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• Austenite growth occurred by strong
partitioning of Ni according to local
equilibrium.

• Reverted austenite/martensite interface
segregation of Cr, Mo, Si and Ti was evi-
denced.

• Virtually carbon-free reverted austenite
and martensite were found after tem-
pering due to precipitation of Ti (C, N).
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Controlling the amount of reverted austenite at room temperature allows for tailoring of mechanical properties
in supermartensitic stainless steels. The austenite reversion and stabilization occurs during inter-critical temper-
ing through partitioning of austenite-stabilizing elements. The degree of partitioning greatly depends on the re-
version temperature, which dictates the local equilibrium conditions. Atom probe tomography and energy
dispersive spectroscopy in transmission electron microscopy were used to study the austenite reversion mecha-
nism in terms of the elemental distribution of austenite-stabilizing, ferrite-stabilizing and carbide forming ele-
ments. Synchrotron X-ray diffraction confirmed that the austenite equilibrium phase fraction was reached
after 2.5 h of isothermal reversion at 625 °C, allowing for direct comparison with thermodynamic and kinetic
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Austenite reversion
; α’, tempered martensite; γ, austenite in thermodynamic equilibrium; γr, reverted austenite stabilized at room temperature;
ay spectroscopy; ICT, inter-critical tempering;MCN, used to refer to titanium carbo-nitride precipitates; SMSS, supermartensitic
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calculations. However, such soaking time was not enough to produce compositional homogenization in the
reverted austenite. The austenite reversion and stabilization mechanism was related mainly to strong
partitioning of Ni. Negligible partitioning of Cr,Mo, Si and Tiwere observed. Instead, these elementswere strong-
ly segregated at the reverted austenite/martensite interfaces. Carbon and Ti played a secondary role in the aus-
tenite stabilization through the precipitation of nano-sized Ti (C,N) with partial substitution of Ti by Mo.
Virtually carbon-free austenite and martensite were observed away from the interfaces and precipitates.

© 2017 Elsevier Ltd. All rights reserved.
Isothermal tempering treatments
Synchrotron diffraction
Table 1
Nominal composition of a Ti-stabilized SMSS.

C N Si Mn Ni Cr Mo Cu Ti V

wt% 0.024 0.0129 0.260 0.480 5.90 12.02 1.93 0.09 0.130 0.040
at.% 0.111 0.0513 0.516 0.487 5.60 12.88 1.13 0.08 0.153 0.044
1. Introduction

The ability to tailor the mechanical properties through austenite re-
version during inter-critical tempering (ICT) makes Supermartensitic
Stainless Steels (SMSS) very interesting for applications in the oil and
gas industry. Yield strength, work hardening, impact toughness and
hardness can be modified by small variations in the volume fraction of
reverted austenite stabilized at room temperature (γr) [1–6]. This be-
havior has been associated to Transformation Induced Plasticity (TRIP)
effect [7–10].

The γr stabilization is a diffusion-controlled process, involving the
mobility of γ-stabilizing elements, such as Ni and Mn, from the tem-
pered martensite (α’) matrix into the austenite [11–16]. Typically,
after a couple of hours of isothermal reversion of SMSS at 625 °C, a tem-
pered α’ matrix with 10 to 20% volume of γr can be obtained [17–22].
Higher austenite thermal stability can be achieved through slow iso-
thermal reversion kinetics at the lower portion of the γ/α ICT region
[23]. This is due to a combined effect of strong partitioning of Ni [15,
19,21,24,25] into the austenite, and to the refined lath-like γr morphol-
ogy achieved [6,21,26–29].

Atom Probe Tomography (APT) compositional analyses have been
successfully conducted to understand the austenite stabilization
through C partitioning in carbon steels [30–32], 13%Crmartensitic stain-
less steels [16], and through Mn partitioning in medium and high Man-
ganese steels [11–13,33]. However, few APT studies have been
published regarding the characterization of the austenite reversion
mechanism in SMSS [15]. Although it has been stated that Ni is the
main element affecting the austenite stabilization process in SMSS,
these results are mainly referred to bulk measurements through trans-
mission electron microscopy (TEM) [15,19,21]. The role of ferrite-
stabilizing elements, such as Cr andMo is evenmore difficult to quantify
due to small partitioning and sharp interface segregation [14,15]. Be-
sides, the direct quantification of the effect of interstitial elements
such as C and N is challenging. Indirect methods, such as lattice param-
eter analysis, have been used to estimate the C content in reverted aus-
tenite [34]. However, these calculations are unreliable for stainless
steels containing stabilizing elements such as Ti, Nb and V due to C cap-
turing from the solid solution [14,27] through precipitation of Ti (C, N),
which is the situation presented in this investigation.

In thiswork, themechanisms of austenite reversion and stabilization
were studied after an ICT cycle at 625 °C for 2.5 h, which is commonly
used to produce a balanced microstructure with low hardness and
high impact toughness in the production of pipelines for the oil and
gas industry [1–6]. Through the suppression of retained austenite, we
isolate a specific mechanism of austenite reversion, based on the iso-
thermal nucleation and growth of austenite at the α’/α’ laths. The ele-
mental distribution of austenite-stabilizing, ferrite-stabilizing and
carbide forming elements across the γr/α’ interfaces was clarified via
APT and energy dispersive X-ray spectroscopy (XEDS) using scanning
transmission electron microscopy (STEM). Synchrotron X-ray diffrac-
tion (SXRD) allowed the tracking of the α’➔γ reversion kinetics during
the ICT cycle. Both transformation kinetics and compositional results
were interpretedwith the aid of Calphad-based thermodynamic and ki-
netic calculations. The role of carbide precipitation and the elemental
distribution across the matrix/Ti(C, N) interfaces was also addressed.
The aim of this paper is to provide a better understanding of the role
of the alloying elements at the micro and nano scales, related to a
well-known mechanical behavior obtained after inter-critical
tempering.

2. Experimental

Samples from a hot rolled and annealed UNS S41426 Ti-stabilized
SMSS were extracted and subjected to homogenization heat treatment
in a tubular furnace at 950 °C for 20 min, followed by an ICT cycle at
625 °C for 2.5 h. Heating and cooling rates of 0.167 °C·s−1 were used.
A constant argon flux was maintained to prevent oxidation and decar-
burization. The nominal composition of the SMSS in atomic and weight
percent is given in Table 1.

In situ X-ray diffraction measurements were conducted additionally
in order to clarify the austenite transformation kinetics and the austen-
ite thermal stability associated to the specific furnace tempering param-
eters aforementioned. This analysis was performed at the X-Ray
scattering and thermomechanical simulation experimental station
(XTMS), at the Brazilian National Synchrotron Source (LNLS). A
thermomechanical simulator (Gleeble® 3S50) coupled to the synchro-
tron light source allowed time-resolved tracking of the austenite trans-
formation kinetics during the ICT cycle. A heating rate of 0.166 °C·s−1

was used. The cooling process was conducted at 5 °C·s−1 to simulate
air quenching conditions. A linear detector, with 0.008° angular resolu-
tion was used to collect diffraction data from a partial spectra region in-
cluding the {111} and {200} γ peaks and {110} α’ peak. However, high
and room temperature quantification was also performed including
the {111}, {200}, {220}, {311}, and {222} γ peaks, and the {110}, {200},
{211}, and {220} α’ peaks. Incident beam energy of 12 keV was used.
A more detailed description of the quantification method can be found
in [23,35]. Under the conditions used in the experiment, the uncertainty
on the measured volume fraction of austenite ranges from 0.005 to
0.015 [23]. Therefore, error bars are not included in the figures.

Microhardness measurements were performed using a LECO M-
400-H1 microhardness Vickers tester. Twenty indents using 200 g
load, 200 μmstep size and 15 s dwell timewere performed. The average
results, before and after IC tempering, are presented.

Atomprobe tomographywas used to characterize the compositional
profile of theγr,α’ and carbides, after furnace IC tempering. Site-specific
focused ion beam (FIB) lift-outs were taken from regions with a high
density of γr/α’ interfaces. The size and distance between γr was ap-
proximately 200 and 500 nm, respectively. Regions of interest were
annularly milled and cleaned with an ion beam to make needle shaped
specimens suitable for field evaporation. The analyses were performed
using a CAMECA Instruments LEAP® 4000× HR local electrode atom
probe. The specimens were field evaporated in laser mode with a
200 kHz pulse repetition rate, 30 K specimen temperature, 100 pJ
laser power, and a 0.5–1.0% detection rate. The resulting data was re-
constructed and analyzed using the CAMECA IVAS software.
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Deconvolution of the ions within overlapping isobars of different ele-
ments (e.g., Cr54/Fe54) was performed based on the natural abundances
of the elements. Themeasured APT compositional profiles display error
bars that were calculated according to Eq. 1, where s is the standard
error assuming a random solid solution, ci is the atomic concentration
of a solute, and nt is the total number of ions collected:

s ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ci 1−cið Þ

nt

s
ð1Þ

Energy Dispersive X-ray Spectroscopy measurements were per-
formed in a 200 kV FEI Tecnai F20 Scanning Transmission Electron Mi-
croscope. Thin foils were prepared using site-specific FIB lift-out
technique in regions containing a high density of γr/α’ interfaces.
Fig. 1 depicts two regions of interest containing precipitates (A) and
γr/α’ interfaces (B). These regions provided further compositional infor-
mation, which was compared to the APT measurements.

Thermodynamic equilibrium calculations were conducted using
Thermo-Calc software and TCFE9 database. The measured XEDS-STEM
and APT compositional profiles were compared to the equilibrium cal-
culations for a thermodynamic system allowing the precipitation of
BCC (ferrite) and FCC (austenite andMCN) phases only. The calculations
were performed using the SMSS nominal composition from Table 1, at
the ICT temperature of 625 °C. For comparison purposes, a second set
of thermodynamic calculations was also performed while allowing all
possible phases to precipitate (ferrite, austenite, χ, σ, MCN, M6C,
M23C6, among others), relative to the same nominal composition.

Kinetic calculations were performed using DICTRA® to simulate the
austenite growth during the ICT cycle. The simulation was set up in a
planar geometry with a fully implicit scheme. The grid was created
with 100 points and a width of 250 nm, which correlates with half of
the average distance between clusters of reverted intra-granular aus-
tenite laths, with a point distribution geometrically biased towards
zero. The BCC phase was set in all grid points with a constant composi-
tion distribution of 12.8 at.% Cr, 5.6 at.% Ni, 1.1 at.% Mo, 0.5 at.% Mn and
Fe as a balance. At the zero position, an inactive FCC phase was intro-
duced, requiring a minimum driving force of 10−5 J·mol−1 to be acti-
vated. When activated, the region with the FCC phase had an initial
size of 0.1 nm [37]. Activation happened at the earliest time step, at
10−7 s. A DICTRA® built-in dislocation assisted diffusion model was
used to enhance the mobility, using dislocation densities for austenite
(0.75 × 1014 m−2) and martensite (2 × 1014 m−2), consistent with

(1) [36]
Fig. 1. STEMHAADF (High Angle Annular Dark Field) image of a thin foil prepared by site-
specific FIB lift-out technique. Regions A and B contain precipitates and γr/α’ interfaces,
respectively.
observed values for SMSS [38]. Burger's vectors were set as 2.51 and
2.55 Å for martensite and austenite, respectively, following lattice pa-
rameters measured on the peaks used to derive the austenite transfor-
mation kinetics. The energy fraction term was set to 0.68 for both
phases, which is in good agreement with other research works [39].
The model was run at 625 °C for up to 2.5 h (9000 s). Phase information
and elemental mobility values were retrieved from TCFE9 and MOBFE3
databases.

3. Results

3.1. Austenite reversion kinetics

Fig. 2a and b show the microstructure before and after tempering,
respectively. After homogenization at 950 °C for 20min, fresh lath mar-
tensite with no presence of δ-ferrite or retained austenite was obtained.
After furnace tempering, 0.19γr volume fractionwas observed. Thiswas
evidenced by conventional XRD analysis, shown in Fig. 2c. A drop in
hardness from 308 ± 7 HV200/15 to 286 ± 6 HV200/15 was observed
after tempering. Fig. 2d shows XEDS results after homogenization,
evidencing typical titanium nitrides (TiN) with sharp angular shapes
[40–42]. Most of the precipitation of stable titanium nitrides (TiN) is ex-
pected to occur during the solidification process. These are not the focus
of this investigation. However, such precipitates can easily be differenti-
ated by their micrometric size and angular shapes.

Fig. 3 shows the results from austenite reversion kinetics during the
reproduced time-resolved ICT cycle. During the heating stage, no aus-
tenite reversion was observed. The isothermal transformation started
right after reaching the soaking temperature, evolving from 0 to 0.31
austenite volumetric fraction after 2.5 h. According to thermodynamic
calculations, high temperature equilibriumwas reached, corresponding
to 0.32 volumetric fraction of austenite at 625 °C. Nevertheless, partial
martensitic transformation occurred upon cooling, resulting in a total
stable fraction of 0.18 γr at room temperature.

A more accurate quantification of the γr volumetric fraction at high
and room temperature was performed using extended diffraction spec-
tra. Despite the differences in cooling rate, a similar γr volume fraction
was obtained at room temperature. The results are shown in Table 2.

3.2. Nano-scale compositional characterization

3.2.1. Reverted austenite/tempered martensite interface
Fig. 4a shows the APT reconstruction for the most representative

alloying elements of the sample after the ICT cycle. Two γr laths at the
bottom and at the top part of the tip were identified and labeled as γr1

and γr2, respectively. It was evidenced that the γ-stabilizing elements,
such as Ni, Mn and Cu, were preferentially partitioned into the γr. On
the other hand, the α-stabilizing elements, such as Cr, Mo and Si
showed a more homogeneous distribution. Precipitation of titanium
carbides (TiC) was identified by the clustering of Ti and C atoms inside
both martensitic and austenitic matrixes. Nevertheless, these precipi-
tateswere associated to titanium carbonitrides, or Ti (C, N), as discussed
later in Section 4.3. A higher concentration of Ti was observed at the
core of the γr1 lath. This is not related to a Ti carbide, since there is no
presence of C in the same region.

Fig. 4b depicts two γr/α’ interfaces highlighted in dark green by a
6 at.% Ni isoconcentration surface, and a series of Ti carbides contoured
in red by 30 at.% Ti + C isoconcentration surfaces. A high density of pre-
cipitates was observed at and near the γr1/α’ interface. Smaller precipi-
tates were observed in the proximities of the γr2/α’ interface. This can
be observed in more detail in Fig. 4c and d, respectively. The solute dis-
tribution across the γr1/α’ and γr2/α’ interfaces is summarized in Fig. 5
(for Fe, Cr, Ni, Mo and Mn) and Fig. 6 (for Ti, C, Cu, Si and V), which dis-
play proximity histograms of the 6 at.% Ni isoconcentration surfaces.
Note that the 0 value in the distance axis does not necessarily correlate
to the exact position of the interface. As there is a compositional



Fig. 2.Microstructural analysis of a Ti-stabilized SMSS after a) homogenization at 950 °C for 20 min, and b) furnace tempering at 625 °C for 2.5 h. c) X-ray diffraction analysis confirmed
absence of retained austenite after homogenization (a) and presence of 0.19 volume fraction of γr after tempering (b). d) SEM-XEDSmaps show the presence of angular TiN precipitates
after homogenization.
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gradient, the interface can be arbitrarily positioned within the 4 nm re-
gion betweenα’ and γr, as represented by the light gray dashed squares
in Figs. 5 and 6.

The chemical gradients across γr1/α’ and γr2/α’ interfaces show Cr,
Si, Ti andMo segregationwithin the 4 nmhighlighted region. Negligible
partitioning away from the interface was observed for Cr, Si and Ti,
while slight enrichment of Mo was evidenced only in α’. To quantify
such segregation tendency, enrichment factors were determined as
the ratio between the atomic concentration peak at the interface and
the core composition.Molybdenum showed the highest interface segre-
gation tendency, followed by Si and Cr, respectively. These results are
summarized in Table 3.
Fig. 3. Austenite transformation kinetics measured by SXRD during the ICT cycle. Heating
rate: 0.167 °C·s−1, soaking temperature: 625 °C, soaking time: 2.5 h, cooling rate: 5
°C·s−1. The blue dashed line indicates the equilibrium γ fraction at 625 °C.
Strong partitioning of Ni according to local equilibrium conditions is
the primary cause for austenite stabilization at room temperature. De-
spite near equilibrium partitioning of Cu and Mn into γr, it is clear that
these two elements play less important roles in austenite stabilization
due to their small contribution to the nominal alloy composition.

The equilibrium compositions for γ,α andMCN calculated at 625 °C
for two thermodynamic systems are shown in Table 4. The Ni concen-
tration showed good agreement with the equilibrium calculations
away from the γr1/α’ interface. A 3:1 γr to α’ Ni partitioning was ob-
served, related to core compositions of 10.2 ± 0.01 and 3.4 ± 0.04 Ni
at.% for γr andα’, respectively. For both the γr1/α’ and γr2/α’ interfaces,
a progressive Ni depletion was observed from the martensite side to-
wards the interface, with a minimum around 2.7 ± 0.02 at.% Ni, follow-
ed by a fast increase up to a peak value around 11.5±0.2 at.%. This peak
value is above the expected equilibrium calculations. Although both in-
terfaces evidenced similar minimum and maximum Ni concentrations,
the γr2/α’ interface showed a steep Ni reduction towards γr2, reaching
8.1 ± 0.2 at.% of Ni.

Carbon did not participate directly in the austenite stabilization pro-
cess, as neither partitioning nor interface segregation was observed. In
fact, as described in detail later in Fig. 12, both γr and α’ were found
to be relatively carbon free due the precipitation of Ti (C, N). On the
other hand, V partitioning was observed into the α’ matrix. No VC pre-
cipitates were evidenced in the APT dataset, which is expected from the
thermodynamic calculations. Preferential precipitation of Ti (C,
Table 2
Quantification of the austenite volume fraction for the in situ (6γ+5α’ peaks) and ex situ
(5γ + 4α’) conditions.

Condition Reverted austenite (Volume Fraction)

Equilibrium at 625 °C 0.32
High temperature (in situ) 0.32
Room temperature (in situ) 0.20
Room temperature (furnace) 0.19



Fig. 4. a) APT tomographic reconstruction for themost representative alloying elements of the sample. b) Two reverted austenites (γr1 andγr2) and several titanium carbides (TiC) defined
by6 at.%Ni and30 at.% Ti+C isoconcentration surfaces, respectively. c) and d) aremagnified regions of theγr2/α’ andγr1/α’ interfaces, respectively. Ni, Ti, and C atoms are shownas green,
blue, red dots, respectively. Note that the TiC may have a deviated shape due to the local magnification effect resulting from the large difference in evaporation field between the TiC and
the matrix material.
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N) occurs when Ti is added to SMSS [40–42]. Titaniumpeaks were pres-
ent not only at the interface, but also inside γr and α’ matrixes. Never-
theless, the latter were associated to Ti (C, N) precipitation, as
indicated by the black arrows in Fig. 6, and not to Ti partitioning.

Further STEM-XEDS compositional analysis, presented in Fig. 7a,
showed good agreement with the APT measurements. Strong Ni
partitioning into γr was evidenced. Whereas, no evidence of Cr or Mo
Fig. 5.Quantitative chemical analysis of Fe, Cr, Ni,Mo andMn across theγ1/α’ (black) and
γr2/α’ (red) interfaces shown in Fig. 4 after ICT cycle at 625 °C for 2.5 h. The dashed gray
square represents the interface region, whereas distance 0 represents the 6% Ni
isoconcentration surfaces used to perform the proximity histogram analysis. The blue
and green horizontal dashed lines represent the ferrite and austenite equilibrium
compositions, respectively.
partitioning was seen. From the line compositional analysis performed
along two austenite laths and crossing four γr/α’ interfaces, it can be ob-
served that the Ni concentration within γr tends to approach the equilib-
rium composition (10.7 at.%). Interestingly, regions of Ni concentration
above (12 at.%) and below (9 at.%) the equilibrium were also observed,
as depicted in Fig. 7b. This is consistent with the APT results in Fig. 5,
where a 30 nm region with Ni enrichment above the equilibrium was
Fig. 6.Quantitative chemical analysis of Ti, C, Cu, Si and V across the γr1/α’ (black) and γr2/
α’ (red) interfaces showed in Fig. 4 after ICT cycle at 625 °C for 2.5 h. The dashed gray
square represents the interface region, whereas distance 0 represents the 6% Ni
isoconcentration surfaces used to perform the proximity histogram analysis. The blue
and green horizontal dashed lines represent the ferrite and austenite equilibrium
compositions, respectively. * symbols in the Ti profile refer to compositions which are
too small to plot.



Table 3
γr/α’ interface segregation of ferrite-stabilizing elements. Compositions are given in atom-
ic %.s

Element Interface
enrichment

γ-core α’-core Interface
segregation
(Peak/γ-core)

Interface
segregation
(Peak/α’-core)

Mo 1.90 1.03 1.30 1.84 1.46
Si 0.75 0.5 0.5 1.5 1.5
Cr 14.0 12.6 12.6 1.1 1.1

Fig. 7. a) STEM-XEDS compositional maps for Fe, Cr, Ni and Mo. b) Line compositional
analysis for Fe, Cr, Ni and Mo through two γr laths. s: start; f: finish. The dashed lines
represent the Ni equilibrium compositions for γ and α phases.
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observed inside the austenite near theγr1/α’ interface. On the other hand,
regions with Ni concentration profiles below the equilibrium, such as for
the γr2/α’ profile in Fig. 5, were also seen for the XEDS-STEM measure-
ments. This suggests that the compositional equilibrium condition was
not reached after 2.5 h of isothermal reversion.

Away from the γr laths, the Ni concentration in the matrix
approached the equilibrium for α (3.2 at.%). Nonetheless, between
two adjacent γr laths, the Ni concentration in the α’ matrix was below
the equilibrium forα. This is related to the fundamental role of Ni diffu-
sion from α’ to the moving interface at this temperature [24,25].

3.2.2. Matrix/Ti (C, N) interface
The averaged proximity histogram results for the 30 at.% Ti + C

isoconcentration surfaces shown in Fig. 4b for the 7 precipitates in α’
(red) and 5 precipitates in γr (black) are presented in Fig. 8. In both
cases, rejection of Fe, Cr and Ni, and enrichment in C, Ti andMo towards
the core of the precipitates were observed. In order to conduct a more
accurate compositional analysis, a peakdeconvolution analysis was per-
formed only for the ions contained inside the 30 at.% Ti + C
isoconcentration surface. This was done in order to reduce the contribu-
tion of elements from thematrix present in the surroundings of the pre-
cipitates. Results are summarized in Fig. 9.

Negligible compositional differences were evidenced regardless the
type of matrix. The precipitates were mainly composed by 38–40 at.%
Ti, 36 at.% C and 16–17 at.% Mo with residual presence of Cr and Fe
below 6 at.%, as well as traces of Ni and Mn below 1 at.%. Little presence
of carbide forming elements, such as Nb and V was observed. Further-
more, no presence of N was detected using peak decomposition be-
tween Si and N. Although the precipitates are rather large,
compositional error greater than the reported standard error is possible
and can be associated with ion crossing from matrix regions into the
carbides during field evaporation for the APT experiment. Ion crossing
could cause the detected matrix element composition within the pre-
cipitate to be higher than the actual composition. In addition, complex
field evaporation of carbides results in complex molecular evaporation
and multiple evaporation events during one pulse, which can create
error in the composition beyond the standard error presented
[43–45]. However, overlapping peaks, such as C2+, C4++, and Ti++ at
24 Da, were decomposed for the compositional measurements.

Fig. 10a shows STEM-XEDS compositional mapping of a region con-
taining two nanometric precipitates, one at theγr/α’ interface and other
in theα’matrix. Both particles evidenced a significant enrichment of Ti,
Mo, C, N and V when compared to the matrix. The line compositional
Table 4
Equilibrium composition for γ, α and MCN calculated at 625 °C for two thermodynamic
systems.

Phase Fe Cr Cu Mn Mo Ni Si Ti V C N

a) All phases. Atomic %.
γ 74.9 11.7 0.2 1.2 0.7 10.6 0.6 4.6E-03 0.02 2.1E-03 –
α 82.5 12.8 0.03 0.2 0.7 3.3 0.5 7.6E-03 0.06 10.5E-03 –
MCN – – – – – – – 50.8 0.02 31.2 18
b) FCC and BCC only. Atomic %.
γ 74.2 12.0 0.2 1.2 1.1 10.7 0.6 4.0E-04 0.02 3.7E-02 –
α 81.5 13.3 0.03 0.2 1.1 3.2 0.5 6.4E-04 0.05 2E-03 –
MCN – – – – – – – 50 – 33 17
profile presented in Fig. 10b shows a similar trend when compared to
the APT results shown in Fig. 8. Reduction in Fe, Cr and Ni, and incre-
ment in Ti andMowere observed. However, the accurate determination
of the composition of these small precipitates is hampered by the X-ray
signal coming from the matrix above and/or below, as these do not ex-
tend across thewhole thin foil thickness. Additionally, C and Nwere not
taken into account for the chemical composition quantification due to
the inherent limitations of XEDS to adequately quantify such light
elements.

4. Discussion

4.1. Austenite reversion mechanism

There are three main mechanisms reported in the literature for the
reversion of nano-sized austenite in Fe-Mn [11–13], Fe-Cr-C [16] and
Fe-Cr-Ni-Mo [14,15] steels. First, interface-coherent allotriomorphic
austenite reversion with K-S orientation, which can occur at the α’/α’
lath boundary aided by strong interface segregation of γ-stabilizing ele-
ments and the release of elastic stress frommartensite [13,46]. The aus-
tenite growth is controlled by partitioning of γ-stabilizing elements at
or near the equilibrium composition. Second, austenite can grow from
previously existing reverted or retained austenitie [14–16,28,34,47].
For example, in Mn diffusion controlled austenite reversion, the Mn
composition of the newly formed austenite is imposed by local equilib-
riumat the particular reversion temperature. Therefore, the two austen-
itic phases can be distinguished by compositional differences,where the



Fig. 8. Averaged proximity histograms of the Carbide/Matrix interface for 7 precipitates in
α’ (red) and 5 precipitates inγr (black). The analysiswas performed using a 30 at.% Ti + C
isoconcentration surface. The 0 value in the distance axis represents a 30 at.% Ti + C
isoconcentration surface, and does not correlate to the exact position of the interface
between the precipitates and the matrix.
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retained austenite typically shows nominal alloy content of stabilizing
elements [12,13]. Finally, nucleation of austenite can also be aided by
the precipitation of carbides [5,6,14,15,27]. For example, the precipita-
tion of M23C6 along the tempered martensite laths in a Fe-13Cr-4Ni-
Mo can become heterogeneous nucleation sites for austenite reversion
[14].

According to SXRD measurements, no retained austenite was found
in the homogenized condition before tempering. This is explained by
the extremehardenability of Fe-12Cr-6Ni-2Mo SMSS, which guarantees
complete martensitic transformation after cooling from the austenitic
field [48]. Additionally, according to Figs. 4 and 10, precipitation of TiC
at the γr/α’ interfaces was observed. As seen by APT, very low Ni
remained in the precipitates. This can be beneficial for austenite rever-
sion at regions with a high density of precipitation, since nucleation of
austenite is more probable in regions with higher local concentrations
of Ni. Nevertheless, the volume fraction of MCN is very small (below
0.003 volume fraction at 625 °C), and this effect is not expected to be
Fig. 9. Average composition of titanium carbides inα’ and γr. Peak deconvolution analysis
was conducted using a 30 at.% Ti+ C isoconcentration surface in order tominimizematrix
contributions. Local range-assisted background correction.
fundamental for the reversion mechanism. Therefore, the reversion
mechanism studied in this work can be associated mainly to α’/α’ lath
boundary segregation of γ-stabilizing elements, followed by nucleation
and growth of austenite, mainly controlled by the local equilibrium
partitioning of Ni at the reversion temperature.

4.2. Austenite stabilization mechanism

According to kinetic calculations, the austenite initially nucleates
with a nucleus composition of 61.7 at.% Fe, 9.0 at.% Cr, 22.5 at.% Ni,
2.2 at.% Mo and 4.6 at.% Mn. During the isothermal growth, depicted
in Fig. 11, the γr/α’ interface advances according to the equilibrium Ni
composition given by the tie-lines for a Fe - 12.8 at.%, Cr - 5.6 at.%, Ni -
1.1 at.%, Mo - 0.5 at.% Mn system. In the early stages of γ growth, an in-
homogeneous Ni compositional profile inside γ is expected due to the
gradient between the Ni-rich nuclei and the advancing interface. Also,
the Ni diffusion from thematrix to the interface generates a local deple-
tion near the interface related to the nominal Ni content. For longer iso-
thermal reversion times, the interface continues to advancemainly due
to Ni diffusion from thematrix, extending the size of the Ni depleted re-
gion between the interface and the nominal composition. According to
Niessen et al., the isothermal austenite reversion of a 15Cr SMSS at
635 °C mainly depends on the diffusion of Ni from the tempered mar-
tensite matrix to the interface [24]. Whereas, for tempering tempera-
tures above 700 °C, the reversion kinetics depends on the diffusivity of
Ni in γ due to compositional homogenization. By the end of the isother-
mal stabilization process, the compositional profile inside γ is mostly
homogenized according to the local equilibrium of austenite (dashed
line). The γ growth decelerates due to the exhaustion of Ni in the ma-
trix, which approaches the local equilibrium composition for α (dotted
line). This is consistent with the measurements presented in Fig. 5.

Nonetheless, an inhomogeneous Ni distribution inside γr was exper-
imentally observed by APT and STEM-XEDS. This can be related to sev-
eral factors, such as the lack of homogenization at the Ni-rich regions
where γ nucleated, the nucleation sequence, and to further Ni enrich-
ment upon cooling. The latter can become relevant for the present
case due to the slow furnace cooling rate, as the solubility of Ni in γ in-
creases for lower temperatures [23–25].

Chromium partitioning into α is also expected to occur as the inter-
face advances according to the equilibrium tie-lines. Nonetheless, APT
observations evidenced that negligible partitioning is obtained away
from the interface, although it advances with a strong Cr segregation.
According to Fig. 5, a slight Cr enrichment is left within the first 30 nm
inside γr; whereas, a slight Cr depletion within a similar distance is ev-
idenced in α’. Chromium partitioning into γr was reported by other au-
thors for the specific case of a tempered SMSS [14]. However, this result
is most likely related to a size effect, since the compositional profile was
measured only across 10 nm away from the interface.

The effect of Mo is not expected to be significant as the difference in
equilibrium partitioning between γr and α’ is less than 0.02 at.% for the
two thermodynamic systems in Table 4. It is interesting to note that, for
the Fe - 12.8 at.%, Cr - 5.6 at.%, Ni - 1.1 at.%, Mo - 0.5 at.%Mn composition
used for the kinetic modeling, Mo is expected to partition into γr. None-
theless, this discrepancywith the APT observations is related to the sim-
plification of the nominal composition.

Even though high temperature microstructural equilibrium was
confirmed by SXRD, it is likely that 9000 s (2.5 h) of isothermal rever-
sion at 625 °C is not enough to homogenize all compositional gradients
inside γr, especially for the laths that nucleated near the end of the iso-
thermal stage. Regions with Ni partitioning as small as 8.1 ± 0.2 at.%,
such as γr2 in Fig. 5, were observed. As the γr thermal stability greatly
depends on the degree of Ni partitioning, it is expected that the less
Ni-enriched regions will be more susceptible to γr➔α’ transformation
upon cooling, as observed in Fig. 3. Nevertheless, such freshly formed
Ni-richmartensite laths will become preferential sites for eased austen-
ite reversion during multi-stage ICT cycles [5,25,34,47,49].



Fig. 10. a) STEM-XEDS compositionalmaps for themain alloying elements in the system. b) Line compositional analysis through a nanometric Ti-rich particle. s: start; f: finish. STEM-XEDS
and APT results differ due to the matrix interference during the XEDS analysis.
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4.3. Role of carbide precipitation and carbon content

For the specific case of low carbonmartensitic stainless steels, awide
variety of nanometric precipitates, such asM23C6, M7C3, M3C, M2CMCN
and VN have been found at room temperature after heat treatments or
welding cycles [5,6,14,25,27,34,40,50]. However, when titanium is
added to SMSS, the precipitation of MCN is preferred over any other
type of carbide [40–42]. Themost relevant secondary phases at the tem-
pering temperature of 625 °C, for a thermodynamic calculation allowing
all possible phases, are MCN, M23C6 and χ. Nevertheless, no experimen-
tal evidence of the precipitation of M23C6 and χwas observed after 2.5 h
of isothermal reversion. Therefore, the most reasonable candidate for
the precipitates observed in Fig. 9 is MCN, or Ti (C, N), with partial sub-
stitution of Ti by Mo. Despite the presence of Cr, and Fe was also
observed by ATP, the hypothesis of matrix contamination due to differ-
ences in evaporation rate cannot be disregarded, but it is highly proba-
ble that these elements exist in the precipitates due to their large size.
Transmission electron microscopy characterization of TiC carbides in
Ti-stabilized 12.7Cr SMSS showed that Cr, Mo and Si can also be present
as small quantities [40]. Additionally, it has been reported that incorpo-
ration of Mo seems to favor TiC nucleation through the reduction of the
interfacial energy between TiC and the austenitic matrix [51]. Although
Nwas clearly identified using STEM-XEDS, it is challenging to accurately
quantify the concentration of N in Ti (C, N) due to peak overlap between
N and Si in APT, and to the small nominal content of N in the steel. How-
ever, therewas not a significant amount of N in the Ti (C,N), as indicated
by the number of counts in the 28 Da peak compared to the 29 and
30 Da peaks, which matched the isotopic abundancy of Si.



Fig. 11. Simulation of the isothermal austenite reversion kinetics and elemental
partitioning calculated at 625 °C for several transformation times. The austenite grows
in the ferritic matrix from the left to the right.

Fig. 12.ROI compositional analysis ofγr1 andα’ excluding the Ti-rich precipitates. b)Mass Spect
Local range-assisted background correction.
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The average carbonitride composition was found to be very similar,
regardless of the matrix in which these were found. These similarities
can be a consequence of a fast precipitation in the α’ matrix and at the
α’/α’ lath interfaces before significant austenite reversion takes place.
It has been reported that MCN can precipitate even during the first mi-
nutes of the austenite reversion during tempering of SMSS [52].

In order to clarify the role of Ti and C in the austenite reversion
mechanism, local peak deconvolution analyses were conducted in re-
gions away from the interfacewith nopresence of precipitates. The con-
tent of Ti within the γr1 core (0.2 at.%) and within the α’ matrix
(0.04 at.%) were above the equilibrium predictions. Whereas, both γr

and α’ phases were virtually carbon-free, as evidenced by the absence
of C peaks in themass spectrumplot. Compositional results are summa-
rized in Fig. 12. Although theγr1 austenite lath corewas rich in Ti, no ad-
ditional C, Cr or Mo enrichment was observed. Therefore, this local
enrichment is related neither to partitioning, nor to the presence of
MCN, M23C6, or χ phases. This local Ti-rich region may be associated to
carbide dissolution and insufficient homogenization of Ti during the
austenitization stage at 950 °C. Although this region could be associated
to a nucleation site for γr, further characterization of a larger number of
γr laths by APT is necessary to carefully address this issue. The overall
presence of Ti above the equilibrium in γr and α’, and the partitioning
of V into α’ can be related to the lack of C in solid solution to produce
further carbide precipitation.

5. Conclusions

The mechanism for austenite reversion and stabilization during
inter-critical tempering at 625 °C of a Ti-stabilized supermartensitic
stainless steel was studied using atom probe tomography, scanning
transmission electron microscopy, energy dispersive X-ray spectrosco-
py, synchrotron X-ray diffraction, and thermodynamic and kinetic cal-
culations. The most relevant conclusions are as follows:

- The austenite reversion mechanism was associated to nucleation
and growth at the α’/α’ lath interface assisted by the precipitation
rum evidencing carbon freemartensite and austenite. c) IVAS peak deconvolution analysis.
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of Ti (C, N). Interfacial segregation of ferrite stabilizing elements (Cr,
Mo, Si and Ti) was found at the γr/α’ interface after tempering. Nev-
ertheless, austenite growth occurred only by partitioning of austen-
ite stabilizing elements (Ni,Mn and Cu). Negligible partitioning of Cr
and Si was observed away from the interfaces.

- The mechanism behind the austenite stabilization in Ti-stabilized
SMSS was mainly related to strong partitioning of Ni according to
the local equilibrium at 625 °C, and was independent of C. The aus-
tenite growth was controlled by Ni diffusion from the martensitic
matrix. The kinetics slowed down as the Ni was exhausted within
the surrounding tempered martensite, approaching the local equi-
librium for ferrite.

- Even though high temperature microstructural equilibrium was
confirmed by synchrotron X-ray diffraction, it was observed that
9000 s (2.5 h) of isothermal reversion at 625 °C was not enough to
achieve compositional equilibrium. This was evidenced by the par-
tial martensitic transformation observed upon cooling. Nonetheless,
this inter-critical tempering cycle reduced the hardness from 308±
7 to 286 ± 6 HV, which is a typical value for tempered SMSS pipes
for applications in the oil and gas industry.

- Carbon and titanium played a secondary role in the austenite stabi-
lization mechanism through the precipitation of Ti (C, N). Virtually
carbon-free austenite and martensite were observed away from
the interfaces and precipitates.
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