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Abstract

The post-dynamic transformation that takes place during the subsequent isothermal holding for the case when dynamic strain-
induced transformation (DSIT) from austenite to ferrite occurs during hot deformation is investigated by cellular automaton modeling.
The simulation provides a better understanding of carbon diffusion in retained austenite and the resulting microstructure evolution dur-
ing the post-dynamic transformation. The predictions reveal that continuing transformation from retained austenite to ferrite and the
reverse transformation can occur simultaneously in the same microstructure during post-deformation isothermal holding owing to
the locally acting chemical equilibrium conditions. Competition between forward and reverse transformation exists during the early stage
of post-dynamic heat treatment. It is also revealed that increasing the final strain of DSIT might promote the reverse transformation,
whereas the continuous austenite-to-ferrite transformation yields a diminishing effect. The influence of the DSIT final strain on the grain

size of ferrite and the characteristics of the resultant microstructure is also discussed.
© 2012 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

A primary goal in steel design is to refine the ferrite
grain size, as this is a mechanism that can simultaneously
improve strength and toughness. Hence, specific emphasis
has been placed on the large-scale design of ultrafine-
grained steels [1-3]. In recent years, a number of techniques
and methods have been developed to produce ultrafine-
grained steels with a ferrite grain size of around I pm
[4-11]. Among the various approaches, the novel technique
of dynamic strain-induced transformation (DSIT) [1,12]
from austenite to ferrite has received much attention owing
to its capability of producing ultrafine ferrite (UFF)
microstructures with grain sizes that typically fall into the
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1-3 um range [11-21]. In DSIT, the UFF microstructure
is achieved by heavy deformation of the undercooled,
metastable austenite just above the transformation start
temperature (Ar3) without using high levels of alloying.
In general, the concurrent deformation and phase transfor-
mation is believed to be necessary for UFF microstructure
production in the DSIT process. Owing to its conceptual
simplicity and efficiency for grain refinement, and the asso-
ciated improvement in strength and toughness, the DSIT
mechanism has been the subject of extensive investigations
[11-26].

Commonly, a typical DSIT schedule consists of a
reheating step to form a desired austenite grain size and
subsequent cooling to a deformation temperature between
the Ae3 and Ar3 temperatures (the equilibrium and empir-
ical austenite to ferrite transformation temperature, respec-
tively). Specific deformation (e.g. deformation mode and
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level) is then applied to achieve UFF. Suitable post-defor-
mation treatment (e.g. controlled cooling) is also generally
included to preserve the UFF microstructure obtained via
DSIT when the deformation is interrupted. During the
DSIT process, the time available for phase transformation
is usually insufficient to fully complete the transformation
from austenite to DSIT ferrite. The unstable retained aus-
tenite can continue transforming into ferrite. Such post-
dynamic transformation (post-DT) influences the final
microstructure of the product significantly. Just like the
metadynamic recrystallization [27], post-DT can start
immediately after deformation without any incubation per-
iod as ferrite nuclei are already present in the material. The
transformation kinetics can also differ from that of conven-
tional y—o transformation or DSIT.

Despite the considerable importance of UFF design
strategies, only a few investigations have focused on post-
DT. Recently, Sun et al. [28] investigated the microstruc-
tural evolution and kinetics of the isothermal post-DT after
compression deformation in a low-carbon steel using both
dilatometry and optical microscopy. However, the focus
was centered on the development of a quantitative dilato-
metric method for the measurement of the DSIT ferrite
fraction [29]. Due to the limitations of the experimental
methods they used, Sun et al. were unable to improve their
understanding of the post-DT mechanism significantly. It
still remains unclear how ferrite growth were controlled
through the post-deformation process.

With the recent development of mesoscale microstruc-
ture-based transformation models [30], simulations can
now provide deeper insight into the mechanism of the aus-
tenite—ferrite transformation and its morphological com-
plexity. Various mesoscopic methods are conceivable, e.g.
the cellular automaton (CA) [31-36], the Monte Carlo
[37,38] and the phase field models [39-42].

Recently, the present authors developed an integrated
CA model to simulate DSIT in low-carbon steels [43,44].
In that work the nucleation of DSIT ferrite and the associ-
ated carbon diffusion behavior during DSIT were
addressed. The refinement mechanism of the DSIT ferrite
can also be studied. The present work is built on the previ-
ous work of DSIT modeling, focusing on the numerical
simulation of microstructure evolution during post-DT
after DSIT. In this work, a modified CA model is devel-
oped to jointly predict the metallurgical mechanisms of sol-
ute diffusion, interface migration and grain coarsening
which pertain to the post-DT mechanism. In modeling this
transformation, the simulated results of DSIT, including
the morphology of grains, distribution of phases and solute
concentration field, are input as the initial conditions for
the following post-DT simulation. Specifically, this model
takes into account the effect of local solute redistribution
on the migration of the y/a interfaces, which allows both
the continuing transformation from austenite to ferrite
and the reverse transformation to be studied. The influence
of the DSIT final strain on the transformation kinetics and
microstructure evolution is also obtained by the model.

2. Model concept
2.1. Growth of ferrite grains

When deformation is interrupted after DSIT, the strain-
induced ferrite grains can grow continuously during the
subsequent post-deformation holding period. Different
from conventional grain-coarsening, this mechanism of
the movement of the y/a interface can be referred to as
“transformation growth”. The driving force comes from
the difference in free energy between the two phases. In
our model, the kinetics of ferrite growth during post-DT
is described as a mixed-mode process governed both by
carbon diffusion and by the y/o interface mobility. The
transformation associated with the y/o interface motion
is described by a free boundary problem for carbon diffu-
sion in austenite and the dynamics of the moving interface.
The kinetics of the y/a interface is determined by

Vi = My F (1)

where 7, is the velocity of y/a interface and M,, is the
effective mobility of /o interface, which includes the struc-
tural influence on the interface mobility, such as incoher-
ence, the set-up of stresses and solute drags. It can be
described, as per Loginova et al. [45], as:

M,, = Myexp <— QW) (2)

RT

where M, is the pre-exponential factor of the interface
mobility, Q,, is the activation energy for boundary migra-
tion, R is the universal gas constant (8.314 Jmol ™' K1)
and T is the absolute temperature (in K).In DSIT, the driv-
ing force for interface migration, F is provided both by the
chemical driving force, F,,,, that is associated with the
transformation and by the stored deformation energy, E,,

F= Fchem + Ed (3)

The chemical driving force for the y/a interface migration,
F_jem» can be derived from Svoboda et al. [46]:

Fhem = /“L;"e - :ulof“e (4)

where i, and uf, are the chemical potentials of iron in aus-
tenite and ferrite, respectively, determined by the local car-
bon concentration on either side of the y/a interface. The
chemical potentials of iron in austenite and ferrite phases
are calculated using the regular solute sublattice model
[47] in the simulation.

During the post-dynamic holding, the stored deforma-
tion energy E, is released dramatically due to recovery.
The evolution of the stored energy E(¢) with soaking time
t is given as following [48],

2
Ed(l) = Ed(lo)1/2 — C(),u;lﬂleIl <1 +‘L'i):| (5)
0

where E,(1y) is the initial stored energy of deformation
which comes from the previous DSIT simulation [44], 7,
is the time when recovery starts, Cy is a combined fitting
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Fig. 1. Driving force for y—o transformation as a function of carbon
concentration in low-carbon steel at 780 °C.

parameter, y; is the shear modulus of the material (i = o, y)
and k is the Boltzmann constant. Recovery is assumed to
occur from the start of the post-deformation soaking, i.e.
to=0s. 79 is a time constant, which was set at 1 s in the
present simulation.

Fig. 1 shows the typical calculated driving force for the
v/o interface migration at the given temperature of
T =780 °C. It can be seen that the driving force decreases
gradually with increasing carbon concentration in austen-
ite. The driving force falls to zero when the carbon concen-
tration in austenite approaches its equilibrium value. The
motion of the y/a interface then ceases. At 780 °C, the
equilibrium carbon concentration in austenite is 0.41
(wt.%). In DSIT, the driving force is increased markedly
due to the effect of the deformation stored energy. The
equilibrium carbon concentration is also increased accord-
ingly. However, with the release of the deformation stored
energy during isothermal holding, this concentration value
becomes supersaturated in the subsequent post-DT. The
driving force for the y/a interface motion then becomes
negative, which indicates that the induced ferrite should
transform back to austenite at the /o interface. This mech-
anism is referred as “reverse transformation”. The sche-
matic illustration of the reverse transformation occurred
at the y/o interface can be seen in Fig. 2.

(a)

Fig. 2. Schematic illustrations of y/o interface migration during the
transformation from austenite to ferrite (a) and the reverse transformation

(b).

Carbon diffusion is occurring during the entire process.
Because the carbon solubility in ferrite is much smaller
than in austenite, carbon diffusion in ferrite is neglected
here. The carbon diffusion in austenite is described by

Oc

—=V-(D,Vc 6
AR AL ©)
where ¢ is the carbon concentration (wt.%) and ¢ is the
time. D, is the carbon diffusion coefficient in austenite,

which can be calculated using the following relation [49]:
D, = Dyexp[—1.6¢c — (37000 — 6000c) /RT] (7)

where Dy is the pre-exponential factor of the carbon
diffusion.

2.2. Ferrite grain coarsening behind the transformation
fronts

During DSIT, ferrite grain layers are continually formed
close to the y/a interface and gradually extend into the aus-
tenite interior [44]. This nucleation mode can not only lead
to a higher nucleation density, but also facilitate the hard
impingement among the neighboring ferrite grains. The
ferrite grains impinge upon each other directly in DSIT
as the phase transformation proceeds. At this stage, the fer-
rite grain boundaries rarely remain in their local mechani-
cal equilibrium after impingement but, rather, are driven
further away by the curvature [50,51] during subsequent
post-deformation holding. According to Burke and Turn-
bull [50], the velocity of a grain boundary segment driven
by the curvature can be expressed by

V,=M,P (8)

where M, is the grain boundary mobility between ferrite
grains and P is the driving force for grain boundary mobil-
ity. The driving force for boundary motion P can be ex-
pressed by

P =K 9)

where y is the ferrite grain boundary energy and x is the
curvature of the o/a grain boundary. Up to 15° misorienta-
tion, the grain boundary energy y can be calculated by the
Read-Shockley equation [52]:

() [-w(2)]

where 0 is the grain boundary misorientation, and 7y, and
0,, = 15° are the boundary energy and misorientation when
the grain boundary becomes a high angle boundary. Be-
yond 15°, we assume a constant value for the grain bound-
ary energy.Several approaches have been suggested to
calculate the interface curvature in lattice-based models
[53-56]. In the current simulation, an approach known
from solidification [56] is adopted to calculate the grain
boundary curvature:

A Kink — N;
Ccell N+ 1

(10)

K =

(11)
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where C,.j; is the cell size in the CA model, 4 =1.28 is a
topological coefficient, N = 18 is the number of the first
and second nearest neighbors for a hexagonal lattice, N,
is the number of cells within the neighborhood belonging
to grain i, and Kink =9 is the number of cells within the
neighborhood belonging to grain i for a flat interface
(x = 0). The topological considerations behind this model
can be found in Figs. A1-A3 in Ref. [56].

2.3. The CA model

The CA model used for the current post-DT simulation
is a modification of the approach developed in our previous
studies [43]. In this formulation, the spatial system is dis-
cretized into a two-dimensional (2-D) regular hexagonal
lattice. Each cell represents a volume of real material with
a distinct phase, solute content and orientation indicator.
The neighbors of a cell are defined by Von Neumann’s rule,
which considers the six nearest cells. In order to describe
the microstructural evolutions during the post-deformation
isothermal holding, six state variables are assigned to each
CA node. These are: (i) the phase state, which denotes
whether the cell is ferritic, austenitic, or contains a y/a
interface; (ii) the orientation variable, which is assigned
an integer identifier representing its crystallographic orien-
tation; (iii) the carbon concentration; (iv) the ferrite trans-
formation fraction variable, f,, representing the ferrite
fraction transformed; (v) the austenite transformation frac-
tion variable, f,, quantifying the austenite fraction trans-
formed; and (vi) the fraction variable, f, used for the
motion of the boundary segment within an o/a boundary
cell.

The kinetics of the automaton is realized by synchro-
nously updating the state variables for all lattice cells in
each time step.

A deterministic transformation rule is applied to deter-
mine the changing state of each CA cell. For the cell (i, ),
in which the status variable belongs to the moving inter-
face, the moving distance of the interface in a single time
step, At, is described as:

t+At
I, = / vdt (12)
t

where v is the velocity of the boundary movement. The
indices (7,j) denote the coordinate of the selected interface
cell. The transformation fraction in (i), f;,, is then calcu-
lated by: '

f:t, = l;,j/LCA (13)

where L, is the distance between two neighboring cells. If
the accumulated value of the transformation fraction vari-
able is greater than 1.0, the interface cell switches into the
new state from the neighboring cells belonging to the cor-
responding growing grain.

Details about the implementation of the transition rules
for austenite—ferrite transformation or DSIT in carbon
steel are provided in Refs. [34,44]; only the novel key points

for the current post-DT simulation procedure are outlined
here:

(1) During post-DT, further nucleation of ferrite is not
considered during the entire isothermal holding time.
All ferrite nuclei appeared during deformation
through the DSIT mechanism.

(2) The motion of the y/a interface is highly correlated
with the local carbon concentration. Whether the
v/a interface moves from the retained austenite into
the ferrite or from DSIT ferrite into austenite is deter-
mined by the local driving force for interface migra-
tion. Hence, in the simulation of grain growth, the
chemical driving force, F,,, is first calculated for
each y/a interface cell according to the local carbon
concentration.

When F ., = 0, the y/a interface moves from austenite
into ferrite. The resulting interface velocity and the ferrite
transformation fraction, f,, inside the interface cells are cal-
culated using Egs. (1) and (13), respectively. If £, is not
below 1, the phase state of the cell switches to ferrite and
all of its neighboring austenite cells change into y/a inter-
face cells. The excess carbon atoms are rejected into these
surrounding interface cells. The carbon atoms diffuse into
the surrounding austenite regions at a rate given by Fick’s
second law, which can be solved numerically using a finite
volume method.

In contrast, when F,,,, <0, the y/o interface shifts from
ferrite to austenite, which implies a reverse transformation
of the induced ferrite back to austenite. In this case, the
phase state of the interface cell changes into austenite.

(3) Curvature-driven grain coarsening is assumed to only
occur between the ferrite grains after the moving
fronts impinge on each other. For the boundary cell
on the o/a interface, the curvature is calculated by
Eq. (11). The velocity of the corresponding boundary
and the direction of the motion can then be deter-
mined. The fraction of the boundary segment within
the boundary cell is calculated according to Egs. (12)
and (13). Finally, the crystallographic orientation of a
boundary cell is reassigned when the boundary
migrates through it (f > 1).

3. Details of the post-DT simulation

A plain low-carbon steel with a chemical composition
(wt.%) of 0.17C, 0.27Si and 0.71Mn is selected for this
study, according to the experimental data used in Refs.
[28,29]. The transformation temperature Ae3 is calculated
as 835 °C by Thermo-Calc. The corresponding thermome-
chanical processing schedule used for the post-PT study is
shown schematically in Fig. 3. The specimen is first heated
up to 1000 °C and held at that temperature for 3 min to
obtain a single-phase austenite microstructure. It is then
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Fig. 3. Schedule of thermomechanical processing used in the post-PT
simulation.

cooled to the deformation temperature of 780 °C and sub-
jected to a uniaxial compression series consisting of loga-
rithmic straining steps of ¢ = 0-1.8 at a strain rate of 10s
~!. During the deformation at the given temperature, DSIT
occurs, which leads to ultrafine-grained ferrite in this
material. After the deformation, the specimen is held iso-
thermally at the soaking temperature (780 °C) until the
post-DT is complete.

In the current simulation, we use a 330 x 240 2-D lattice
to discretize the simulated domain, representing a physical
domain of 132 um x 96 pm in the real material. The initial
single austenite microstructure is created according to a
normal grain growth process, with an average grain size
of 15 um radius. The dynamic strain-induced transforma-
tion from austenite to ferrite is simulated using the previ-
ously developed CA model [43,44]. Details about the
DSIT modeling can be found in Refs. [43,44]. The simula-
tion results of DSIT are then used as the starting state for
the subsequent post-dynamic simulation, including the
morphology of grains, the distribution of phases and the
solute concentration field. The post-DT is not a distinctly
separated process; rather, it is a continuing transformation
of the deformation-induced ferrite formed during straining.
Fig. 4 describes the simulated DSIT microstructure and the
associated carbon concentration field (wt.%) at the final
strain of ¢y = 0.8, which is also used as the input of the start-
ing microstructure in the subsequent post-DT modeling. In
the simulated microstructure, the white regions are retained
austenite phases and the colored areas are DSIT ferrite
grains with different orientations. Different grains are sepa-
rated by black lines (ferrite grain boundaries).

In this paper, grain size is defined by an equivalent grain
radius R; according to:

A;
R = = (14)
where A; is the area of ferrite grain i, which can be calcu-
lated by summing the number of cells of each ferrite grain

included. The average ferrite grain size (R) is calculated as

Fig. 4. The DSIT microstructure (a) and carbon concentration field (b) at
the final deformation of & = 0.8, which are also used as input for the
subsequent post-DT simulation. The different colorful areas in the
microstructure are the DSIT ferrite grains with different crystallographic
orientations; the white regions are retained austenite phase. (For
interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

= (R

R) = == 15
(®) == (15)
where N, is the total number of ferrite grains in the sys-
tem. The key parameters used in the modeling are listed

in Table 1.
4. Simulation results and discussion

Fig. 5a shows the simulated kinetics of ferrite formation
during post-DT when the DSIT final strain g, is 0.8. The
volume fraction of ferrite decreases rapidly during the early
stage of post-DT. This indicates that a fast reverse trans-
formation occurs from the induced ferrite back to austenite
at this stage. This transformation depends strongly on the
local distribution of the carbon concentration within the
simulation domain as the drive towards local chemical
equilibrium determines the driving force for it. The associ-
ated carbon composition field set as input for the post-DT
simulation is shown in Fig. 4b. We observe that the carbon
concentration is distributed very heterogeneously. As men-
tioned earlier [44], only short-range carbon diffusion can
take place during DSIT owing to time constraints. The car-
bon atoms are concentrated within a narrow but sharp
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Table 1
Key parameters used in simulations [44,49].

4773

Mo (mmol J7!s71) Q. (kI mol ™) Dy (m?s7h)

Jm (I t (GPa) 1y (GPa) Co(m™)

0.5 147 47 x 1073

0.56 32 50 7.8 x 102

(a) 0.64 T T T T T
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(=)
n
[o]
T
-

0.54

(b)

to= 0s t5=2.SS

t6=SS

t7=105 ts=155

Fig. 5. Simulated transformation kinetics of ferrite during post-DT at the DSIT final strain of 0.8 (a); snapshots at different times of the carbon
concentration field in reverse transformation (b) and continuing austenite-to-ferrite transformation (c) in the selected regions in Fig. 4. In these pictures,
the black lines represent grain boundaries. The carbon-poor areas where the carbon concentration is lower than 0.022 wt.% indicate the ferrite phase.

layer in front of the moving y/a interface, while the regions
far away from the y/o interface retain their initial austenitic
carbon concentration. Furthermore, in DSIT, continuous
ferrite formation in front of the y/a interface facilitates
the soft impingement (i.e. the overlapping of the carbon
concentration fields) among the neighboring ferrite grains.
The rapid accumulation of carbon atoms at the transfor-
mation interface front decreases the driving force for the
v/a interface migration, resulting in the formation of iso-
lated islands of austenite with high carbon concentrations
surrounded by fine ferrite grains. In these austenitic
regions, the motion of the y/a interface is fully retarded
due to the high carbon enrichment during DSIT. However,
with the release of the deformation energy during the sub-

sequent isothermal holding, this concentration value
changes, becoming supersaturated compared to the equilib-
rium concentration. The driving force for the motion of the
v/o interface becomes negative under this circumstance,
indicating that reverse migration for the y/o interface
should take place from ferrite back to austenite.

Fig. 5b shows snapshots of the local carbon concentra-
tion field as a specific case of the reverse transformation
in the selected zone “I” in Fig. 4b. We observe that the
marked ferrite grain is indeed shrinking gradually owing
to the reverse transformation. The y/a interface segments
continue to move from austenite to ferrite, until the ferrite
grain finally vanishes completely. Carbon redistribution
within the austenite accompanies the transformation.
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When the carbon concentration approaches its final equi-
librium value, the y/o interface motion stops and the
reverse transformation ceases.

In a previous study, Luo et al. [57] also observed the
retransformation phenomenon of ferrite to austenite in a
C-Mn steel during isothermal relaxing after deformation
at 775 °C. They suggested that the difference in the soften-
ing rate of the stored energy in the two phases changes the
phase equilibrium and thus leads to the observed o—y
retransformation. The current results reveal another rea-
sonable explanation for the mechanism of the reverse
transformation during the post-dynamic process.

At the end of DSIT, vary narrow carbon-rich regions
form within the austenite phase near the moving y/a inter-
face. There exists a noticeable concentration gradient
within these local regions, as shown in Figs. 4b and 6. Dri-
ven by this concentration gradient, carbon atoms gradually
diffuse from the interface into the austenite interiors during
the subsequent isothermal holding period, and this
decreases the carbon concentration at the moving y/a inter-
face. When the carbon concentration in austenite is less
than 0.41 (wt.%), the driving force for interface mobility
from austenite to ferrite should change to positive. How-
ever, the interface exhibits no noticeable movement due
to the relatively low driving force and limited transforma-
tion time during the early stage, which indicates that the
continuous growth of the DSIT ferrite should be sup-
pressed temporarily owing to a solute drag effect. This
mechanism, combined with the effect of the reverse trans-
formation, should be responsible for the rapid decrease in
the transformation kinetics of ferrite observed in Fig. Sa.
Yang et al. [58] in fact previously reported that this type
of partial retransformation from DSIT ferrite into austen-
ite occurred during holding at a temperature between Ae3
and Ar3.

As the isothermal holding progresses further, the carbon
atoms on the y/a interface diffuse into the austenite grain
interior by long-range diffusion. As a result, the ferrite
grains grow steadily until the carbon concentration in the
retained austenite has increased to the equilibrium value,

0.5 T T T T T
o\e | |—=— 0Os
i —=—0.05s ,
g 041 —a—0.1s o e
= ||+ 05s € s " |
=] < Bs o L =
= ’
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g 02r \ "',‘ R IR
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8% 2 4 6 8 0 12

Position, pm

Fig. 6. Variation in the carbon concentration along the black line (starting
from the bottom) in Fig. 4b at different soaking times.

as shown in Fig. 6. A much clearer demonstration of this
process can be found in Fig. 5c, which presents snapshots
of the simulated concentration maps within the selected
region “II”. When the continuing transformation of
retained austenite to ferrite is faster than the reverse trans-
formation, the volume fraction of ferrite rises again during
subsequent holding, as indicated in Fig. 5a. This implies
that competition exists between the austenite—ferrite trans-
formation and the reverse transformation during post-DT
after DSIT. The overall transformation kinetics can be
understood as a dynamic equilibrium between these two
mechanisms.

Fig. 7 shows the change in the ferrite fraction as a func-
tion of soaking time during post-DT at different DSIT final
strains. It is seen that a larger strain introduced more ferrite
transformed at the end of DSIT (¢# = 0 s). During the early
stage of the subsequent post-DT, the transformation kinet-
ics exhibits no obvious reverse transformation if the DSIT
final deformation is not sufficient. The remaining austenite
transforms into ferrite continuously and gradually until it
reaches the final thermodynamic equilibrium. However,
with increasing DSIT final deformation, reverse transfor-
mation is seen to be promoted. In contrast, the continuing
transformation from retained austenite to ferrite is sup-
pressed. When the DSIT final deformation is raised up to
& = 1.6, the continuing y-to-o transformation becomes
unnoticeable.

Figs. 8 and 9 show the changes both in the transforma-
tion microstructure and in the carbon concentration field
during post-DT at DSIT final strains of ¢y =0.35 and
& = 0.8, respectively. In the images on the right-hand side,
the carbon-depleted areas where the carbon concentration
is below 0.02 wt.% indicate the occurrence of the ferrite
phase. It should be noted that further ferrite nucleation is
not considered during post-dynamic isothermal holding.
The nucleation situation of ferrite by DSIT, however,
affects the following post-DT. When DSIT was interrupted
at the small deformation of ¢y = 0.35, with a small group of
fine ferrite grains being formed along the prior austenite
grain boundaries in a low volume fraction. In this case,
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Fig. 7. Simulated transformation kinetics of ferrite during the post-DTs at
different DSIT final deformations.
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Fig. 8. Simulated microstructure and carbon concentration field (wt.%) during post-DT at different soaking times, (a) t =0s,(b) t =2.5sand (c) t =155,
at the DSIT final strain of 0.35. The black lines in the figures indicate the grain boundaries. The white areas in the left images are the ferrite phase and the

gray regions are the retained austenite phase.

the carbon concentration in the carbon-rich region on the
v/o interface is not high enough to trigger the reverse trans-
formation. The ferrite grains are able to grow freely into
the austenite phase. When the deformation rose to
g = 0.8, more DSIT ferrite was formed in rafts and cov-
ered the original austenitic area behind the moving y/a
interface. Soft impingements easily occurred among these
fine ferrite grains to form a localized microstructure of iso-
lated carbon-enriched austenite islands surrounded by fine
ferrite grains. Thus, reverse transformation is likely to take
place more easily in this situation during the subsequent
isothermal holdings. Further growth of the DSIT ferrite
could nevertheless take place, because there are large areas
of retained austenite in the grain interior. These zones pro-
vide favorable regions for long-range carbon diffusions. As
a result, the ferrite grains adjacent to these austenitic
regions are seen to clearly grow during subsequent post-
DT, which would produce more heterogeneous size distri-
butions in ferrite grains than the initial input.

From the above arguments, we expect that, when the
prior austenite is completely replaced by the mixed micro-
structure of small-sized austenite islands and fine DSIT fer-
rite at much larger DSIT final deformation, continuing
growth of the DSIT ferrite grains would be restricted owing

to the lack of favorable spaces for long-range carbon diffu-
sion. Hence, a pronounced increase in the ferrite fraction in
the transformation kinetics would not be detectable, as
seen in Fig. 7, when the DSIT final deformation is
increased to ¢y = 1.6. On the contrary, the reverse transfor-
mation becomes preferential.

These results suggest that the transformations during the
post-dynamic isothermal holding are strongly affected by
the DSIT final strain: it determines which occurs preferen-
tially for the continuing transformation from retained aus-
tenite to ferrite and the reverse transformation until the
final thermodynamic equilibrium is reached. However, it
should be noted that, although significant differences in
Fig. 7 are observed in the ferrite volume fraction after 15 s
of isothermal holding at different DSIT final strains, theo-
retically these differences will eventually disappear; i.e.,
given enough time, the material should reach the equilib-
rium fraction at this annealing temperature. This stage takes
quite a long time to complete, as confirmed by experiments
[28,29]. Modeling of the final equilibrium is not attempted in
the current simulation; instead, interest is focused on the
microstructural changes at the initial stage of post-DT.

Fig. 10 describes the variations in average grain size of
ferrite during the post-deformation isothermal holdings at
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Fig. 9. Simulated microstructure and carbon concentration field (wt.%) during the post-DT at different soaking times, (a) t=0s, (b) t=2.5s and (c)
t = 15s, at the DSIT final strain of 0.8. The black lines in the figures indicate the grain boundaries. The white areas in the left images are the ferrite phase

and the gray regions are the retained austenite phase.

the two different DSIT final strains of g = 0.35 and
gy =0.8. It can be seen that further growth of the ferrite
grains is more evident at the smaller DSIT final deforma-
tion. A similar phenomenon is found in the simulated
microstructures in Figs. 8 and 9. In post-DT after DSIT,
grain coarsening plays an import role in affecting the ferrite
grain size. Compared with “transformation growth” (i.e.
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Fig. 10. Changes of the simulated average grain size of ferrite with
soaking time at DSIT final strains of 0.35 and 0.8.

into austenite grains), grain coarsening is the displacement
of the o/a interface after the ferrite grains impinge upon
each other, where larger grains grow through the elimina-
tion of smaller ones. The driving force comes from the cur-
vature of the grain boundaries. At the lower deformation
of 0.35, “transformation growth” of the DSIT ferrite grains
occurs very easily towards the large areas of retained aus-
tenite. Most of the remaining space is filled primarily by
the growth, which would raise the overall average grain size
markedly. Furthermore, it would also facilitate the coars-
ening of the enlarged grains by absorbing adjacent smaller
ones. At the higher DSIT final strain of 0.8, however, a
much larger population of fine ferrite grains is obtained
at the end of the DSIT process. More importantly, these
groups of fine grains extend to impinge in three dimensions
[5]. The adjustment of o/a boundaries should be very slow
in this condition, providing resistance of the fine DSIT fer-
rite against coarsening and growth. The small remaining
austenite islands also retard the grain coarsening by pin-
ning effect. This result suggests that increasing the DSIT
deformation strain would help to preserve the fine ferrite
grains obtained via DSIT by protecting them from coarsen-
ing in the subsequent post-dynamic treatment.
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It should be pointed out that the discussions so far apply
to only two dimensions, as they are based on 2-D simula-
tions. There are potential limitations implied by the 2-D
nature of the simulation. In 2-D simulation, grain edges
and corners cannot be distinguished. Therefore, differences
in ferrite nucleation caused by DSIT at these two locations
cannot be described. This could render slight differences in
the 2-D transformation kinetics of both DSIT and post-DT
from the corresponding 3-D results. In addition, diffusion

£ =0.35

(e)

occurs in different ways in the 2-D and 3-D simulations:
during 2-D simulation, the carbon atoms diffuse within
the considered section but cannot diffuse in the normal
direction, and this influences the evolution of the local car-
bon concentration fields. Despite the limitations, however,
the current 2-D simulation presents a good description of
post-DT after DSIT.

The quality of the phase transformation simulation can
be verified by comparing the micrographs and simulated

Fig. 11. Initial microstructures (a, b, e, f) and resultant microstructures (c, d, g, h) derived from the simulation (left) and from the optical micrographs
(right) during the post-dynamic isothermal holdings of 7= 780 °C at two DSIT final deformation levels (&y). In the simulated micrographs, ferrite is white
and austenite is gray. In the optical micrographs, ferrite is light and martensite, which had been austenite before quenching, is dark.
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microstructures. Fig. 11 shows the initial and resultant
microstructures during post-DT at the two DSIT final
deformation strain levels, as obtained both from the
simulation and from metallography observations of
water-quenched specimens by Sun et al. [29]. In the optical
micrographs, the bright phase is ferrite and the dark is mar-
tensite, which was retained austenite before quenching. It is
seen that the simulated phase arrangement and the grain
structure resemble the metallographic results both in the
initial and final microstructures at the two DSIT final
strains. The same microstructural characteristics as previ-
ously discussed (Figs. 7-9) can be obtained in both simu-
lated and observed microstructures. Thus, the present CA
modeling could reproduce the post-DT after DSIT satisfac-
torily and also match the experimental results very well.

5. Conclusions

A CA modeling has been performed to investigate post-
DT during isothermal holding for the case when DSIT
occurred during deformation. In this model, the migration
of the y/a interface is dependent on the changing of local
carbon concentrations, which permits both the continuing
v—o transformation and the reverse transformation to be
simulated. The results of the simulation provide an insight
into the variation in the carbon concentration field in
retained austenite and the microstructure evolution during
post-DT.

The results reveal that both the on-going austenite-
to-ferrite transformation and the reverse transformation
from DSIT ferrite to austenite might take place simulta-
neously during post-DT. There exists a competition
between these two transformations during the early stage.
When the DSIT final deformation is increased, the
reverse transformation is promoted, whereas the austen-
ite-to-ferrite transformation is reduced.

The results also show that ferrite grains tend to grow
quite noticeably at small DSIT final deformations during
post-DT. The UFF microstructure can be maintained more
easily with a large volume fraction at larger DSIT deforma-
tions. This result indicates that greater deformation for
DSIT would be more beneficial to preserving the UFF
via DSIT during the subsequent post-dynamic processing.
The predicted trends in ferrite grain size evolution as a
result of various DSIT final deformations agree well with
those from existing experimental findings.
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