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Effect of Interfacial Mn Partitioning
on Carbon Partitioning and Interface
Migration During the Quenching

and Partitioning Process
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A so-called QP-LE model, in which interface condition
is assumed to be Local Equilibrium (LE), has been
proposed to evaluate the effect of interfacial Mn
partitioning on interface migration and carbon parti-
tioning during the Quenching and partitioning process
(Q&P) of an Fe-0.3C-3.0Mn-1.5Si (wt pct) alloy. The
predictions by the QP-LE model are compared with
those by the conventional QP-PE model in which
interface condition is assumed to be Paraequilibrium
(PE). It is found that interfacial partitioning of Mn plays
a significant role in carbon partitioning and the marten-
site/austenite interface migration during the Q&P
process.
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Quenching and Partitioning (Q&P) has been proven
to be an effective approach to increase the fraction of
retained austenite in the advanced high strength steels,
and it has received extensive attention from physical
metallurgists.!' ! Despite its great practical importance,
the underlying physics of substitutional alloying element
effects on the martensite/austenite (o//y) interface
migration and carbon partitioning during the Q&P
process is still not well understood. The partitioning
process was initially assumed to proceed in the Con-
strained Carbon Equilibrium (CCE), in which the o« /7
interface was considered to be immobile while carbon
has equal chemical potential in martensite and austen-
ite.l"? The o/ /v interface has been experimentally found
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to be immobile during the Q&P process.“’é] However,
some recent studies directly or indirectly indicated that
the o//y interface could be mobile during the Q&P
process, while the direction of interface migration was
found to vary in different experiments.!’ """

A sophisticated model was proposed to simulate
carbon partitioning and interface migration during the
partitioning process in the binary Fe-C system, and it
predicted that the o /y interface could migrate in either
direction.'>!3] This model was further applied to
multi-component alloys assuming Paraequilibrium
(PE) at the interface, e.g., substitutional allo?/ing ele-
ments (X) do not partition at the interface,'*™ and it
could well describe the kinetics of the o/y interface
migration by assuming a much lower interface mobility
than that for the austenite to ferrite transformation.
This interface mobility can be considered as an effective
interface mobility.'%"! With the rapid development of
three-dimensional atom probe tomography (3D-APT),
nanoscale partitioning of X was recently detected at the
o/ /y interface after the Q&P process by several research

[4-6.,16,17] P ; . .

groups. It has been experimentally and theoret-
ically proven that interfacial partitioning of X could
play a significant role in the kinetics of interface
migration and carbon partitioning during the austenite
to ferrite transformation and bainitic transforma-
tion."® 23 It is speculated that the interfacial partition-
ing of X could also affect the kinetics of interface
migration and carbon partitioning during the Q&P
process.

In the current study, a so-called QP-LE model, in
which interface condition is assumed to be Local
Equilibrium (LE), has been proposed to investigate the
effects of interfacial Mn partitioning on the o'/y
interface migration and carbon partitioning during the
Q&P process in the Fe-0.3C-3.0Mn-1.5Si (wt pct) alloy.
The values of the intrinsic interface mobility in both LE
and PE models are assumed to be infinite, and a
comparison between them is made.

In the PE model,?*?* it is assumed that during phase
transformations the interface migrates without any
redistribution of substitutional alloying elements (X)
between ferrite (o) and austenite (y) phases, whereas
carbon has equal chemical potential across the interface.
Hence, the kinetics of interface migration is controlled
by carbon diffusion. The constraint equilibrium can be
expressed as:

He = Ug, [1]
) XF, )
Wy = 1y = = (g — 1), 2]
X

where p? and p! are chemical potential of element i
(i=Fe, C, or X) at the interface in « and y phase,
respectively, and i—‘; is the constant ratio of the Fe to
X concentration across the interface.
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In the LE model,** 2% both C and X are assumed to
redistribute at the interface according to the LE condi-
tion, e.g., the chemical potentials of C and X should be
constant across the interface:

:u})::u? (i=Fe,C X) 3]

Due to the large difference between diffusion coeffi-
cients of C and X, two modes of interface migration
are expected to occur under the LE condition: Negli-
gible Partitioning-Local Equilibrium (NPLE) and
Partitioning-Local Equilibrium (PLE). In Figure 1(a)
and (b), the isothermal sections of the ternary
Fe-C-X phase diagram are shown to illustrate the
NPLE/PLE boundary AB for the austenite (y) to fer-
rite () transformation. When alloy composition
(point O) lies below line AB, interface migration
mode is NPLE and it is controlled by C diffusion. As
shown in Figure 1(a), there is no redistribution of X
while a spike of X will appear ahead of the migrating
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interface, and X content in « is identical to bulk com-
position. With the formation of o« and C enrichment
in y, C content in y will change gradually from point
O to R. As shown in Figure 1(b), when the carbon
content in y reaches the value that was determined by
point R, interface migration changes into the PLE
mode and it is controlled by X diffusion.””! In the
PLE mode, C content gradient in both o and y is
negligible while X content gradient in 7y is still
greater. In Figure 1(c) and (d), the isothermal sec-
tions of the ternary Fe-C-X phase diagram are shown
to illustrate the NPLE/PLE boundary for the ferrite
() to austenite (y) transformation. It should be
emphasized that the NPLE/PLE boundary AB for
the o — y transformation is different from that for
the y — a transformation. Compared with the y — «
transformation, kinetic transition between NPLE and
PLE during the o — y transformation was relatively
less investigated.[?% 33!
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Fig. 1—Isothermal sections of ternary Fe-C-X phase diagram (X is substitutional alloying element). (¢) NPLE mode for the y — o transforma-
tion when O is below AB; () PLE mode for the y — « transformation when O is above AB; (¢) NPLE mode for the « — y transformation when
O is on the right of AB; (d) PLE mode for the o — 7y transformation when O is on the left of AB.
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Fig. 2— y/(a+ y) phase boundaries under the PE and LE condition
for Fe-0.3C-3.0Mn-1.5Si (wt pct).
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In this study, in order to investigate the influence of
quenching temperature (QT) on interface migration and
carbon partitioning during the Q&P process, partition-
ing temperature (PT) is fixed at 673 K (400 °C), while
QT wvaries from 371 K to 540 K (98 °C to 267 °C).
Fraction of austenite prior to the partitioning process is
determined by QT, and it can be estimated using the
Koistinen—-Marburger (K-M) equation.?**3 The simu-
lated object is austenite—martensite grain assemblics
with a film morphology, and the total thickness of them
is assumed to be 300nm. The QP-PE and QP-LE models
are both applied to investigate carbon partitioning and
interface migration during the Q&P process, and a
comparison between them is made. Figure 2 shows
y/( +7) phase boundaries, which refer to the peak C
content in the austenite at the «/y interface, under the
PE and LE condition for Fe-0.3C-3.0Mn-1.5Si(wt pct).
The NPLE/PLE and PE y/(« + y) boundaries below 773
K (500 °C) are linearly extrapolated from those at
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Fig. 3—The evolution of carbon profiles in (a) martensite and (b) austenite; the half width of austenite as a function of time during partitioning
at 673 K (400 °C) and (c) quenched to 534 K (261 °C) and (d) quenched to various temperatures. Arrows in (b) indicate the direction of inter-

face migration. Interface condition is assumed to be Paraequilibrium.
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Fig. 4—The carbon profiles in martensite (a, d) and austenite (b, e) together with the corresponding half width of austenite (¢, f) as a function of
time during partitioning at 673 K (400 °C) for this alloy quenched to 534 K and 499 K (261 °C and 226 °C); (g) the half width of austenite as a
function of partitioning time for this alloy quenched to various temperatures and followed by partitioning at 673 K (400 °C); (4) Carbon con-
centration in austenite at the stasis state as a function of QT. Arrows in (b) and (e) indicate the direction of interface migration. Interface condi-
tion is assumed to be Local Equilibrium.
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elevated temperatures [above 773 K (500 °C)] due to the
absence of appropriate thermodynamic data at low
temperatures in Thermo-Calc.1*®

Figure 3(a) and (b) show the evolution of carbon
profiles in martensite and austenite during partitioning
at 673 K (400 °C) after quenching to 534 K (261 °C),
and the corresponding half width of austenite as a
function of time is shown in Figure 3(c). The calcula-
tions are made by the QP-PE model. The partitioning
process can be divided into two stages: (i) the PE-
(o/ — p) transformation stage ( ~0.1 seconds), in which
carbon in martensite escapes very quickly into austenite,
and is then enriched at the interface on the austenite side
since the diffusivity of carbon in martensite is much
higher than that in austenite. As shown in Figure 3(c), in
this stage the interface is predicted to migrate toward
martensite, and interface migration is controlled by
carbon diffusion in martensite; (ii) the PE- (y — o)
transformation stage (0.1~7 seconds). In this stage,
carbon profiles in martensite almost do not change
while those in austenite are gradually approaching
homogenization and finally reach the PE state. In this
stage, the interface migrates backward into austenite.

In order to analyze the effect of QT on interface
migration during the partitioning process, three simula-
tions have been made by the QP-PE model: PT is fixed
at 673 K (400 °C), while QTs are 534 K, 499 K, and 371
K (261 °C, 226 °C, and 98 °C). In Figure 3(d), the
calculated half width of austenite as a function of time
during partitioning at 673 K (400 °C) is shown. The
initial PE- (¢/ — y) transformation stage has been
predicted to occur in all cases, while the presence of
the PE- (y — o) transformation stage or not is QT
dependent, e.g., the PE- (y — o/) transformation is
almost absent when the QT is 371 K (98 °C). However,
it has to be emphasized that the final austenite fraction
and carbon concentration in austenite are not influenced
by QT according to the QP-PE model, which contradicts
the previous experimental results.["*!
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Figure 4(a) and (b) show the evolution of carbon
profiles in martensite and austenite during partitioning
at 673 K (400 °C) after quenching to 534 K (261 °C),
and the corresponding half width of austenite as a
function of time is shown in Figure 4(c). The partition-
ing process predicted by the QP-LE model can be
divided into four stages: (i) The NPLE- (¢ —7)
transformation stage (~0.06 seconds). In this stage,
the interface migrates into martensite at a very high rate,
and carbon escapes quickly from martensite into
austenite. The interface migration is controlled by
carbon diffusion in martensite; (i) The PLE- (o — y)
transformation stage (0.06~6 seconds). According to
mass balance at the interface, the interface velocity in
this stage is determined by Mn and Si diffusion. Due to
the diffusion coefficients of Mn and Si being very small,
the interface velocity in this stage is extremely slow. The
sharp carbon profile in austenite developed during the
NPLE- (¢ — y) stage is diffusing out, and carbon
concentration at the interface on the austenite side
gradually approaches the NPLE/PLE boundary for the
y — o transformation; (iii) The NPLE- (y — o) trans-
formation stage (6~60 seconds). In this stage, the
interface migrates into austenite substantially, and its
kinetics is controlled by carbon diffusion in austenite.
Carbon profiles in martensite almost do not change
while carbon concentration in austenite is homogenizing
and gradually reaches the NPLE/PLE boundary for the
p — o transformation; (iv) The PLE- (y — o) transfor-
mation stage (60 seconds ~), in which interface migra-
tion is Mn and Si diffusion controlled and carbon
concentration in austenite is homogeneous. In this stage,
interface migration has reached a stasis state, which
means the interface is continuing to move at an
extremely slow rate. Carbon concentration in austenite

at the stasis is ¢} ““5/PEE77 \which is determined by the
NPLE/PLE boundary for the y — o transformation.

Figure 4(d) and (e) show the evolution of carbon profiles
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in martensite and austenite during partitioning at 673 K
(400 °C) after quenching to 499 K (226 °C), and the
corresponding half width of austenite as a function of
time is shown in Figure 4(f). In this situation, only two
stages are predicted to occur during the partitioning
process: (i) The NPLE- (¢/ — y) transformation stage
(~0.2 seconds), during which carbon diffuses from
martensite into austenite, and the interface moves into
martensite; (ii) The PLE- (¢/ — 7) transformation stage
(0.2 seconds ~), in which carbon concentration in
austenite reaches homogenization quickly as the initial
fraction of austenite is small, and interface migration
has reached a stasis state. Carbon concentration in

austenite at the stasis for this case is located between

VPEEIPLEr = gnd oYPEEIPEEX =) 1t i worth noting that

although interface migration in the PE and NPLE mode
are both controlled by carbon diffusion, interface
contact conditions of them are different, which leads
to different kinetics of interface migration and carbon
concentration in austenite.

Figure 4(g) shows the half width of austenite as a
function of time during partitioning at 673 K (400 °C)
after quenching to various temperatures. Similar to the
predictions by the QP-PE model, the initial &' — 7 stage
is predicted to occur for all cases, and the presence of the
v — o stage or not is QT dependent. Different from the
QP-PE predictions, the final width of austenite and
carbon concentration in austenite at the stasis depends
strongly on QT according to the QP-LE model. As
shown in Figure 4(h), the lower and upper limits of

carbon concentration in austenite at the stasis predicted

by the QP-LE model are C;VPLE/PLE;;_,%r and

NYPEEIPLEX=) 1t is worth noting that carbon concentra-
tion in austenite can hardly reach the upper limit in
reality as carbide is expected to form if carbon concen-
tration is very high. Carbide precipitation can consume
significant amounts of carbon and then reduce the
austenite fraction at the stasis state based on the level
rule.?” ) The influence of carbide precipitation on
interface migration and carbon partitioning needs to be
further investigated in a 2D or 3D model. This study is
focused on the effect of Mn partitioning. Solute drag
effects caused by Mn is not considered in the current
model. However, it has been indicated that the LE
model’s predictions for the Fe-C-Mn alloys are almost
the same as those by the so-called GEB model consid-
ering solute drag effects.!*!)

In summary, kinetics of interface migration and
alloying element partitioning during the partitioning
process are strongly dependent on the assumed interface
condition, and the key differences between the QP-PE
and QP-LE models are summarized as following:

(1) Kinetics of interface migration. Based on the
QP-LE model, the kinetics of interface migration
during the partitioning process can be generally di-
vided into four stages: NPLE- (¢/ — y) — PLE-
(¢/ = 7) — NPLE- (y — o/) — PLE- (y — ). Pres-
ence of the NPLE- (y — &) and PLE- (y — &)
stages or not depends on QT. However, the inter-
face is expected to migrate firstly in the

METALLURGICAL AND MATERIALS TRANSACTIONS A

PE- (¢/ — y) mode and then the PE- (y — o/) mode
according to the QP-PE model.

(i1) Alloying element partitioning. After the partition-
ing process (e.g., the interface migration has
reached the stasis state), carbon concentration in
austenite should reach the PE boundary according
to the QP-PE model, while it could be located be-
tween the NPLE/PLE boundaries for the y — o
transformation and the o« — y transformation
based on the QP-LE model. Substitutional alloying
element partitioning across the interface is pre-
dicted to occur by the QP-LE model but not by
the QP-PE model.It is should be emphasized that
the QP-LE model needs to be further bench-
marked in the future, although interfacial parti-
tioning of substitutional alloying elements has
been detected by several research groups.* ¢16:17]
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