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Abstract—The possible mechanisms of bainitic transformation in steels are discussed. According to the
known models of the growth of Widmanstatten ferrite, an acicular shape of bainitic lathes is due to anisotropy
in the surface energy. However, the lath replication mechanisms in upper and lower bainite presumably differ
from each other. Upper bainite results from the diffusion-controlled transformation, at which the pearlitic
autocatalysis due to the formation of cementite at the interface with ferrite takes place. Lower bainite is
formed at a smaller temperature via the diffusionless mechanism, when the branching of precipitates or the
autocatalysis of lathes can be provided by a decrease in the system energy due to the disposition of structural
defects at the interfaces of precipitates, so the existence of a characteristic lath size is energetically stipulated
(Weissmiiller effect). The combined effect of different autocatalysis mechanisms leads to a variety of possible

bainite modifications.
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1. INTRODUCTION

Bainite (alongside with ferrite, pearlite, and mar-
tensite) is one of the possible products of the y—o
transformation occurring in steel under cooling [1].
Alloyed bainitic steels of high and medium strength
have found a wide application in large-dimensioned
welded structures and automotive and power produc-
tion industries. However, in spite of extensive experi-
mental and theoretical studies, the mechanisms of the
formation of a bainitic microstructure still remain not
quite clear [2].

Upper bainite is formed by Widmanstatten ferrite
(o) lathes spaced apart by cementite (0) interlayers. In
contrast to pearlite, lattice coherence is partially
retained at the y/a interface, and o and 0 precipitates
may grow in a noncooperative fashion (in upper bain-
ite, ferrite precipitates first [1, 3]), though the volu-
metric o./0 ratio at the developed colony growth stages
is nearly constant [4]. Lower bainite is formed at a
smaller temperature and consists of ferrite lathes
spaced apart by austenite interlayers; cementite pre-
cipitates at latter transformation stages both at the
boundaries of ferrite lathes and in their volume.

At the present time, it has been established that the
bainitic transition is shear lattice reconstruction by
nature [2], but the dispute on whether its rate is con-
trolled by either the diffusion of carbon or the relax-
ation of stresses is still continued [1, 5, 6]. According
to Bhadeshia [1], both types of bainite are formed
below the temperature 7, (see Fig. 1, regions UB,,
LB), i.e., in the phase diagram region, where the y —
o transition is possible in the absence of carbon diffu-
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sion. Moreover, several regimes have been revealed for
the y—a transformation in pure iron depending on the
temperature [7] and may be associated with two bain-
itic and/or two martensitic transformations (isother-
mic and athermic) [8].

However, there exists some experimental facts [3],
according to which the structure morphologically
equivalent to upper bainite appears within the tem-
perature range T, < T < W, (W, is the Widmanstatten
ferrite start line, above which the y—a. transition can
not occur via the shear lattice reconstruction [5] (see
Fig. 1, region UB,). In this case, the formation of
upper bainite is controlled by the diffusion of carbon,
and the phase diagram regions of upper bainite and
pearlite overlap each other [3, 9]. Lattice coherence is
completely lost at the y/o interface in pearlite, but par-
tially retained for bainitic ferrite. The start of the trans-
formation by one or another scenario is likely to
depend on the start conditions for the nucleation of
the first ferrite precipitate.

Another unclarified question is the mechanism of
the replication of ferrite lathes in a bainitic colony. The
proposed model of phase transformations [10—13] in
steel with first-principle parametrization elements has
provided the possibility to construct the major lines of
the iron—carbon phase diagram in compliance with
experiment and to perform a simulation of the ferrite,
pearlite, and martensitic transformations. However, it
has not allowed us to observe the growth of a bainitic
colony. If the replication of lathes follows the pearlitic
autocatalysis mechanism, as hypothesized in the
works [14, 15], the criterion of distinction between
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Fig. 1. Diagram of phase transformations in carbon steel:
Ay, A3, and A, are the boundaries of the two-phase ¥+ o
and y + 0 regions; Wgand Mg are the start lines of Wid-
manstatten ferrite [5] and martensite; 7}, is the line of

equality between the free energies of the y and o phases
(with consideration for the contribution of stresses) at a
constant carbon concentration [1]; 7pis the starting pearl-

ite autocatalysis temperature [10]; and WF, UB,, UB,, and
LB are the Widmanstatten ferrite and upper and lower
bainite regions.

pearlite and bainite is lost within the framework of this
model. In addition, it is well established that at least
lower bainite can be formed in the absence of cemen-
tite. On the other hand, elastic stresses stimulate the
autocatalysis of ferrite lathes by the martensitic type
(twinning), but the ferrite lathes in a bainitic colony in
experiments have the same crystallographic orienta-
tion. To the Bhadeshia’s opinion [1], “it seems that
strain-induced autocatalysis does not play an import-
ant role in bainite formation.”

2. MODELING RESULTS

An acicular shape of Widmanstatten ferrite precip-
itates is usually explained by surface energy anisotropy
[16, 17], which was not taken into account in [11, 12]
for simplicity. It is likely that this anisotropy is lost
when lattice coherence is destroyed at the y/o. inter-
face, thus changing the “upper bainite/pearlite” sce-
nario. The simulation of the growth of a colony of fer-
rite and cementite precipitates within the framework
of the autocatalytic decomposition model [10] is illus-
trated in Fig. 2 without (upper row) and with (lower
row) surface energy anisotropy, which was taken into

account via the replacement ($(Vc)2 - Gx(ch)2 +
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Gy(Vyc)2 in the Ginzburg—Landau free energy func-
tional. It can be seen that the kinetics of transforma-
tion is different in these cases. The first case is charac-
terized by the cooperative growth of o0 and 6 precipi-
tates. In the second case, a ferrite acicula broadening
with time appears first, and cementite is formed at the
following stage. This mechanism relates first of all to
upper bainite in region UB, (see Fig. 1). Bainite in
region UB, may be formed by the same scenario: car-
bon is forced out of ferrite at a rather high temperature
to form a “locking” shell, thereupon the transforma-
tion becomes diffusion-controlled. However, this
mechanism can not explain the growth of lower bain-
ite colonies in the absence of cementite. It seems that
an additional mechanism, which is not associated with
both cementite or stresses, may exist for the replica-
tion of ferrite lathes.

Experiments argue for the existence of a character-
istic size of bainite lathes (for both their length and
width). This cannot be explained by the elastic equi-
librium with the matrix, as the relaxation of stresses in
the course of long-term exposure does not lead to the
change in the size of lathes. In addition, according to
Bhadeshia [1], lathes are not isolated, but linked to
each other by bridges, which are not always visible in a
two-dimensional specimen cross section. In the latter
case, the matter concerns the strong branching of the
only ferrite precipitate rather than the autocatalytic
replication of lathes.

Hence, it is possible to conclude that a bainitic col-
ony is similar to a system with zero surface energy, i.e.,
the limitation of the growth and coalescence of ferrite
precipitates is caused by the energetic advantage of y/o
interfaces. A similar effect was considered by Weiss-
miiller for the recrystallization of grains in the presence
of impurity grain boundary segregation (GBS) [18] and
experimentally confirmed in the work [19]. It has been
demonstrated that an equilibrium grain size, at which
the energy of grain boundaries is zero, is attained in
some systems due to GBS. In the case of the bainitic
transformation, the role of GBS may be played by dis-
locations, which are generated as a result of plastic
deformation during the growth of a lath and have the
lowest energy, being placed at the y/o interface to com-
pensate the mismatch between the lattices. In this case,
the existence of extensive interfaces in the absence of
any pronounced trend to the coalescence of ferrite pre-
cipitates becomes energetically advantageous.

For the qualitative illustration of this effect, let us
formulate a simple model without carbon in which
point defects with a negative energy of bonding with
the y/a interface are formed on it instead of disloca-
tions. Let us write the Ginzburg—Landau free energy
functional as

F = [(f(®)+03(V,0) +03(V,0)

(D
+ 04E(VO) + AE + 6:(VE) )dr.
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Fig. 2. Autocatalytic decomposition of austenite (grey) into ferrite (black) and cementite (white) within the model [10] with iso-
tropic (Gx/Gy = 1, upper row, pearlite colony) and anisotropic (Gx/(Sy = 5, lower row, upper bainite analogue) surface energy at

T =625 K and a carbon concentration ¢y = 0.06.

Here, ¢ is the nonconservative order parameter (¢ = 0
in austenite, and ¢ = *1 in ferrite), & is the density of
defects, f,(d) is the energy density along the Bain path,

Gg(y ) are the anisotropic surface energy parameters, G

is the energy of interaction between defects and the
interface of precipitates, AE is the native energy of

defects, and Gg(V§)2 is the auxiliary contribution
hampering the clustering of defects. Similarly to [12],
let us determine the Bain path by a sixth-order poly-
nomial as

1) = 2g, — g, + b,/6) @ —¢*/2)
+,(0°/3-6'/2) + g,,

where g, is the energy density in ferrite (austenite),
and g, characterlzes the height of the barrier between
these states. Let us note that though the native energy
of defects AE may be high, it does not depend on the
configuration and has no effect on the phase compo-
sition, so we further set A = 0. Taking into account the
qualitative character of this discussion, the model
parameters are selected rather arbitrarily.

()

To analyze the evolution of this system, let us use
the Monte-Carlo method on a square 400 X 400 grid
with reflectionally symmetric boundary conditions.
At every grid node (corresponding to a physically
small material volume), the instantaneous point val-

ues ¢, & are either 0 or 1. The order parameters ¢, &
incorporated into Ginzburg—Landau functional (1)

are calculated by averaging ¢, €, over three coordina-
tion spheres. One of the grid nodes is randomly

selected at each iteration. The value ¢, may switch at
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this node, and the value &; can be exchanged with one
of the neighboring node. The change of values occurs
with the Metropolis algorithm probability calculated
using Ginzburg—Landau functional (1). Moreover, if

a selected node is free from a defect (§, = 0), an

attempt to generate a defect (E,. = 1) at this node is
made with the probability

P = -0)(8F/88) = 0)(04(V)’ +20:A8).  (3)

Equation (3) means that defects are generally gener-
ated at the y/o interface. The generation of defects is
stopped, if their ultimate concentration C; is attained
in the neighborhood of a selected node.

The typical evolution in the case of starting from a
solitary ferrite nucleus is illustrated in Fig. 3. At the
initial stage, the acicular shape of a lath is caused by
surface energy anisotropy. The broadening of this lath
is inhibited by the accumulation of defects at the inter-
face, and this predetermined the width of a lath in the
long run. Further evolution occurs via either the
branching or nucleation of new lathes. Austenite or,
more precisely, the y/o phase interface remains to be a
preferable state in the regions where defects are con-
centrated due to G4 < 0. A colony, which is qualita-
tively similar to lower bainite, is formed at the devel-
oped stages.

3. CONCLUSIONS

Hence, the performed analysis allow us to presume
that the formation of upper bainite is a diffusion-con-
trolled transformation, in which the morphology of
precipitates is stipulated by surface energy anisotropy
Vol. 61
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Fig. 3. Growth of a lower bainite like colony on a square 400 x 400 grid under the conditions of the generation and accumulation
of defects at the interface of precipitates (upper row) and corresponding distribution of defects (lower row) at g, = 0, &= 4,

8/KT =58, Gye/KT = —0.07, G4 /KT = 10~%, 6 = 107>, 6/kT = 102, Cz = 0.03, and Qg = 2.5  10~°. Time is expressed via the

number of iterations N.

similarly to Widmanstatten ferrite, and the replication
of lathes follows the mechanism of pearlite autocatal-
ysis with participation of cementite. On the contrary,
the formation of lower bainite is a diffusionless trans-
formation, in which the replication/branching of
lathes occurs due to the Weissmiiller effect; i.e., a neg-
ative energy of bonding between the defects, generated
during the growth of precipitates, with the y/o. inter-
face leads to energetically advantageous extensive sur-
face area of Y/ interfaces.
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