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1. Introduction

The microstructure after the rolling and cooling operations can control the properties of products [1]. So the study on the
microstructure evolution during industrial hot rolling is important for steel industry to predict the mechanical properties of
hot-rolled products, design the most effective processing path to fulfill quality requirements, and reduce the costs for the
development of new products [2]. There are still many difficulties to precisely simulate the hot rolling process by laboratory
experimental approach, and therefore, simulating the microstructure evolution using the numerical method becomes very
meaningful [3].

Early in the 1970s, Sellars and his co-workers [4] at the University of Sheffield pioneered the concept that the complex
microstructure processes occurring during hot rolling and subsequent cooling could be mathematically modelled. They
[1,4,5] developed a set of models for thermo-mechanical processing of strip and applied the models to simulate the rolling
of C-Mn steel. After the innovatory work, Kuziak [6] used the generalized plane strain approach to predict the distribution of
deformation parameters and the evolution of austenite microstructure in the eutectoid steel workpiece during hot rod roll-
ing. Sun [2] used a FDA (finite difference analysis) program to simulate the microstructure evolutions of two commercial
plain carbon steels during hot strip rolling. Recently, based on a 2-D finite element method, Serajzadeh [7-9] presented a
mathematical model to predict the thermal history and microstructure changes during hot rolling. Zhang and co-workers
[10] carried out the 2-D finite element analysis of the thermal and metallurgical behavior of the strip during the hot finishing
rolling process.

Since the application of 3-D models involves long computational time, most of previous works have concentrated on the
2-D analysis of microstructure evolution during hot rolling. Compared with 3-D models, 2-D models cannot exactly analyze
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the plastic deformation of rolled piece. Recently, with the rapid development of computer, the 3-D analysis of microstructure
evolution has been applied widely to model hot upsetting, hot forging and hot forming process by many authors [11-18].
The applications are helpful to the 3-D analysis of hot rolling. In this paper, four 3-D finite element models are developed
to simulate the distribution and evolution of different field-variables during the whole rod rolling process of GCr15 steel,
such as effective strain, effective strain rate and temperature. Taking the simulated results and the microstructure evolution
models of the steel into account, this paper designs a FORTRAN program to predict the evolution of recrystallization behavior
and austenite grain size during the hot rod rolling of GCr15 steel.

2. FEM models

Fig. 1 shows the layout of rolling mills for the hot rod rolling of GCr15 steel in Dongbei Special Steel Group, China. The
rolling process from the 1st pass to the 18th pass consists of three successive rolling stages, rough rolling, intermediate roll-
ing and finishing rolling. All rollers are individually driven with an alternative vertical and horizontal arrangement. GCr15
steel is rolled from a 150 mm x 150 mm square billet to a rod with the diameter of 15 mm after passing 18 passes. The billet
is rolled from square to box-square-oval-round during the first four passes, and then is deformed as oval-round at every
two passes. Based on the commercial FE software MSC.Marc, the paper develops four 3-D finite element models to simulate
the hot rod rolling. The first model is used to simulate the descaling stage and rough rolling stage as shown in Fig. 2. The front
six passes and back four passes of intermediate rolling are simulated by the second model and the third one respectively.
And the paper uses the fourth model to simulate the finishing rolling. In order to keep the continuity of simulated results,
the data transmission from a model to the next model is completed by the data transfer technique [19,20]. In all models,
rolled piece is defined as a deformation body and rollers are defined as rigid bodies. The roller dimensions and velocity
are set according to practical condition. Owing to the symmetry, a quarter of rolled piece is included in every model. The
quasi static analysis is adopted in the simulation. A pushing rigid body is introduced into the model. The rigid body whose
speed is controlled by MSC.Marc subroutine is employed to push the rolled piece moving to next stand during the interpass
period [19].

The material is a typical GCr15 steel. The chemical composition is 0.99%C, 0.24%Si, 0.31%Mn, 0.01%P, 0.003%S, 1.44%Cr,
0.05%Ni, 0.12%Cu, 0.02%Mo and the balance Fe. The material flow behavior is determined by the flow stress data gained
in thermo-mechanical simulation experiments of the steel [21,22]. It is assumed that the material is isotropic and the yield-
ing behavior follows the Von Mises yield criterion. And mechanical properties and thermal expansion coefficient of the mate-
rial are provided by Dongbei Special Steel Group. The initial temperature is 1045 °C. The heat flow on the rolled piece is given
by the numerical solution of the non-steady heat conduction equation:
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where G, and 1 are temperature dependent functions, C, is the specific heat, 2 is the thermal conductivity, p is the density,
and q is the internal heat intensity.
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where k is the conversion efficiency of mechanical work to heat, which is assumed to be 0.90.

The heat transfer mechanism during hot rolling process is complex. Heat generation occurs owing to the energy of friction
work at the contact surface. The cooling conditions that exist in the practical rolling process, such as water descaling before
the first stand, water cooling between stands, cooling in air, and heat exchanges between rolled piece and rollers, must be
considered too. So the following boundary conditions are used to solve Eq. (1).

(a) On the symmetric planes, it is supposed that the heat flux is zero.
oT
0
ar

(b) On the free surface of rolled piece, the thermal conditions agree with the equation.
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Fig. 1. Layout of rolling mills (dimension unit: m).
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Pushing rigid body

Fig. 2. The first finite element model for the descaling stage and rough rolling stage.

0L h(T, - T 4)
where h is a total heat transfer coefficient (70 W m~2 K~!) which comprises a heat transfer coefficient by convection and a
radiant heat transfer coefficient when rolled piece is between stands. h represents an effective heat transfer coefficient dur-
ing water descaling and water cooling process (4-8 kW m™2K™!). And h is the contact heat exchange coefficient
(9.5 kW m~2 K~ 1) when rolled piece contacts with rollers. Ty is the surface temperature of rolled piece. Ty, is the temperature
of contact medium.

The shear friction model is used to model the friction phenomenon during the rolling process. The friction heat g between
rolled piece and rollers is written as follows:

q = ket Av)|, (5)

where 7 is the friction force, Av is relative velocity of movement, and ky is the distribution coefficient of heat. As for the hot
rolling, kris equal to 0.5. The value means that the total friction heat is fairly assigned to the contact surfaces of both rolled
piece and rollers.

3. Microstructure evolution models

Austenite grain evolution during hot rolling is one of the physical metallurgical phenomena, and its evolution pattern
mainly consists of four types, namely, dynamic recrystallization (DRX) during hot deformation, metadynamic recrystalliza-
tion (MDRX) and static recrystallization (SRX) after deformation, as well as grain growth after complete recrystallization
when the dynamic and static recoveries are ignored [23,24]. When steel in the austenite phase is deformed at high temper-
ature, the flow stress rises to a maximum and then falls to a steady state. The softening is called “dynamic recrystallization”.
DRX involves the nucleation and growth of new grains when the strain during deformation exceeds a critical value. The de-
formed grains will be represented by new equiaxed grains when DRX is complete. If the strain is less than the steady state
strain, DRX is not complete. After the deformation, recrystallization continues until new equiaxed grains represent all de-
formed grains finally. The recrystallization is MDRX. The same as DRX, SRX is a nucleation and growth process of new
strain-free grains too, but the process starts and completes after deformation. When the recrystallization is complete, the
new structure is meta-stable and grain growth will take place to reduce grain boundary area per unit volume [18]. In order
to investigate the recrystallization and grain growth behavior of GCr15 steel during hot rolling, the hot compression and
annealing tests are preformed on the Gleeble-3800 thermo-mechanical simulation machine [25,26]. According to experi-
mental results, a set of mathematical models which can predict the recrystallization and grain growth behavior of GCr15
steel during hot rolling are obtained [25].

The DRX behavior of GCr15 steel can be modelled by the following equations [2,22,25-28].

& = 3.55 x 102dJ*?&%1% exp <ﬂT]'O), (6)
t 2
Xq=1-exp {0.693( d ) } (7)
fo.5/a
tos/a = 349 x 1072709 exp(2486.0/T), (8)

dy = 3.4 x 10°¢™ exp (g(T)), )
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where

f(T) = —1.09505 + 0.08602 x 10~*T + 1283.3/T, (10)
g(T) = —1.82459 x 107°T — 9189.0/T, (11)

where & is the critical strain for the onset of DRX, d is the initial grain size, ¢ is strain rate, T is the absolute temperature, X is
dynamic recrystallized fraction, t, is deformation time after the critical strain, t 5,4 €quals to t, for 50% recrystallization, dg is
grain size after complete DRX.

Typically, the evolution of MDRX is discussed in terms of recrystallization kinetics and meta-dynamic recrystallized grain
size as follows [13,17,29-31]:

2
Xm=1—exp {0.693( i ) }, (12)
to.s/m
tosym = 0.042 004530640297 exp(3088.9/T), (13)
dm = 393.367070470015¢0 1% exp(-4757.4/T), (14)

where X, is meta-dynamic recrystallized fraction, t, is the delay time after deformation, to5;m equals to t,, for 50% recrys-
tallization, d, is grain size after complete MDRX.
In this paper, the following equations have been used to describe the evolution of SRX [6,32-37].

2
X, =1—exp {0.693( fs ) } (15)
tos)s
tosss = 5.396 x 107 % 15¢70373d1 47 exp(16203.6/T), (16)
d; = 430.7¢ 0428400953014 exp(—4461.5/T), (17)

where X; is static recrystallized fraction, t, is the delay time after deformation, ty5/s equals to t; for 50% recrystallization, d; is
grain size after complete SRX.
The equation for grain growth is described by the following equation [38-41]:

d*77 — d>" =3.12 x 10" exp(—4.58 x 10°/RT)t, 18
t 0

where d, is the average grain size at time t, and R is the general gas constant.

By coupling above equations for the recrystallization and grain growth behavior, a FORTRAN program is designed to pre-
dict the evolution of recrystallization behavior and austenite grain size during the rolling process of the steel. For the first
pass rolling, an initial austenite grain size is assigned to the program. Because the effect of different initial grain sizes will
disappear after several sufficient cycles of recrystallization during multi-pass continuous rolling [4,42-44], modelling micro-
structure evolution during the multi-pass rolling of GCr15 rod does not require an accurate measure of initial grain size. In
the program, the initial austenite grain size before the first pass rolling is assumed to be 200 pum.

The flowchart of the program is shown in Fig. 3. It is divided into two parts: rolling and interpass. In rolling period, the
grain size equals to the initial grain size when strain is smaller than the critical strain. If strain is greater than the critical
strain, DRX takes place. The program calculates X, and d, step by step. Then the average grain size, d, is calculated according
to Eq. (19). This computational process continues till the deformation period is over. In interpass time, if recrystallized frac-
tion is more than 95%, the recrystallization is assumed to be complete and grain growth is calculated according to Eq. (18).
Otherwise MDRX or SRX will occur. The program calculates X, d,, X; and d; step by step. Then the average grain size, d, is
calculated according to Eq. (20) or Eq. (21). This process continues till the interpass time is over. Predicted average grain size
is regarded as the initial grain size during next pass rolling, and retained strain, &, is calculated.

DRX : d=dgXq+ (1—Xg)do, (19)
MDRX :  d = dgXg + (1 — Xa)Xmtm + (1 — Xg)(1 — Xm)do, (20)
SRX: d=dX; + (1 - X)do. (21)

4. Industrial trials

The verification and calibration of simulated results have been performed by comparing calculated values with actual
data measured during the hot rolling of GCr15 rod in Dongbei Special Steel Group, China. Measurement of on-line rod surface
temperatures were carried out at different places of stands 1-10 with a pyrometer during the actual rolling process. Spec-
imens for austenite microstructure analysis were cut using the crop shears at various stages of the rolling process, and water
quenched immediately to retain the crystal boundary of high temperature austenite microstructure. After etched with an
aqueous solution of picric acid at 50-60 °C, the microstructures at different parts of the rolled piece were examined by opti-
cal microscopy. Fig. 4 shows the microstructures at the surface (near Node b in Fig. 12) of rolled piece before 7th pass and
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Fig. 3. Flowchart of the FORTRAN program.

after 18th pass. It can be seen that the crystal boundary of austenite microstructure is very clear. Then the grain sizes were
measured by the linear intercept method. The average values of the grain sizes at the center and surface of rolled piece are
36.4 um and 15.7 pm before 7th pass, 24.3 pm and 20.4 pm before 13th pass, 18.3 um and 18.7 um after 18th pass, respec-
tively. Due to lack of number of the crop shears installed in the rod mill, experimental microstructure was only obtained at
limited location. The measured values of grain sizes can be used to validate the simulated results of the evolution of austen-
ite grain size during the hot rod rolling of GCr15 steel.

5. Results and discussions

It is difficult to analyze quantitatively the whole rolling process by the traditional methods because of its complicated
deformation mechanism. In the present study, the transient evolution of various variables has been acquired with the aid
of the finite element models and the FORTRAN program designed by the authors.

5.1. Field-variables distribution

Temperature is one of the most important variables governing the behavior of metals under hot-working conditions [5].
During hot rolling, the temperature of rolled piece depends on various factors such as initial temperature, the amount of
plastic deformation, the coefficients of heat transfer among rolled piece and other objects, etc. [45]. Figs. 5 and 6 show
the temperature distributions in the rolled piece at the third and 17th pass. It can be seen that surface temperature drops
rapidly after the third pass rolling. Meanwhile, the surface temperature increases in the 17th roll gaps. The reasons for
the change of temperature will be explained in detail in Section 5.2.

DRX occurs during hot rolling when the critical strain is reached. So strain has a direct effect on the recrystallization
behavior in the rolled piece. Fig. 7 illustrates the field plot of total effective strain in the rolled piece at the third pass. It
can be easily found that the deformation of the rolled piece is inhomogeneous, and total strain becomes larger after rolling.
By subtracting the strain before the pass rolling from total effective strain, the evolution of effective strain during every pass
can be obtained. Apart from temperature and strain, strain rate is also an important factor that influences the deformation
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Fig. 4. Austenite microstructures at the surface of rolled piece (a) before 7th pass and (b) after18th pass.
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Fig. 5. Temperature distribution in the rolled piece at the third pass.
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Fig. 7. Distribution of total effective strain in the rolled piece at the third pass.
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and microstructure evolution of material [45]. The field plot of effective strain rate in the rolled piece at the third pass is
presented in Fig. 8. Obviously, the effective strain rate changes dramatically around the rolling deformation region and
the value of the rate is zero at other parts of the rolled piece.

5.2. Temperature evolution

Temperature evolution predicted by the present finite element models is illustrated in Fig. 9. The change of surface tem-
perature is complex. Before the first pass, the surface temperature decreases because of heat convection to descaling water.
During 1-12 passes, the surface temperature drops rapidly in the roll gaps due to the relatively cold roller and rises slowly
thereafter. During 13-18 passes, the mill speed is very fast and the heat conduction to the cold roller becomes very small. So
the surface temperature increases rapidly in the roll gaps because of deformation heat, and then decreases slowly because of
the radiation to air. Especially, the surface temperature drops obviously between the 16th and 17th pass because of the
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Fig. 8. Distribution of effective strain rate in the rolled piece at the third pass.
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Fig. 9. Temperature evolution predicted by the present finite element models.

convection to cooling water, as shown in Fig. 1. The center temperature of rolled piece increases in the roll gaps due to the
deformation heat, and then decreases slowly in interpass time due to the heat loss by convection and radiation.

To verify the simulated results, temperature measurements were conducted on the area near the profile midline of the
billet. For the temperature measured at each stand from the head to the tail of a billet, measured values are shown as a range.
The comparison between measured and calculated temperatures is shown in Fig. 10. It is clear that surface temperatures of
billet calculated by FEM agree well with the measurement.

5.3. Microstructure evolution

Fig. 11 presents the recrystallized fraction of austenite at the center of rolled piece during the hot rolling of GCr15 rod. It
can be seen that SRX occurs during the first pass, and then DRX and MDRX take place during other passes. The evolution of
simulated austenite grain size during the whole rolling process is presented in Fig. 12. It can be seen that the grains are re-
fined greatly and the deviation of grain sizes between center and surface reaches the maximum gradually during the first
three passes. Subsequently, the grain sizes do not change largely, but the deviation of grain sizes decreases gradually by
the actions of deformation refinement and interval grain growth during the later passes. After the 17th pass, the austenite
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grains are refined obviously again. This phenomenon, in fact, can be attributed to the reduced statically recrystallized grain
size when rolling temperature becomes lower before the 17th pass because of the convection to cooling water, as described
in Fig. 9. In order to investigate the tendency of microstructure evolution during the hot rolling of GCr15 rod and verify the
designed program in this paper, the austenite grain sizes of experiment and simulation are compared, as shown in Fig. 12. It
is observed that simulated results are close to experimental results. Microstructure evolution during multi-pass hot rolling is
more complicated than the evolution during hot compression tests, so the microstructure evolution models obtained on the
basis of the results of compression tests are not able to exactly reflect real evolution of microstructure during GCr15 rod roll-
ing. Take the factor into account, the difference between simulation and experiment is reasonable. In addition, the trend of
simulation is in good agreement with experiment.

6. Conclusions

Four 3-D finite element models for forecasting the distribution and evolution of different field-variables during the hot
rolling of GCr15 rod have been developed. The paper simulates the whole rolling process of GCr15 rod by these models.
Based on the simulated results and the microstructure evolution models of the steel, a FORTRAN program has been pro-
grammed to calculate the evolution of recrystallization behavior and austenite grain size during the whole rolling process
of GCr15 rod. Simulated results of surface temperature are in good agreement with those of experiment, and calculated grain
sizes are close to measured data.
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