectively. The value of B
is 0.0915 MPa ™' and n; is 6.8195. So, the value of o is derived,
o = B/n; = 0.01342 MPa .

The hyperbolic sine law of F(c) has been verified that it can
accurately describe hot deformation behavior at both low stress
and high stress level (Ref 26, 27). Therefore, the following
equations can be derived,
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£€=4 sinh(acp)nexp(—Q/RT). (Eq 7)
By taking the logarithm of both sides of Eq 7 give

In¢ =In4 + nln[sinh(ac,)] — O/RT. (Eq 8)
Then the following equations can be derived,

% _ [8 In [sgnﬂl(gcp)}} 7 (Eq 9)
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M} (Eq 10)

Q:R"[ o(1/T)

The relationships of In & — In[sinh(a.op)] and In[sinh(acp)]
1/T are shown in Fig. 6(a) and (b), respectively. It is easy to
obtain the value of n and Q from the slops of the plots as 5.10
and 318.31 kJ/mol, respectively. Activation energy Q is an
important material constant which can reflect the deformation
difficulty degree in hot deformation. Medina and Hernandez
(Ref 28) have investigated that the value of O of 0.36C-Mn
steel and C-Mn-0.043 V steel are 271 and 275 klJ/mol,
respectively. And they are lower than the value of tested steel
in this paper. This indicates that vanadium addition has no
obvious effect on the activation energy, and the microalloyed
element Nb can increase the activation energy dramatically. The
reason may be that activation energy varied with atomic
volumes of the microalloyed elements, which occupy substi-
tutional sites (Vy < Vnp)- And the atomic radius of Vs slightly
greater than that of Fe, therefore, the influence of V' is much
lower than that of Nb.

According to the obtained parameters, the material constant
A in Eq 1 is calculated as 6.9 x 10'°. Then the hot working
equation can be expressed as

*exp(—318310/RT).

(Eq 11)

€= 6.9 x 10'sinh(0.0134c,)
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3.2.2 Critical Strain, Kinetics Model, and Microstruc-
ture of DRX. The critical strain of material is the prerequisite
for the research of DRX. According to the previous researches
(Ref 4, 14), the relationship between €. and Z is showed as
below

g = A3 7, (Eq 12)

then substituting the values of &. obtained from the flow
stress curves and Z into the Eq 12, and the relationship be-
tween critical strain and Z parameter can be obtained as
shown in Fig. 7. It can be seen that the Ing. and InZ relation
is linear and the slop and interrupt of the regressed curve are
0.164 and 0.002997, respectively. So the relationship between
€. and Z can be expressed as below

£ = 2.997x 107320164, (Eq 13)

In this research, the modified Avrami equation (Ref 29-31)
which incorporates an empirical time constant for 50%
recrystallization 755 is used to describe the DRX volume
fraction X of the tested steel. The DRX volume fraction X is
expressed as

X=1—exp [—0.693(t/t045)k“} , (Eq 14)
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tos = A4&% exp(Q/RT), (Eq 15)

where ¢ is the deformation time after the critical strain, and
kq, As, As, and O are constants.

As seen from Fig. 3, DRX is an important softening
mechanism. But it is difficult to determine the DRX volume
fraction X by microstructural observations directly. In this
research, the DRX volume fraction X is derived from the flow
curves, which is defined as the following (Ref 32-35).
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1.4 ]
164
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Fig. 7 The relationship between Ing. and InZ
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X = (Eq 16)

Op — Os
where G, is the peak stress and o is the steady state stress.
The o, — o, term represents the maximum achievable soften-
ing fraction, and the o,— o represents the flow softening
from peak to the stress of . Note that the effect of DRV on
flow softening is not considered and the initiation of DRX is
considered occurred from o,. This assumption simplifies the
Avrami analysis with acceptable level of accuracy (Ref 36,
37).

Equations 14 and 15 can be written as Eq 17 and 18,
respectively.

In[—In(1 — X)] = In0.693 + kqIn(2/1y5), (Eq 17)

Intys =InAs + Asln€ + Q/RT (Eq 18)

The relationship between In[—In(1 —X)] and In(#/¢s) is
shown in Fig. 8. The value of k4 can be determined by the
linear slope of the curve as 2.012. Then, the values of A4, 45
and Q can be obtained from the linear regression according to
Eq 18. And the mean value of A, 4s, and O are 0.0257,
—0.857 and 29315.62, respectively. So the kinetic model of
DRX for the tested steel can be established as follows,

X =1-exp {—0.693(t/1045)2'012} , (Eq 19)

fo.s = 0.025767°%7 exp(29315.62/RT). (Eq 20)

Based on the derived DRX kinetic model, the effect of
deformation temperature, strain rate, and strain on the DRX
volume fraction X is shown in Fig. 9. It can be seen that with
the true strain increasing X increases slowly at first and then the
increasing rate gradually increased, and reduced in the end.
Moreover, the increasing rate of X increases with increasing
temperature and decreasing strain rate. Comparisons between
predicted and experiment results are also presented. The
predicted results agree with experimental ones, which indicate
that the developed model can give a accurate results of DRX of
the tested steel.

Some researchers have verified that the DRX grain size is
influenced by Z parameter. The DRX grain size increases with
the decreasing Z, i.e., the DRX grain size increases with the
increasing deformation temperature and decreasing strain rate.
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Fig. 9 Experimental and predicted DRX volume fraction X with strain rate of (a) 0.01 s~' and (b) 0.1 s™'
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Fig. 10 The recrystallized austenite grain size after hot isothermal compression at the temperature of 1373 K and strain rates of (a) 1 s™' (b)

0.1 57" and (c) 0.01 s!

Fig. 11 The recrystallized austenite grain size after hot isothermal compression at the strain rate of 1 s~' and temperatures of (a) 1423 K and

(b) 1473 K

Figure 10 and 11 show the recrystallized austenite grain size
after hot isothermal compression at different conditions. It can
be seen that the DRX grain size increases from strain rate of 1-
0.01 s~' with the same temperature of 1373 K, and the DRX
grain size increases obviously with the increasing of temper-
ature with the same strain rate of 1 s~'. In order to model the
dependence of the grain size on Z parameter, the following
equation is used,

2070—Volume 25(5) May 2016

Dy = BZ7*, (Eq 21)

Although regression analysis, as shown in Fig. 12, the value
of B and k can be obtained as 12751.222 and 0.211. So the
DRX grain size model can be expressed as below,

Dy = 12751.222770211, (Eq 22)

Journal of Materials Engineering and Performance



3.3 Constitutive Analysis of Flow Stress Behavior

The flow stress in steel during hot temperature has two
softening mechanisms: dynamic recovery (DRV) and dynamic
recrystallization (DRX). When the strain fails to reach the
critical strain, DRV is the only softening mechanism. When the
strain exceeds the critical strain, DRX occurs (Ref 22, 38).

When no DRX occurring, the dislocation density supposed
to be the coupled effects of generation by WH and annihilation
by DRV. The dependence of the dislocation density on strain
can be written as follows:
dp

_:U_Qp7

Eq 23
I (Eq 23)

where p is the dislocation density, and U and Q are the
parameters related to the strain that represent the work hard-
ening and softening terms, respectively.

The relationship between flow stress and dislocation density
can be described as follows (Ref 39):

G = apb\/p,

where o, W, and b are constants with the value of 0.7,
8.1 x 10* and 2.6 x 1071, respectively.

Utilizing Eq (23) and (24), the constitutive equation for flow
stress during DRV process can be obtained:

(Eq 24)
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Fig. 12 The relationship between InD and InZ
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o, = [(oph)poe™ + (o)’ (U/Q)(1—e~*)*%,  (Eq 25)

where o, is the flow stress during DRV process, py is the ini-
tial dislocation density, 1.0 x 1072 m2

The parameters Q and (oapb)’U are depends on the
deformation temperature and strain rate, the following typical
equation are used to describe the relationships:

Q = Ape™exp(—Qa/RT), (Eq 26)

(apb)*U = Ay&™ exp(Qy /RT). (Eq 27)

In order to regress the constants in Eq 26 and 27, several
groups of stress and strain values were obtained from the flow
stress curves. Although multiple linear regression, the values of
Aq, mg, and Qg are 280, —0.1, and 35966.4 J/mol. The values
of my and Q/R are the slopes of the plots in the In[(apd)*U]
versus In & and In[(opb)*U] versus 1/7, as shown in Fig. 13(a)
and (b). Then the values of Ay, m, and Qy can be obtained as
344.5, 0.19, and 63269.5 J/mol.

When DRX occurring, dislocation density decreases with
the DRX fraction increasing. The flow stress can be described
as following:

o} — X(o7 - o3),

(Eq 28)
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Fig. 14 Correlation between the experimental and predicted flow
stress data
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Fig. 13 The relationship between In[(optb)*U] and In £(a); In[(apb)*U] and 1/T (b)
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where oy is the flow stress during the DRX period. o is the
stead state stress after DRX. The stead state stress can be de-
fined as following:

Oss = Ass[((.5 eXp(st/RT)}mssv

where Ag, mg, and Qg are constants, and they can be re-
gressed by the experimental data. The values of A, mg, and
Qs are 0.938, 0.172, and 301.4 kJ/mol, respectively.

Then, the constitutive equation for DRV can be obtained as
follows:

(Eq 29)

or = [217.3 exp(—Qe) + 1.23 x £*¥exp(11937/T)(1 — exp(—Qe)]"’.
(Eq 30)

The constitutive equation for DRX can be obtained as
follows:

cre<e,

Ogq =
\/ 02 — X (02 —0.88 x £034exp(301440/RT)*** & >,

(Eq31)

In order to evaluate the accuracy of the developed consti-
tutive equation in predicting the flow stress during hot
deformation, standard statistical parameters of correlation
coefficient (R) is used to quantify the predictability of the
constitutive equation. It can be expressed as:

YL (E-E)(P-P)
\/Zil (Ei - E)zzﬁ\jzl (Pi — 1_))2

where E; is the experimental data and P; is the predicted va-
lue obtained from the constitutive equation. £ and P are the
mean values of £ and P, respectively. N is the total number
of data employed in the investigation. As is shown in
Fig. 14, a good correlation (R = 0.973) is obtained, which
indicates that the developed constitutive equation is appropri-
ate to predict the flow stress of the steel during hot deforma-
tion.

R (Eq 32)

4, Conclusions

Isothermal hot compression experiments of a medium
carbon Nb-V microalloyed steel were performed in a wide
range of temperatures (1123-1473 K) and strain rates (0.01-
10 s~ "). DRX behavior and constitutive equation of flow stress
of the tested steel was carried out. The following conclusions
can be obtained:

(1) Deformation temperature and strain rate have great influ-
ence on flow stress of the steel. The flow stress in-
creases with the increase of strain rate and the decrease
of temperature. All the flow curves obtained can be ran-
ged into three principal types: WH, characterized by
increasing stress with strain; DRV, characterized by satu-
ration stress with increasing strain; and DRX, character-
ized by an observed peak stress.

(2) The hot working equation of the tested steel was ob-
tained as
& = 6.9 x 10'°5inh(0.01345,)>*exp(—318310/RT).
Activation energy Q is calculated as 318.310 kJ/mol

2072—Volume 25(5) May 2016

which is higher than C-Mn steel and V microalloyed
steel due to the addition of microalloyed element Nb.

(3) The DRX behavior of the tested steel was investigated.
The relationship of critical strain on Z was obtained as
g, =2.997x10732%1%4 The kinetics model was
developed as X =1-— exp[—0.693(t/t0_5)2‘012], tos =
0.02566£79857 exp(29315.62/RT), and the predicted
DRX volume fraction X agree with experimental ones.
The relationship of DRX grain size Dg on Z was ob-
tained as Ds = 12751.22270-211,

(4) Constitutive equation for flow stress of the tested steel
was established. The correlation coefficient R of the
experimental and predicted flow stress is 0.973 which
indicates that the developed constitutive equation can
accurately predict the flow stress of tested steel.
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