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Influence of bainite reaction on the kinetics of carbon redistribution during the Quenching
and Partitioning process
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Abstract

In the present study the microstructural evolution and kinetics of carbon redistribution during the partitioning step of the Quenching
and Partitioning process are investigated by means of a modeling approach that simultaneously considers the martensite-austenite
carbon partitioning and the decomposition of austenite into bainitic ferrite. The development of the phase fractions, interface
position, and carbon compositions are analyzed for two different binary Fe-C alloys with distinct initial carbon compositions
and simulation geometries. The composition dependence of carbon diffusivity in austenite is taken into account for solving the
diffusion field equations. Simulations indicate that kinetics of carbon partitioning from martensite to austenite is controlled by
carbon diffusion in martensite and it is little affected by simultaneous occurrence of bainite reaction. On the other hand martensite-
austenite carbon partitioning strongly influences the bainite reaction by inhibiting the growth of bainitic ferrite.

Keywords: Quenching and Partitioning; Bainite; Modeling; Mixed-mode model

1. Introduction s constrained equilibrium is therefore reached by equilibration of
carbon’s chemical potential only (pg' = py). Initially, an infi-
nite set of compositions in martensite and austenite can fulfill
this relation. However, once this condition is coupled with the
conservation equations derived from the other assumptions, a

s given composition of austenite leads to an unique correspond-
ing composition in martensite.

Currently, theoretical considerations and experimental ob-
servations question the assumptions of the CCE model. Mi-
gration of martensite-austenite interface has been directly ob-

w0 served by in-situ transmission electron microscopy [4] and its
relevance discussed by computational models [5, [6]. Besides,
competitive reactions are not always avoided during the Q&P
process, even in careful designed alloys. It has been reported
that transition carbides can tolerate much more Si than cemen-

ss  tite and might form in different stages of the heat treatment, de-
spite high alloying addition [7,18]]. Yet, formation of fine transi-
tion carbides by martensite tempering is usually not considered
detrimental, whereas cementite can be of more concern [9]. De-
composition of austenite may also take place during Q&P. The
so normally employed range of partitioning temperatures enables
the bainite formation from austenite. Nevertheless, because of
high silicon content, bainite formation in Q&P steels is reported
to happen with absence of carbides (i.e., only bainitic ferrite)
[[LOL[7]]. Thus, similarly to TRIP-assisted steels, bainite reaction

s in Q&P steels contributes to carbon enrichment of the surround-
ing austenite. However, decomposition of austenite decreases
the fraction of austenite in the final product, affecting the prop-
erties of the final product. Modern Q&P alloys have been de-
signed with higher manganese and nickel content to improve

e the hardenability of the austenite, decreasing the kinetics of bai-

*Corresponding author. Email: [arthur.nishikawa@usp.br nite formation [2} [11]. However, employment of large fractions

The Quenching and Partitioning (Q&P) process was pro-
posed by Speer and coworkers in 2003 [1]] as a new heat treat-
ment route to obtain bcc + fcc multiphase microstructures with
optimum properties [1} 2]. The Q&P process involves quench-
ing of austenite between the martensite-start (Ms) and room
temperatures to produce a controlled mixture of martensite (@)
+ austenite (y). Then, in the so called “partitioning” step, the
material is isothermally held at a higher temperature to promote
the diffusion of the carbon in the supersaturated martensite to
the untransformed austenite. Thus the partitioning step is in-
tended to carbon-enrich the austenite, allowing its stabilization
atroom temperature. The success of this process depends on the
suppression of competitive reactions that act as sinks for car-
bon, particularly carbides precipitation. Cementite suppression
can be achieved by controlled additions of alloying elements
that delay its formation, e.g. silicon and aluminum. In the re-
sulting Q&P microstructure martensite confers high strength,
whereas stabilized austenite favors good ductility due to occur-
rence of TRIP effect [3].

The essential mechanism of the Q&P process is the carbon
redistribution from martensite to austenite. Speer et al. [1]] have
proposed that the endpoint of carbon partitioning can be mod-
eled assuming a “constrained carbon equilibrium” (CCE). The
CCE hypothesis assumes that during the partitioning step the
mobility of iron and the substitutional species can be neglected,
competitive reactions (e.g., carbides precipitation, decompo-
sition of austenite) are fully suppressed, and the martensite-
austenite interface can be assumed immobile or stationary. The
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of alloying elements increases the production costs and may im-
ply processing difficulties due to, for example, development ofiz
segregation bands. This is even more critical when considering
the Q&P applied to cast products, such as cast iron, where the
microsegregation formed during solidification is not mitigated
by further thermomechanical processing [12]].

It is clear that a better view of how the competitive reac-izs
tions affect the microstructural evolution during the Q&P pro-
cess is necessary, as it strongly influences the final properties
of the material. A physically-based model that accounts for
the involved metallurgical processes can provide a fundamen-
tal understanding of how the interactions between the differentiso
phenomena affect the final microstructure.

Different models are available in the literature for describ-
ing the carbon partitioning from a supersaturated bcc phase to
an fcc phase, either considering interface migration or not. The
problem was first addressed by Mujahid and Bhadeshia [[13]ss
and by Hillert et al. [[14] in the context of the discussion of the
mechanism of bainite reaction. In both papers the authors per-
formed one-dimensional (1D) simulations to solve Fick’s sec-
ond law for the bulk phases and evaluated the kinetics of decar-
burization of a carbon-supersaturated ferrite plate. As bound-14
ary conditions, Mujahid and Bhadeshia assumed fixed com-
positions determined by paraequilibrium at the @’/y interface.
Hillert argued that this assumption would lead to a disconti-
nuity in the chemical potential of carbon at the interface. Al-
ternatively, they proposed a condition of “local equilibrium foriss
carbon” at the interface, in which the equality of chemical po-
tentials is obeyed, albeit only for the carbon. This hypothesis is
essentially the same used by Speer et al. [1] in the formulation
of the CCE theory. Most recently, the carbon partitioning under
the influence of a mobile @’/y interface has been approached by:so
calculating the diffusion fields of carbon in a 1D grid [5,16] and
by phase-field modeling in two and three dimensions [[15} [16].
These studies have relied on Hillert’s local equilibrium for car-
bon as thermodynamical condition at the interfaces.

The local kinetics of diffusional growth of ferrite from austenss
ite at high temperatures has been extensively reported in the
literature. However, modeling the formation of Widmanstt-
ten/bainitic ferrite is particularly challenging, given that there is
still no agreement about the mechanism of its growth. The two
concurrent schools dispute whether the bainite reaction takesiso
place with or without diffusion during the growth of subunits,
implying different thermodynamical conditions for its growth
[[L7 [18]. According to the diffusionless theory, bainitic ferrite
grows by successive nucleation and growth of subunits by a dis-
placive mechanism until the carbon content in austenite reaches
the Ty limit. When T is reached, the free energies of fcc165
and bcc are equal and, consequently, there should be no driv-
ing force for nucleation of new bainite subunits. Conversely,
the diffusional theory states that bainite grows by a reconstruc-
tive mechanism controlled by diffusion of carbon [19, 20, 21]].
The thermodynamical limit for the transformation in these con-
ditions is assumed to be the meta-stable equilibrium betweenizo
ferrite and austenite. In turn, since mobilities of substitutional
elements at the range of temperatures for bainite formation are
very low, paraequilibrium condition is normally invoked to de-

scribe this limit.

None of the proposed mechanisms for bainite reaction seems
to describe the experimental results perfectly well. Experimen-
tal points often lie beyond the T line for low temperatures and
below it for high temperatures [22]. Similarly, the paraequilib-
rium lines also fails to accurately describe the thermodynamical
limit for bainite reaction. Efforts have been made on both sides
of the dispute to obtain a better description of the phenomenon.
Among the researchers that defend the diffusional view it is of
general agreement that the transformation stasis is caused by
dissipation of the chemical driving force by solute drag at the
interfaces [23]]. A few studies have achieved some success in
predicting the bainite stasis using a so called GEB (Gibbs en-
ergy balance) theory concurrently with an analytical solution of
the mixed-mode model [24} 25]. However, it is reported that
even in similar conditions of temperature and composition the
solute drag theory can encounter problems for supporting the
experimental data [26].

An alternative theory for describing the thermodynamical
limits of the bainite reaction was proposed by Hillert and cowork-
ers [22]]. Hillert postulated the existence of a thermodynami-
cal barrier for the growth of bainitic ferrite. Using experimen-
tal data, the authors determined that the additional energies for
bainite formation at 700, 450, and 300 °C are 107, 1283, and
2329 J/mol, respectively. These values were then interpolated
using a spline to get a smooth curve describing the variation of
the extra energy with the temperature. Using the modified free
energies of ferrite it was possible to obtain the thermodynamical
limit for the growth of Widmanstitten and bainitic ferrite, a so
called WBs limit. The WBs theory was able to predict reason-
ably well the phase fractions and the austenite carbon content
for several alloys, even when the effects of different alloying
elements were considered.

In the present study the microstructural evolution and ki-
netics of carbon redistribution during the partitioning step of the
Q&P process are investigated by means of a modeling approach
that simultaneously considers the martensite-austenite carbon
partitioning and the decomposition of austenite into bainitic fer-
rite (henceforth, coupled model). The evolution of the phase
fractions, interface position, and carbon compositions are ana-
lyzed for two different binary Fe-C alloys with distinct initial
carbon compositions and simulation geometries. A more accu-
rate assumption which considers the composition dependence
of carbon diffusivity in austenite is taken into account for solv-
ing the diffusion field and the results are compared to the gen-
erally adopted constant diffusivity approach.

2. Model

The kinetic model for carbon diffusion has been implemented
by numerically solving the laws of diffusion by means of a 1D
finite-difference method (FDM). For modeling purposes, it is
assumed that martensite has a bcc structure supersaturated in
carbon. The main assumptions of the CCE theory are con-
sidered for modeling the carbon diffusion from martensite to
austenite. Thus, during the partitioning step, the carbon in marten-
site is redistributed to austenite without movement of the inter-
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face and with no partitioning of substitutional elements. At the
martensite-austenite interface the chemical potentials of carbon
in both phases are set equal (local equilibrium for carbon). This
is a necessary assumption in order to guarantee the continuity of
the chemical potential along the interface. These assumptions
imply that for a given composition of austenite at the interface
there is a unique corresponding composition in martensite.

The growth of bainitic ferrite (a;) from the austenite has
been modeled using a mixed-mode approach for describing the
sidewise movement of the ferrite-austenite interfaces (plate-thick-
ening). Only the plate-thickening kinetics has been considered
because both the thickening and lengthening cannot be simul-
taneously represented in the 1D case. The plate-thickening sce-
nario represents the growth of a bainitic ferrite lath oriented in®®
parallel to the martensite plate. In turn, the foundation of the
mixed-mode model is based on an energy balance between the
available chemical driving force for movement of the interface
(AG"™) and the dissipated energy due to the interface migra-
tion (AG/"). These two terms can be expressed as follows:

220

AGEhen — Z X (= ) 1)
AGfric — Vm% (2)

where x{' is the concentration of the component i in the grow-
ing phase @, i/ is the chemical potential of i in the phase p,
Vin is the molar volume of the growing phase, M the interface
mobility, and v the interface velocity, which assumes positive
values for the ferrite growth. At the interface the local equi-
librium of carbon is assumed, so that AG"™ arises from the230
differences of chemical potentials of iron and the substitutional
species, while AG/" is function of the interface velocity and
the interface mobility. By equating these two terms an expres-
sion for the interface velocity in Fe-C system is obtained, as
follows:

M @ a
V= (ke = 5,) 3)
The interface mobility M is expressed in the familiar Arrhe-

nius form, M = Myexp[—Q,/(RT)]. In this work the parame-
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ters suggested by Gamsjiger et al. [27,28], My = 2 x 104 m*J~'s

and Q, = 140000 J mol~!, were used.

The diffusion of carbon in martensite, austenite, and during
the growth of bainitic ferrite is modeled by numerically solving®*
Fick’s second law of diffusion. The numerical solution for in-
creasing partitioning times is determined by a finite-difference
method (FDM) assuming that the diffusion coeflicient of car-
bon in austenite varies as a function of the composition. This
assumption is more physically accurate than the traditional con-
stant diffusivity approach, as the carbon diffusivity in austenite
is strongly sensitive to the carbon content [14]]. Fick’s second®*
law was discretized implicitly for the derivatives of the compo-
sition and explicitly for the gradient of the diffusion coefficient
following the equations:
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t+1
i+1
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where the indices i and ¢ refer respectively to the node posi-
tion and the time step, c§ is the mole fraction of carbon, D; is
the diffusion coefficient of carbon, At is the time step and Az is
the step size. The diffusion coefficients of carbon in austenite
and ferrite/martensite phases were calculated using the equa-
tions determined by Agren [29] 30]:

D) =453x 107 |1+yL(1-y%) -

8339.9}

1
X exp [— (? ~2.221 x 10-4) (17767 - 26436y2)] ©)

10115
D =2x 1078 exp (—T)

2 i
1+ Z arctan (1.4985 - ﬂ)]} ®)
b4 T

both evaluated in m?/s, where T is the temperature in K and yz
is the site fraction of carbon in austenite, which is related to the
molar fraction of carbon x7. by the relation yj. = x./(1 — x}.).

The FDM algorithm was applied in independent grids cor-
responding to the different phases considered in the problem.
In order to couple all grids without violating the conservation
laws, the boundary value problem at the interfaces was evalu-
ated by means of the following equation:

X exp {0.5898

@

—D”dL c")——Dyﬁ
€ dz int) = 7C dg

At the immobile martensite-austenite interface, evaluation

of equation [9] for v = 0 implies that the flux of carbon must
be equal in both phases. In turn, for the migrating bainitic fer-

€))

+ v(cy

int

int int

-1rite/austenite interface the boundary condition becomes a Ste-

fan problem considering the interface velocity determined — in
the mixed-mode model — by equation 3] Neumann boundary
condition representing zero flux of carbon was applied to the
extremities of the calculation domain in order to keep the do-
main as a closed system.

3. Simulation conditions

Two Fe-C alloys with different initial carbon compositions
were chosen for the calculations, a low carbon steel Fe-0.25 wt %C
and a high carbon alloy Fe-0.8 wt %C. Following Andrews equa-
tion [31]], martensite start temperatures (Ms) were estimated to
be 433 and 201 °C, respectively. Alloying elements commonly
used in Q&P steels (e.g., Mn and Si) were neglected, as addi-
tional variables would be introduced. Moreover, it was found
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by previous thermodynamical calculations that such elements
do not considerably affect the compositions of equilibrium and
constrained carbon equilibrium in a way the results could lead
to misleading interpretations.

Different initial martensite-austenite morphologies were eme7s

ployed for each alloy, reflecting the effect of the carbon in the
morphology of martensite. For the Fe-0.25 wt %C alloy a film
morphology was assumed, as previously used by Santofimia
et al. [6], consisting of martensite and austenite films with

0.20pum and 0.06 um of thickness (23 vol % of austenite), aszso

represented in Figure [Th. Nucleation of a single bainitic ferrite
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Figure 1: Schematic illustration of the morphologies considered in the simula-
tions for a) Fe-0.25 wt %C alloy, b) Fe-0.8 wt % alloy with one initial nucleus
of @y, and c) Fe-0.8 wt % alloys with three nuclei of .

315
plate is assumed to occur in the middle of the austenite film at
t = 0, when the partitioning step begins. All simulations were
carried out assuming the partitioning temperature of 350 °C, as
previously considered by Santofimia and coworkers.

Martensite in high carbon alloys presents plate morphology®”
considerably coarser than in low carbon steels and, since the Ms
temperature is lower, a greater fraction of austenite is expected
at the same quenching temperature. Thus, for the Fe-0.8 wt %C
alloy a microstructure consisting of a martensite plate 1.0 um

thick adjacent to a block of austenite 1.0 um thick (50 vol % of
austenite) has been considered. Such dimensions are consis-
tent with martensite morphologies reported in works on Q&P
applied to alloys with similar carbon compositions [8} [12]. Re-
garding the bainite reaction, two scenarios have been consid-
ered for this alloy. In the first, a single bainitic ferrite plate is
nucleated at instant # = 0 in the middle of the austenite block
(Figure[Ip). In the second scenario, three bainitic ferrite plates
are nucleated equally spaced in the austenite block at + = 0
(Figure([Tk). Despite the fact that nucleation usually occurs het-
erogeneously at defects, the homogeneous nucleation assump-
tion is necessary in the 1D simulations, since the calculation
domain does not provide an extra dimension into which the par-
ticle could grow.

In order to build a gradual understanding of the studied phe-
nomena, the martensite-austenite carbon partitioning and the
bainite reaction were first approached separately for the low
carbon alloy. In addition, as most of the works in the literature
assume the simplification of constant carbon diffusivity, the ef-
fect of adopting this simplification was tested by comparing the
cases where constant Dé and composition dependent Dé are as-
sumed. The carbon partitioning was simulated using the same
geometry employed in the coupled model. Simulations of the
bainitic ferrite growth were conducted considering an austenite
film with the same dimensions as the untransformed austenite
in the coupled model.

The chemical potentials of carbon and iron at the partition-
ing temperature were determined by thermodynamical calcula-
tions using the TCFE8 database with the Thermo-Calc® soft-
ware. Additionally, in order to account for the discrepancy be-
tween the experimental and computationally determined ther-
modynamical limits for the bainite reaction, the chemical po-
tentials of the bainitic ferrite were modified by considering the
WBs theory. Following the extrapolation proposed by Hillert,
the extra energy for the bainite reaction at 350 °C is 1965 J/mol.
This energy was summed up to the chemical potentials of bainitic
ferrite, leading to a carbon content in austenite of approximately
1.75 wt % at the metastable equilibrium, as is visualized in Fig-

ure2

4. Results and discussion

4.1. Effect of carbon diffusivity on kinetics of carbon partition-
ing

Figure [3h shows the evolution of carbon profiles during the
partitioning process simulated assuming a constant value of Dg
equals to 1.72 x 1077 m?/s; Figure [3b shows the carbon pro-
files obtained assuming composition dependence of Dz. In
both cases the carbon content of austenite at interface is very
high for short partitioning times and gradually decreases as the
carbon partitioning proceeds. Similar results have been pre-
viously reported in the literature [S) 6]. It is remarkable that
when DZj is assumed constant, the carbon composition at the
interface reaches a peak value of 6.99 wt %, which is higher
than the fraction of carbon in cementite. On the other hand,
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375
when the composition dependence on the diffusivity is consid-
ered the maximum composition is 3.11 wt %. Furthermore, car-
bon in martensite at the interface quickly decreases to values
near zero when the effect of carbon concentration on the diffu-
sivity is considered (< 0.01 wt % after 0.01 s). It is also noticedsso
that the gradient of carbon in austenite is different for each con-
dition. The carbon profiles in martensite are relatively flat when
D’é is constant. In turn, a steeper gradient is observed in marten-
site at the interface when the composition dependence of Dé is
considered. ass

These observations can be explained by how the carbon dif-
fusivity affects the mass balance of carbon in the system. It
can be proven [14] that, as long as soft impingement has not
occurred (i.e., for short times), the following relation must be
fulfilled in order to satisfy the mass conservation at the inter-se
face:

DO/. CY _ CO 2
C int — ( int ] (10)

4 0 _ @
Cint = G
395

where ¢? is the initial carbon content, and i and DZW are
the fraction of carbon and diffusion coefficient of carbon in the
phase p at the interface. Evaluation of the diffusion coefficient
of austenite (eq. [7)) implies that an increase of 1 wt % in the car-
bon increases the carbon diffusivity by about one order of mag-
nitude. Thus, the high concentration of carbon at the interface

leads to a local increase of the carbon diffusivity, decreasing the

400

DY . ..
o ratio. Therefore, when the composition dependence of Dé
Cint

is considered, cl7m and cl?”r;t must be lower in order to equation
be satisfied. For times longer than 0.1 s soft impingement oc-**
curs in martensite and interfacial compositions decrease, devi-
ating from the values predicted by equation[I0] It is worth men-
tioning that the values of ¢} and c;f;t are restrained by the local
equilibrium of carbon and, therefore, cannot be freely changed.
The kinetics of carbon partitioning can be quantitatively vi-*"°
sualized by means of the evolution of the average carbon con-
tent of martensite and austenite with time (Figure [3¢). For con-

stant Dz the martensite is completely decarburized after about
2 s, whereas the same state is reached after only 0.1 s when the
composition dependence of Dé is considered. In both cases,
once the martensite plate is completely decarburized the com-
position of austenite reaches the value predicted by the CCE
model (1.12 wt %). The different kinetics are explained on basis
of which process controls the carbon partitioning. For composi-
tion dependent Dé the carbon partitioning is controlled by car-
bon diffusion in martensite due to the rapid decrease of carbon
in martensite at the interface for short times. Conversely, for
constant Dé the process is controlled by diffusion in austenite.
It is noteworthy that despite the decarburization of martensite
being completed after short times (< 105s), the homogeniza-
tion of carbon in austenite takes substantially longer. From the
carbon profiles, the homogenization of carbon in austenite is
reached after 100 s when D/, is assumed constant and 10 s when
it varies with composition. This happens because the homog-
enization depends solely on the carbon diffusion in austenite,
which occurs at a slower pace than diffusion in martensite.

The carbon profiles during the growth of a single bainitic
ferrite plate are shown in figures 4p (constant Dé) and (Dé
varies with composition). In the mixed-mode model the com-
positions at the interface gradually evolve from the initial com-
position to the composition of (metastable) equilibrium. This
composition is dictated by the WBs limit, corresponding to a
carbon concentration of 1.75 wt %. At the beginning, the sys-
tem is in a non-equilibrium state where the chemical potential
of iron is higher in austenite than in ferrite, leading to a posi-
tive chemical driving force for the growth of the ferrite into the
austenite. As the growth of bainitic ferrite proceeds, the carbon
rejected from ferrite progressively builds up in austenite, the in-
terfacial composition approaching the composition of equilib-
rium. When the equilibrium is reached the chemical potential
of iron is equalized across the interface and, consequently, there
is no more chemical driving force to be dissipated and the inter-
face stops. The final transformed fraction and the final position
of the interface, determined by the lever rule, are 85 wt % and
0.0045 um, respectively.

In the carbon profiles the dotted lines represent the carbon
content of austenite at the interface plotted as a function the po-
sition of the interface. In both cases these lines show inflections
as the interfaces advance, representing a decrease of the inter-
face velocity. In Figuredp the carbon profile at 1.5 s shows that
at this stage the diffusion field of carbon ahead of the interface
interferes with the diffusion field coming from the other half of
the austenite, i.e., soft impingement occurs. Soft impingement
leads to a faster accumulation of carbon in the untransformed
portion of austenite, therefore leading to a faster decrease of
the chemical potential of carbon in austenite and the chemical
driving force for the interface migration (eq. [T). Consequently
the interface slows down at a higher rate, causing the observed
inflections.

The comparison of the evolution of the interface positions
with time is shown in Figure ft. The results are also com-
pared with an analytical solution assuming constant diffusiv-
ity in austenite and equilibrium compositions at the interface
(dashed line). In the simulated curves the interface moves faster
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Figure 4: Simulation of growth of single plate of @}, a) Carbon profiles determined assuming D’é constant. b) Carbon profiles obtained assuming the dependence of
the carbon content in Dz. ¢) Comparison of the evolution of the ay,/7y interface position.

in the beginning and slows down by soft impingement whenass
the position of equilibrium (0.0045 um) is approached. The
analytical solution does not account for soft impingement and
therefore equilibrium state is never reached in this case. As a
consequence of the higher diffusivity in austenite, the kinetics
is faster when D varies with the composition than when D(.,,,
is constant (for both simulated case and analytical solution).
However, the growth rate according to the analytical solution is
slightly higher than in the simulated constant D}, case, despite
the similar assumptions. This difference is observed because
the interface migration in the mixed-mode model is limited by,,,
its mobility M, while the analytical solution effectively consists
of an extreme case where M is infinite and the interface velocity
depends only on the diffusion of carbon in austenite.

From the above results, it is clear that the composition de-
pendence of diffusivity has an important effect on the kinetics
of the phase transformations taking place during the Q&P pro-
cess. In the next section, the simulations considering the simul-
taneous occurrence of the bainite reaction and the martensite-
austenite carbon partitioning are presented considering this ef-
fect.
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4.2. Coupling martensite-austenite carbon partitioning and bai-
nite reaction
4.2.1. Low carbon alloy

Figure [3p shows the carbon profiles obtained with the cou-
pled model for the low carbon alloy (0.25 wt %C) partitioned
at 350 °C. The vertical lines represent the position of the inter-
faces at the end of the simulation. As in the case of martensite-
austenite carbon partitioning, for short times the carbon profiles
in austenite are very sharp close to the martensite-austenite in-
terface and attenuate for longer times. The carbon content of
martensite at the interface quickly drops to a value near zero,
leading to a process controlled by the carbon diffusion in marten-
site. A flat carbon profile in austenite, denoting its homogeniza-
tion, is obtained after 10s.

The development of the carbon profile during the growth of
the bainitic ferrite plate can be analyzed by means of Figure[Sp,
which shows a detail of the austenite-bainitic ferrite interface.
The dotted line represents the austenite carbon content at the
interface plotted as function of the position of the interface. An
inflection in the dotted line is observed at about 0.3 s, associated
with a decrease of the interface velocity due to soft impinge-
ment, as discussed before. In this case the diffusion fields that
interact are those resulting from the carbon partitioning from
the martensite and due to the rejection of carbon during to the
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growth of bainite.

Evolution of the average carbon content in martensite and
austenite is shown in Figure [6] and compared to the results of
the martensite-austenite carbon partitioning case. Evolution of
average carbon in martensite (black and red solid lines) shows
no different behavior from one case to another. This occurs be-
cause the decarburization of martensite is essentially controlled
by carbon diffusion in martensite, so that its kinetics depends
only on the size and composition of the martensite plate, being
virtually insensitive to what occurs in the neighboring austen-
ite. On the other hand, kinetics of carbon enrichment of austen-
ite (dashed lines) shows some important differences. The two
curves follow the same trend for very short times (< 0.03s)
but, as the rejection of carbon due to growth of bainitic ferrite
takes place, the carbon enrichment of austenite becomes faster
in the coupled model, reaching the CCE composition earlier
than in the a’/y case. Moreover, once the austenite-bainitic
ferrite interface is free to move, the carbon content of austen-
ite is no longer limited by the CCE composition determined
from the initial microstructure and keeps increasing until the
equilibrium composition between bainitic ferrite and austenite
(i.e., the WBs limit) is reached. In the end, the carbon diffu-
sion achieves the stationary state and the chemical potential of;,
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Figure 6: Comparison of the evolution of the average composition of @’ and y
in the coupled model (black lines) and in the @’ /y model (red lines).

carbon becomes homogeneous in the system.

A related point to consider is that the system does not estab-
lish a true equilibrium when the carbon profiles achieve the sta-
tionary state. Unlike the bainitic ferrite, the chemical potentials
of martensite (carbon supersaturated ferrite) were not modified
to account for an extra energy and, consequently, the equilib-
rium compositions for the martensite-austenite pair are given
by the extensions of the Ae; and Aes lines. Hence, marten-
site establishes a constrained carbon equilibrium in relation to
a microstructure containing the phase fraction of austenite de-
termined by the WBs limit. In the final state, metastable equi-
librium between bainitic ferrite and austenite and CCE between
martensite and austenite are simultaneously established. Such
situation is visualized in the schematic free energies curves shown
in Figure[7]

G

ap 7 |
Hre = HFe [+

1965 J/mol
(WBS)

o <1 L
HEe < HFe

Fe C

Figure 7: Schematic diagram illustrating the free energies and compositions of
the phases in the coupled model when the stationary state is reached.

4.2.2. High carbon alloy

The carbon profiles obtained from the simulations for the
high carbon case considering the nucleation of only one bainite
plate are shown in Figure [Sp. As with all the other discussed
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cases, the compositions at the interface experience a rapid rise
in austenite and a fast drop in martensite. The higher composi-sys
tion peak at the interface (4.18 wt%) when compared to the low
carbon case can be explained on basis of equation[I0] When the
initial composition ¢ is raised, the right term of eq. is eval-
uated to a lower value. The equation is balanced when either

the ratio DE; i (left term) decreases or when the interfacial com-5%
positions irclgreases. Both requisites are simultaneously fulfilled
when the interfacial composition of austenite ciym increases, ex-
plaining the result. The carbon partitioning from martensite
to austenite takes longer than in the low carbon case, mainly
reflecting the coarser simulated microstructure. The marten->*°
site plate is completely decarburized after 10s and the carbon
in austenite is homogenized at the WBs composition at about
1000 s.

Carbon profiles in austenite near the bainitic ferrite plate
are shown in Figure [8p. At the beginning the interface moves™”
forward consuming austenite, but at 50 s the direction of the in-
terface changes and the plate starts shrinking. Such behavior
is more clearly illustrated in Figure D, in which the evolution
of the interface position and the carbon content in austenite at
the interface are exposed. When the interface shifts its direction®®

400 600 800

Time (s)

0 200

1000

Figure 9: a) Evolution of position of the @/ interface with time (solid line)
superimposed with the composition of austenite at the same interface (dashed
line). b) Evolution of the chemical driving force available for a;, growth.

of motion, the interfacial composition of austenite (cz/m) reaches
the WBs composition and continues further increasing due to
the carbon partitioned from the martensite. Once the carbon
concentration in austenite is higher than the equilibrium value,
the chemical potential of iron becomes higher in austenite than
in ferrite. This causes the chemical driving force available for
bainite growth to become negative (as shown in Figure [Op),
which in turn induces the interface moving back towards the
bainitic ferrite plate. Additionally, the change of the interface
motion causes the development of a negative composition gra-
dient in austenite in order to keep the mass balance preserved.
At the moment the interface shifts its motion this gradient is
zero, as can be seen in the carbon profile at 50 s (dashed line).
Carbon profiles for the case assuming nucleation of three
bainite nuclei in austenite are presented in Figure [[0} Because
of the symmetry condition at the extremities of the simulated
domain, only two (one and a half) bainitic ferrite plates, @;;
and «,, are represented in the figure. Regarding the carbon
partitioning from martensite, this simulation represents all the
previously reported phenomena. However, in contrast to the
last case, the present scenario exhibits two austenite regions (y;
and ;) separated by the bainitic ferrite plates. The three mobile
bainitic ferrite-austenite interfaces are named i, i;, and i3, as
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Figure 10: Carbon profiles for the coupled model applied to the high carbon alloy (0.8 wt %) with three nucleated bainite plates.

indicated in the figure.

Due to the smaller dimensions of the austenite blocks, soft
impingement occurs after a shorter time than in the case assum-
ing only one bainite plate. The carbon content in the austenitesso
grain closer to the martensite (y;) rapidly increases, surpassing
the WBs composition and reversing the movement of the inter-
face i after only 4 s. The other austenite grain (y,) experiences
soft impingement of the diffusion fields originated from the car-
bon rejected during the growth of the bainite plates. After 50 sses
the carbon in y, is completely homogenized at the WBs com-
position, which is accompanied by the full stop of interfaces i,
and i3. However, interface i; keeps moving backwards as long
as the equilibrium state in y; is not achieved. As this state is
not achieved before a;; is completely dissolved, at about 90 s,se0
a single austenite block, y, is formed. This situation is illus-
trated by the carbon profile at the imminence of dissolution of
the plate, shown in Figure@ Afterwards, the excess of carbon
in austenite causes the reversal of the movement of the inter-
face i3, establishing a situation similar to the one-bainite platesss
scenario. The remaining bainitic ferrite plate keeps dissolving
until the carbon in austenite is homogenized at the WBs com-
position, which happens at about 1000 s.

In this work the martensite/austenite interface migration has
been neglected in order to avoid too many variables being si-eoo
multaneously evaluated in the model, in spite of such mobility
being experimentally observed in some alloys [4} 132]. Indeed,
carbon partitioning results in a difference of chemical poten-
tials of iron (and substitutional elements) across the interface,
leading to a driving force for martensite/austenite interface mi-sos
gration [33]. However, whether interface migration will occur
or not depends on various factors, such as composition, orien-

tation relationship, martensite morphology [32]], and pinning of
interface dislocations by segregation [34} [35]. The influence
of the martensite/austenite interface migration on carbon parti-
tioning was modeled by Santofimia et al. considering different
interface mobilities [3, |6]. In accordance to the results of the
present model, Santofimia’s model showed that kinetics of de-
carburization of martensite is very fast and it is little affected by
interface migration. On the other hand, evolution of carbon pro-
files in austenite and interface position is very sensitive to inter-
face mobility. In the case of a incoherent interface, Santofimia
showed that carbon partitioning induces interface migration to-
wards austenite for short times and then back to martensite for
longer times. For the case of a semicoherent interface, car-
bon profiles for short times are similar to those obtained in the
immobile interface case, while for longer times the interface
moves towards the martensite plate. In both cases equilibrium
between the bce and fcc phases is approached for longer parti-
tioning times, such as in the present model.

The effect of mobility of the austenite/bainitic ferrite inter-
face on carbon partitioning can be interpreted in a similar way
to Santofimia’s conclusions for martensite/austenite interface
migration. In the case of adopting a mobility value infinitely
large, the plate thickening of bainite would be controlled by
carbon diffusion. Since the martensite/austenite carbon par-
titioning is governed by the carbon diffusion in martensite —
much faster than carbon diffusion in austenite — the kinetics
of martensite decarburization would be little changed from the
prediction of the current model. On the other hand, a lower
value of the interface mobility would imply a longer time nec-
essary for the homogenization of carbon in austenite.

The effect of varying the quenching temperature is also worth
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discussing. As shown in the simulations, dissolution of bainitic
ferrite occurs by excess of carbon in austenite at the vicinity of
the a;/y interface. A higher fraction of martensite is produced
at a lower quenching temperature. In this situation, the amount
of carbon available to partition to austenite will be larger, en-;s
hancing the dissolution process of bainitic ferrite. There will
be a critical quenching temperature where any bainitic ferrite
precipitate will be completely dissolved at the end of the parti-
tioning step.

In summary, results show that carbon partitioning from martey-
site to austenite significantly affects the kinetics of the bainite
reaction. Partial or total dissolution of bainitic ferrite plates oc-
curs due to accumulation of carbon coming from martensite to
the adjacent austenite. The kinetics of these phenomena can
be partly explained by the 1D approach used in the current
work. When the problem is approached in two or three dimen-
sions, carbon is able to diffusive through other routes not rep-
resented in the 1D case. Consequently, carbon is more prone to
be trapped in isolated regions in 1D simulations than in 2D/3D
simulations. This behavior explains the development of a more
heterogeneous distribution of carbon along austenite grains in
2D/3D simulations, as pointed out by Takahama et al. [15].

Moreover, the kinetics of carbon partitioning is little af-
fected by simultaneous occurrence of the bainite reaction. The
thermodynamical conditions in the martensite-austenite inter-
face imply that carbon in martensite at the interface decreases
to zero at very short times, staying at a nearly constant values
until the end of the partitioning step. Consequently, the rate
of carbon partitioning becomes controlled by carbon diffusion
in martensite. The decarburization time will be essentially af-
fected only by the dimensions of the martensite plate and the
initial carbon content. On the other hand, presence of carbides
might play a substantial role in defining the kinetics of carbon
partitioning. Once the carbides are formed in martensite, car-
bon partitioning will be only possible if this is accompanied®
by dissolution of carbides [7]], which is presumably a process
much slower than diffusion of carbon in martensite. The effect
of carbides precipitation on the kinetics of carbon partitioning
is currently being pursued and will be presented in future work.™
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5. Conclusions

700
The redistribution of carbon during the partitioning step of

the Q&P process has been assessed by means of a modeling
approach that considers the simultaneous occurrence of parti-
tioning of carbon between martensite and austenite and forma-,
tion of bainitic ferrite. Two alloy compositions (low and high
carbon) and different configurations for the bainite nuclei were
considered in the simulations. The main conclusions obtained

from this work are summarized as follows: 710

1. Composition dependence of the diffusion coefficient of
carbon in austenite substantially affects the results and
should not be disregarded in the simulations. When Dém
is assumed constant the martensite-austenite carbon par-
titioning is governed by diffusion in austenite and it is

10

about 10 times slower than when D’é varies with compo-
sition.

2. When the bainite reaction is suppressed the system reaches
the constrained carbon equilibrium (CCE) at the endpoint.
When bainite reaction is considered the system estab-
lishes a metastable equilibrium between bainitic ferrite
and austenite and the CCE between martensite and austen-
ite.

3. The interfacial composition of martensite decreases to
values near zero for short partitioning times, causing the
kinetics of martensite-austenite carbon partitioning to be
controlled by diffusion of carbon in martensite. The rate
of decarburization of the martensite plates is not affected
by the simultaneous occurrence of the bainite reaction.
However, rate of carbon-enrichment of austenite is sped
up when formation of bainitic ferrite is considered.

4. The kinetics of the bainite reaction is strongly influenced
by martensite-austenite carbon partitioning. The carbon
partitioned from martensite accumulates in austenite and
slows down the growth of bainitic ferrite, eventually caus-
ing the reversal of the movement of the interface. If
the bainitic ferrite plate is nucleated close enough to the
martensite plate it can be completely dissolved by the de-
scribed phenomena.
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