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ARTICLE INFO ABSTRACT

Keywords:

This work discusses the microstructure evolution observed in a quenching and partitioning (Q&P)-processed

Q&P martensite/austenite stainless steel during the partitioning step at 400 °C for 300 s, where distinct microstruc-

Martensitic stainless steel
Phase transformation
Interface mobility
Cellular automata

tural bands rich in austenite due to elemental segregation, evolve into a uniform distribution of austenite grains.
This phenomenon is characterised and investigated using a model for the carbon partitioning from martensite to
austenite coupled with the movement of the martensite-austenite interface. The observed elimination of

microstructural bands is found to be related to the topological distribution of austenite grains and the hetero-
geneity of the thermodynamic equilibrium regime at the various interfaces governing the partitioning process.
Furthermore, the concurrence of banding elimination (local equilibrium) and phase growth towards the global
equilibrium phase fractions is investigated in the simulations in terms of the role of Mn. It is found that the local
equilibrium-negligible partitioning (LENP) conditions lead to the most realistic outcome.

Quenching and Partitioning (Q&P) has been proposed [1-4] and
developed over the last decades as a promising method to produce
advanced high strength steels, including stainless steels, exhibiting good
combination of strength and ductility. The Q&P treatment involves a
quenching step in which a controlled fraction of austenite transforms
into martensite. This step is followed by an isothermal heat treatment,
known as partitioning step, in which carbon partitions from martensite
and enriches the untransformed austenite [4,5]. Due to the high carbon
enrichment of austenite, after the subsequent quenching the resulting
microstructure preserves a controlled fraction of austenite, while the
previously formed martensite is now carbon-depleted. The thermody-
namics of the partitioning step are essential for the theoretical under-
standing of the process. Speer et al. [4] described the endpoint of carbon
partitioning based on the so-called constrained carbon equilibrium
(CCE) [6-8] conditions, which assume that the carbon partitioning from
martensite to austenite ends when the chemical potential of carbon is
equal in both phases. These assumptions are considered in the absence of
carbide formation and interface mobility.

Building upon the work of Speer et al. [4], numerous research works
have experimentally shown and theoretically demonstrated the possible
interaction of the martensite/austenite interface movement with the
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process of carbon partitioning from martensite to austenite [9,10].
Particularly, the movement of the martensite-austenite interface during
the partitioning step of the Q&P process has been detected in the liter-
ature through several different experimental techniques. For example,
the interface motion has been revealed by simple observation of mi-
crostructures before and after partitioning with electron backscatter
diffraction (EBSD) and through the application of in-situ heat treatments
at the transmission electron microscope (TEM) [11,12]. The theoretical
explanation of these interface phenomena, comes down to the chemical
potential of the substitutional lattice being different between the two
phases, thus leading to a driving force exerted at the phase boundaries.
This mechanism leads to two different phenomena. The first and obvious
expected process is the inevitable motion of the interface toward the
global equilibrium phase fractions of martensite (body-centred cubic,
BCC) and austenite (face-centred cubic, FCC). It should be clarified that
global equilibrium is meant in the context of partitioning (i.e. no sec-
ondary phases, but phase equilibrium between BCC and FCC), specif-
ically the regime at which iron and carbon in FCC are in equilibrium
with iron, and carbon, respectively, in BCC, just as explained by San-
tofimia et al. [9]. The second process is the interface motion occurring
based on the local and / or time-dependent carbon concentration at the
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interface. Since the interphases and the associated driving force only
realize the local carbon concentrations, these would then depend also in
the local topology. For example, we would expect that applying a
modeling approach similar to [9] in a heterogeneous distribution of
austenite, we would capture different behaviours regarding the phase
growth due to the variations of carbon concentration at the different
interfaces.

For this reason, the present work investigates the dynamics of
martensite-austenite interfaces during the partitioning step of a Q&P-
processed microstructure which exhibits topological heterogeneities in
the austenite distribution. The aim is to investigate the local and tem-
poral phase redistribution explained above, when carbon redistribution
due to partitioning is heterogeneous, i.e. it takes place differently among
the microstructure due to the different thermodynamic regimes. Spe-
cifically, we investigate a stainless steel that displays compositional
segregation in the form of bands. It will be shown that the presence of
microstructural bands in the form of austenite-rich and austenite-poor
martensite/austenite locations after the first quench leads to a distinct
evolution of phase fractions during the subsequent partitioning step that
differs per location. Eventually, the microstructural banding is signifi-
cantly reduced. This behaviour is modelled using a full field modelling
approach of the concurring processes, i.e. carbon partitioning and
interphase migration, showing that the main reason behind such a
microstructural evolution is topological.

The material object of study is a hot-rolled and annealed stainless
steel, the chemical composition of which is shown in Table 1. Cylindrical
specimens with 10 mm in length and 4 mm in diameter were machined
from the forged billet, and were heat-treated in a Bahr 805 DIL A/D
dilatometer. A type S thermocouple spot-welded on the surface was used
to monitor and control the temperature. Interrupted partitioning treat-
ments were carried out to observe the changing microstructure. The
specimens were first fully austenitised at 1100 °C for 15 min, and then
quenched to room temperature. This experiment led to a martensite start
temperature of 150 °C. Subsequently, the specimens were heated to 400
°C and held for 2 and 5 min, before being finally quenched to either
room temperature or to —130 °C. The latter quench was done in order to
measure the martensite start temperature associated to the austenite
present in the microstructure after the partitioning steps. This led to 0 °C
(for a 2-minute partition) and —45 °C (for a 5-minute partition),
respectively. Due to the large uncertainty inherent to the determination
of the Ms [13] temperature from the carbon concentration in austenite,
here we used a procedure developed particularly for stainless steels
[14]. The measurement of these martensite start temperatures has
associated austenite with a carbon concentration of 0.28 + 0.05 wt.%
(quenched specimen), 0.57 + 0.05 wt.% (2-minute partitioning) and
0.65 + 0.05 wt.% (5-minute partitioning).

The microstructure of each specimen was investigated by a LEICA
optical microscope. Specimens for microstructure characterisation were
prepared by grinding from P800 to P2000 on abrasive papers and pol-
ishing with 3 pm and 1 pm diamond paste. Vilella etchant was used to
reveal the microstructure by wiping it with a cotton swab from 10 s to 50
s. EBSD was performed using a Helios G4 PFIB, with an acceleration
voltage of 20 kV and a working distance of 6 — 9 mm. Specimens for
EBSD were mechanically ground and polished, including a final pol-
ishing step with OPS suspension for 20 min. Data acquisition was per-
formed with a step size of 200 nm in areas of 200 um x 200 pm. Post-
processing was done using TSL OIM Analysis software, where
martensite was characterised as BCC and austenite as FCC.

Phase fractions were quantified in the specimens by X-ray Diffraction
(XRD) using a Bruker D8 Discover diffractometer equipped with an

Table 1

Chemical composition of the investigated alloy (in wt%).
C Mn Si Cr Ni Mo v Al
0.32 3.00 0.3 13.1 0.2 0.3 0.064 0.002
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Eiger-2500k 2D-detector and Co Ka radiation. The diffractometer was
operated with an acceleration voltage of 45 kV and a current of 35 mA.
The scanning range of 20 was 40° - 130° with a step size of 0.034° 20 and
a counting time of 2 s per step. The austenite volume fraction was
calculated from the net integral intensities of the four austenite reflec-
tion peaks (111), (200), (220), and (311). The volume fraction of
retained austenite in the different specimens was 0.28 + 0.02 (quenched
specimen), 0.26 + 0.02 (2-minute partitioning) and 0.33 + 0.02 (5-
minute partitioning).

From the above-described results, the volume fraction of austenite in
the alloy subjected to a 400 °C partitioning exhibits either a non-
decreasing trend when the treatment lasts for 2 min or a slight in-
crease when the partitioning is extended to a total of 5 min. The carbon
content in the retained austenite increases as the partitioning time
extends.

Fig. 1 shows the microstructure obtained after the first quenching
(Fig. 1a), and after quenching and partitioning at 400 °C for 5 min
(Fig. 1b). A structure formed by alternating bands can be clearly
observed in both cases. Austenite, primary martensite and fresh
martensite cannot be distinguished. Our previous work [14] revealed
that the dark bands contain lower levels of Mn and Cr, whereas the light
bands are rich in these elements. These variations in elemental content
directly impact the local Ms temperature, most importantly due to the
fact that Mn and Cr attract carbon, which changes even more drastically
the Ms temperature prior to the first quenching. As a result, the Mn, Cr,
C-rich bands exhibited lower Ms temperatures, leading to a higher
fraction of austenite, while the Mn and Cr-poor bands exhibited higher
Ms temperatures, suggesting a lower fraction of austenite. Fig. 2 displays
the EBSD maps in scanned areas of 200 x 200 um?, perpendicular to the
normal direction (ND) of the sheet. The top row shows austenite
color-coded with inverse pole figure (IPF) along the ND and martensite
is plotted as color-coded with image quality (IQ). The bottom row shows
austenite color-coded with IPF along the ND and martensite is plotted as
black. Though the scanned areas are, in any case, not sufficient to obtain
reliable phase fraction quantifications, especially since the banding
comes together with high heterogeneity in the statistics, it is noteworthy
that the values obtained are quite consistent with the XRD measure-
ments. Particularly, the fractions of retained austenite measured in the
EBSD scans are 0.20 (quenched specimen), 0.28 (2-minute partitioning)
and 0.31 (5-minute partitioning).

Note that the bands of austenite, as observed in the quenched spec-
imen, are no longer present after partitioning for 2 min, suggesting a
transformation or realignment of the microstructural features. After
partitioning for 5 min, a consistent and uniform phase distribution is
evident from the EBSD scans. The vast majority of retained austenite
appears in the configuration of blocky shapes, positioned within the
confines of prior austenite grains. Also, comparing the IQ in the various
stages, it is evident that martensite has relaxed from carbon and/or
strain, as the dark greyish pixels become lighter after annealing.
Nevertheless, the absence of clear austenite bands does not imply a
reduction in the compositional segregation since this is still noticeable
by optical microscopy after partitioning for 5 min, as shown in Fig. 1b.

Particularly, the significant heterogeneity in austenite distribution
observed in the microstructures after quenching is inherent to the car-
bon concentration variations between alloying-rich bands and alloying-
poor bands. As indicated, the austenitic structure seems to evolve during
the partitioning step into homogeneously distributed and similar in size
austenite grains. Owing to low diffusivity of Mn and Cr, it is expected
that under the present partitioning condition (400 °C for 5 min) only the
redistribution of C plays a role in the microstructure evolution observed.

To understand the physical processes leading to these experimental
findings, the microstructure development during the partitioning step is
simulated using a model that couples carbon partitioning with phase
redistribution. The model considers carbon redistribution due to inter-
face partitioning [15] and mesoscale concentration gradients [16] as
outlined in [17]. The interface migration is simulated based on the
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Fig. 2. EBSD maps at the three different quenching and partitioning stages investigated. The maps show the austenite crystal orientation colour-coded with inverse
pole figure (IPF) along the normal direction (ND). Martensite is shown as colour-coded with image quality (IQ) in the top row and as black in the bottom row. (a and
d) as-quenched, (b and e) after partitioning at 400 °C for 2 min, and (c and f) after partitioning at 400 °C for 5 min.

deterministic cellular automata approach [18] by using the short-range
diffusion of the substitutional lattice description [19,20], driven by the
local chemical potential difference, as explained in [9]. Carbide pre-
cipitation during partitioning, as proposed by Toji et al. [21] is not
considered here because the aim of the study is to investigate whether
the local topology is sufficient to explain the banding elimination.
Although carbide formation may affect the banding elimination, it is not
expected that it is exclusively responsible for it.

Regarding the modelling framework, the carbon redistribution oc-
curs by the numerical description of concentration gradient-driven
diffusion, with phase partitioning taking place as part of the numerical
system, as explained in [17]. The local equilibrium of carbon at 400°C is
calculated for all possible local compositions, by setting equal the
chemical potential of carbon in FCC and BCC, as calculated from
Thermo-Calc using the TCFE13 database. The interface migration takes
place based on the driving force arising from the chemical potential
difference of iron between BCC and FCC for the given (simulated) local
and temporal carbon concentrations. Also here, the chemical potentials
were calculated using Thermo-Calc with the TCFE13 database.

The diffusivities of carbon in martensite and austenite used in the
simulations, as well as the parameters associated with the mobility of the

martensite-austenite interface, are displayed in Table 2. For a more
detailed description of this model, as well as for its physical validation (i.
e. grid sensitivity tests and global equilibrium) the reader is referred to
the Supplementary Material. The model is implemented in OMicroN
(optimising microstructures numerically) [17,19,22] and in CASIPT
(cellular automata model for phase transformations) [17,19,23,24]. In
all simulations performed in this work, the starting microstructure ob-
tained by EBSD is imported into the model by a one-to-one fashion, i.e.
every simulation cell assumes the crystal orientation and phase equal to

Table 2
Parameters used in the simulations.

Carbon diffusivity in 1.06 - From Agren 1982, [28] at 400 °C.

martensite [m? s '] 10712

Carbon diffusivity in 6.1 - Effective for a carbon concentration of

austenite [m? s7!] 10718 3.8 wt.% (expected equilibrium) using
Agren 1986 [29], at 400 °C.

Pre-exponential factor for 0.4 Based on theoretical arguments in

interface mobility [mol m [30-32] and investigations in [19,20].

J s

Activation energy for 140 Hillert 2006 [33].

interface mobility [kJ mol 1]
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the ones measured for the pixel in the same spatial coordinates. The 2D
microstructures are resolved by square cells of grid spacing equal to 0.2
pm.

At first, we simulate carbon partitioning under the assumption of
fixed interfaces, in order to demonstrate the associated local and tem-
poral carbon concentration heterogeneity, as this will lead to hetero-
geneous interface migration. Notably, the simulation leads to some
austenite sites being very highly enriched, reaching carbon concentra-
tion values (temporarily) that are even higher than 6.7 wt.% - an
outcome that is common in partitioning simulations [25]. Specifically,
although such high concentrations are unlikely to occur, since they only
take place temporarily (i.e. before global equilibrium is reached), we do
not transform such sites in cementite. Fig. 3 shows the spatial evolution
of the carbon concentration under the assumption of immobile in-
terfaces. A significant heterogeneity in the carbon concentration near
the austenite/martensite interfaces is observed. In regions containing
small austenite grains and/or fractions, such as the zoomed-in area on
the left in Fig. 3, austenite becomes richer in carbon than in regions
containing large austenite grains and/or fractions, e.g. the zoomed-in
area on the right in Fig. 3. That is because the local fraction of
austenite is significantly higher than the local fraction of martensite, and
thus, carbon diffuses away from the interfaces to enrich the bulk
austenite. The interphases surrounded by high carbon concentrations
are expected to migrate toward martensite since austenite is thermo-
dynamically more stable, and vice versa, martensite is expected to grow
in the regions of low carbon concentrations. These phenomena are ex-
pected to take place, just as explained by Santofimia [9]. The hetero-
geneous motion of interfaces is inherent exclusively to the local and
temporal carbon concentration distribution.

Fig. 4 shows the simulated microstructure where carbon partitioning
is coupled with interface migration. Fig. 4a shows the simulated carbon
distribution maps after partitioning at 400 °C for 0 s, 60 s, 120 s, and 300
s, whereas Fig. 4b displays the corresponding austenite distribution
(crystal direction // ND). At the beginning of partitioning, the carbon
concentration is homogeneously distributed, i.e. the concentration is
everywhere equal to the alloy’s carbon composition. After 60 s, carbon
partitioning is evidenced by the higher carbon contents in small
austenite phase particles (red areas in Fig. 4a) next to the martensite/
austenite interfaces compared to those in the inner part (light blue area
in Fig. 4a) of the austenite long blocks. As the partitioning time in-
creases, the austenite grains gradually grow, and the inner part of the
austenite blocks is replaced by martensite areas. After 300 s, the red-
colored austenite grains are distributed uniformly across the matrix,
thus revealing that the prior banded austenite structure is eventually
almost replaced by uniformly distributed austenite grains of similar
carbon concentration. The simulation results correspond well to the
trends revealed by the EBSD observations and explain the phenomenon

40 um
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of the banding elimination.

Up to now, the simulations explain the banding elimination, but the
global phase fractions are much lower than the experimentally obtained
ones. Particularly, the simulated austenite fraction is 0.08, which aligns
with the expected global equilibrium based on the Fe-C chemical po-
tential equilibrium, whereas the experimental austenite fraction is 0.33.
A possible reason is the role of martensite defects. It is known that,
although in partitioning simulations martensite is treated as a phase
identical to strained-free ferrite, in martensite-austenite microstructures
the experimental phase fractions and the carbon concentrations are
typically different from the equilibrium values [26]. Therefore, even in
Fe-C materials, it is expected that the defects in martensite affect the
partitioning evolution. Specifically, the carbon chemical potentials are
affected and may lead to high localized carbon concentration in
martensite, just as explained by Traka et al. [17]. Such a case would
potentially result in localized austenite formation, as also observed in
[12]. But also the iron chemical potentials, from the strain energy bar-
rier in the martensite growth, as explained analytically by Behera and
Olson [27]. Either way, i.e. due to local aspects or global equilibrium,
the theoretical global equilibrium inherent to the present simulations is
already expected not to reach the accurate austenite fractions.

Nevertheless, given the high manganese content of the present ma-
terial, we take this opportunity to discuss an additional reason for the
phase fraction evolution during partitioning, especially since we have
two concurrent phenomena taking place, i.e. the banding elimination
and the global phase fractions evolution. The banding elimination is not
a result of the Mn content, but the evolution of global phase fractions is.
Therefore, we can discuss the effects of Mn since now not only the bands
should eliminate but also the austenite fractions should remain almost
unchanged (i.e. like the experimental measurement). In the following,
the effect of Mn on the interface migration during the carbon parti-
tioning process is discussed. Particularly, the chemical potentials of
carbon and substitutional lattice are considered in the simulations
through three different systems and conditions at the martensite/
austenite interface: iron-carbon, iron-carbon-manganese under para-
equilibrium (PE) conditions and iron-carbon-manganese under local
equilibrium-negligible partitioning (LENP) conditions. The LENP is
incorporated by assuming that while the mesoscale Mn distribution is
unaffected, the moving interfaces lead to the local partitioning of Mn in
the austenite side of the austenite-martensite interface, i.e. every adja-
cent austenite-martensite cells have an average of 3.1 wt.% Mn during
all simulated stages, whereas every interface separates infinitesimal
areas of austenite with 6 wt.% Mn and martensite with 0 wt.% Mn. This
means that the chemical potentials of carbon and substitutional lattice at
the interface correspond to FCC with 6 wt.% Mn and BCC in the absence
of Mn.

The corresponding simulation results are shown in Fig. 5 for the case

Carbon Concentration [wt.%]

Fig. 3. Simulated carbon concentration during partitioning, under the assumption of fixed interfaces, in the system after partitioning at 400 °C for 300 s.
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Fig. 5. Effect of Mn in the temporal microstructure evolution during partitioning, (a)-(d) show the outcome in the absence of Mn, including Mn and PE, and including
Mn and LENP (300 s and 900 s), respectively. (e) shows the evolution of the austenite fraction in two different locations of the microstructure under the

different conditions.

of partitioning at 400 °C. In order to understand the outcomes of this
figure, it is important first to mention that the expected equilibrium
fractions of austenite under the three different evaluated conditions are
different, namely 0.09 for the Fe-C system, 0.11 for the Fe-C-Mn under
PE and 0.20 for the Fe-C-Mn under LENP. This explains that after 300 s
of partitioning at 400 °C, the simulations show that the fraction of
austenite reached under the different conditions is 0.10 (Fe-C), 0.11 (Fe-
C-Mn, PE) and 0.25 (Fe-C-Mn LENP), this last one evolving to a fraction
of 0.22 after 900 s of partitioning at 400 °C. The close relation between

the reached fraction of austenite and the expected from equilibrium
under different conditions indicates that considering together the
simulated band elimination and the austenite fraction evolution are
indeed insightful to understand the role of Mn.

Particularly, the Fe-C case brings a fast elimination of the band, since
martensite grows rapidly at the expense of the large austenite grains.
However, the austenite phase fraction remains much lower than
observed experimentally (0.31 in the EBSD scan of Fig. 2). Considering
the effect of Mn under PE conditions leads to a slower elimination of the
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bands, without any significant improvement in the prediction of the
phase fractions. Altogether, it seems that the LENP conditions brings the
most realistic outcome, where banding elimination, although slower,
occurs, and at the same time the global fractions are closer to the
experimentally observed. This becomes clearer in Fig. 5e, where the
austenite fraction evolution is quantified in the two different areas
indicated in Fig. 5a. Area 1 is initially austenite-poor and area 2 is
initially austenite-rich. The only simulation where the austenite fraction
evolution in both areas converges to the experimentally observed is the
one performed under LENP conditions. In-situ investigations of the
evolution of phase fraction and composition during the partitioning step
in these materials may contribute to clarify the thermodynamic condi-
tions governing the described processes.

To summarise, this work presents the evolution of a martensite-
austenite microstructure of a stainless steel during the partitioning
step of the Q&P process. Particularly, the influence of the microstruc-
tural heterogeneity inherent to the chemical composition distribution on
the microstructure evolution and phase distribution is investigated. It is
observed that the elemental segregation of Mn and Cr leads to a distri-
bution of martensite start temperatures that leads to the presence of
austenite bands at the quenching step. Although the elemental segre-
gation bands persist during the partitioning step, there is a clear tran-
sition in the topological distribution of austenite, i.e. the microstructural
bands have been eliminated and replaced by a relatively uniform (in
phase distribution) microstructure. A partitioning model, considering
carbon interphase partitioning, carbon diffusion, and interface migra-
tion, explained the evolution mechanism of banding elimination on the
basis of the heterogeneity of the local carbon concentration and conse-
quently driving force for interface migration. The simulations reveal
that the heterogeneous phase distribution is sufficient to lead to het-
erogeneous partitioning regimes among the various interfaces, insofar as
the banding ends up disappearing. In this work, we neglected carbide
formation in order to isolate the possible causes of the observed banding
elimination. Nevertheless, if carbides form heterogeneously, the
induced chemical variations between different austenite grains would
also lead to heterogeneous interface motions. A future investigation on
the effects of chemical vs phase heterogeneity in the evolution of
microstructural bands would be particularly insightful.

Finally, in view of the contradicting phenomena observed, i.e. the
phase growth toward banding elimination and the phase growth toward
global equilibrium, we took the opportunity to investigate different
thermodynamic equilibrium assumptions. In terms of the role of Mn, the
simulations showed that LENP conditions best described the observed
microstructural evolution.
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