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• Compositional gradients after single
tempering forced a meta-equilibrium
during the second and third tempering
cycles.

• Nucleation at the Ni-poor temperedma-
trix was suppressed.

• Site-specific austenite reversion oc-
curred at the Ni-rich fresh martensite
laths.

• The softening mechanism was insensi-
tive to the maximization of austenite
after double and triple tempering.
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The maximization of stable reverted austenite at room temperature through inter-critical tempering is a widely
used method to reduce hardness in supermartensitic stainless steels. Nevertheless, partial martensitic transfor-
mation might occur due to insufficient compositional stabilization. In this work, we conducted a time-resolved
triple-step inter-critical tempering, specially designed to obtain maximum austenite stability and minimum
hardness through the progressive suppression of themartensitic transformation. Themechanismbehind thepro-
gressive increase in stable reverted austenite was the generation of a meta-equilibrium state, which imposed a
um; α′f, fresh martensite; α′t, tempered martensite; γ, used to generically refer to austenite; γeq, austenite in thermodynamic
mperature; APT, Atom Probe Tomography; EDS, Energy Dispersive X-ray Spectroscopy; ICT, inter-critical tempering; SMSS,
y diffraction.
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limit in both high temperature austenite reversion and room temperature austenite stabilization. Such limit
corresponded to the high temperature volume fraction of austenite, obtained right before cooling from the
first cycle. This effectwas associated to the Ni-rich freshmartensite laths acting as local Ni compositional pockets,
providing site-specific austenite reversion; and to the suppression of any additional nucleation at the Ni-poor
matrix as the T0 temperature for austenite reversion was strongly increased. The softening mechanism was
mainly controlled by the carbon arrest effect by the precipitation of Ti (C, N), which was completed after the
first tempering cycle. Nevertheless, maximizing reverted austenite and suppressing fresh martensite at room
temperature did not result in additional hardness reductions.

© 2018 Elsevier Ltd. All rights reserved.
Keywords:
Atom Probe Tomography
Austenite reversion
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 isothermal reversion of nano-sized austenite (γr) in tem-
peredmartensitic matrixes (α′t) has regained interest in the past de-
cade as amethodology for the design, control and optimization of the
mechanical properties of martensitic steels [1–4]. As an example, the
austenite reversion has been used for tailoring the mechanical prop-
erties of supermartensitic stainless steels (SMSS) pipelines in the oil
and gas industry [5–9]. Themaximization of the γr volume fraction at
room temperature after inter-critical tempering (ICT) has been di-
rectly associated with the simultaneous maximization of the impact
toughness and minimization of hardness [6,9–11]. The latter is espe-
cially important in order to satisfy the maximum hardness require-
ment of 253 HV for field applications in sour service, commonly
adopted by the oil and gas industry [12]. Nevertheless, this has
proven to be challenging due to the relatively small changes in hard-
ness after tempering cycles [13,14]. Thus, a variety of methodologies
for hardness minimization have been proposed, such as the reduc-
tion of C and N from the nominal composition [13] and the addition
of stabilizing elements such as Ti, Nb and V to arrest the interstitial
elements from the solid solution [15].

Additionally, complexmultiple ICT cycles have beenperformed as an
effort to increase the volume fraction of stable γr at room temperature,
from 0.05 to 0.2 after single ICT cycles [16–19] up to 0.4 [6,10,20]. The
increased reversion efficiency obtained by the use of multiple ICT cycles
has been related to a wide variety of microstructural effects, such as the
presence of retained austenite [4,16,21,22], reverted austenite and fresh
martensite after a single ICT cycle [10,16,23], the precipitation of car-
bides [11,24] and even to compositional segregations after the con-
trolled dissolution of carbides [2,25]. Interpreting the austenite
reversion mechanism through multiple tempering cycles can be rather
complexdue to the aforementioned competitivemicrostructural effects.
However, most of these can be avoided or isolated under controlled
conditions in Ti-stabilized SMSS.

This work aims to clarify the kinetic and compositional aspects
behind the austenite nucleation and stabilization mechanisms
throughout the execution of a triple ICT cycle, designed to achieve
maximum austenite stability and minimum hardness. Before tem-
pering, samples were fully austenitized to provide a well-known
starting microstructure, consisting of compositionally homogeneous
fresh martensite and stable titanium carbo-nitrides, Ti (C, N), in the
absence of retained austenite. Then, the samples were subjected to
controlled single, double and triple ICT cycles. The evolution of the
microstructure was studied by time-resolved synchrotron X-ray
diffraction throughout the thermo-mechanical simulation of the
multiple ICT heat treatment. Furthermore, samples were extracted
after each step of the triple ICT heat-treatment in order to be further
characterized using Scanning Electron Microscopy (SEM), Energy
Dispersive X-Ray Spectroscopy (EDS) in Scanning Transmission Elec-
tron Microscopy (STEM) and Atom Probe Tomography (APT). The
maximization of γr and the carbon arrest from the solid solution
were directly related to the resultant hardnessmodifications. Results
were interpreted with the aid of equilibrium and kinetic calculations.
2. Experimental

2.1. Time-resolved synchrotron X-ray diffraction during thermo-
mechanical simulation

A commercial hot rolled and homogenized Ti-Stabilized SMSS
with a nominal composition shown in Table 1 was used. Dog-bone
type samples with 2 mm thick, 5 mmwide and 20 mm long reduced
section were machined and then homogenized at 950 °C during
20 min, followed by furnace cooling to room temperature. A
constant flux of Argon was used to protect the samples from
decarburization and oxidation. A fully martensitic microstructure
was obtained [17].

Time-resolved synchrotron X-ray diffraction (SXRD) experiments
were conducted in order to study the austenite transformation kinetics
during the heating, isothermal and cooling stages throughout themultiple
ICT heat treatment. This analysis was performed at the X-ray scattering
and thermo-mechanical simulation experimental station (XTMS), at the
Brazilian National Synchrotron Source (LNLS). Incident beam energy of
12 keV was used. A thermo-mechanical simulator (Gleeble® 3S50)
coupled to the synchrotron light source was used to perform the
heat treatments. The first, second and third ICT cycles were conducted at
625 °C during 2.5 h, 600 °C during 6 h, and 580 °C during 6 h, respectively.
Afinal austenitization cyclewas conducted at 950 °C for 5min, followedby
cooling to room temperature. All tempering cycles were performed using
the direct resistive heating method, controlled by type K thermocouples
welded to the center of the reduced section of the samples. The typical
temperature uncertainty was ±1 °C. In all cases, heating and cooling
rates were fixed to 0.166 °C·s−1 and 5 °C·s−1, respectively. The transfor-
mation temperatures at the surface and bulk of the samples were indi-
rectly measured by X-ray diffraction and laser dilatometry data analysis,
respectively. A graphical representation of the aforementioned four heat
treatment cycles is shown in Fig. 1.

The quantification of the X-ray diffraction data was performed for
the austenite using Eq. (1) [26,27], which establishes a relationship be-
tween the measured peak areas and the corresponding phase fractions.
In this equation, Fp is the fraction of phase p, np is the number of peaks
from phase p, K represents a given {hkl} family, IpK is the area under a
peak of the family K on phase p and RpK is a dimensionless scalar con-
taining the effects of the form factor andmultiplicity of each {hkl} family
for each phase, as well as the influence of the lattice parameters. Such
quantification is relative to the surface since the experiment was set
for X-ray reflection configuration obtained at 12 keV. The time-
resolved austenite quantification was conducted using {111}γ, {200}γ
peaks and {110}α′ peak. Also, a wider spectra, including {111}γ,



Fig. 1. Austenite reversion kinetics and austenite thermal stability measured by correlative a) laser dilatometry and b) synchrotron X-ray diffraction during a triple ICT and a final
austenitization cycle. Temperature-resolved transformation kinetics during: c) first ICT cycle at 625 °C during 2.5 h; d) second ICT cycle at 600 °C during 6 h, e) third ICT cycle at 580
°C during 6 h, and f) final austenitization cycle at 950 °C during 5 min. Green and black dashed lines: Equilibrium γ volume fraction at the reversion temperatures. The experimental
error for SXRD data ranges between 0.005 and 0.015 vol fraction.
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{200}γ, {220}γ, {311}γ, {222}γ peaks, and {110}α′, {200}α′, {211}α′,
{220}α′ peaks, was used for a more accurate quantification right before
cooling and at room temperature after each heat treatment step.

Fp ¼

1
np

XnpK
K

IpK
RpKX

p

1
np

XnpK
K

IpK
RpK

ð1Þ

On the other hand, qualitative laser dilatometrywas used in order to
determine the inflection points at which volumetric austenite reversion
(contraction) and martensitic transformation (expansion) occurred.
Error bars are not included in the figures, since the uncertainty on the
measured volume fractions of austenite ranged between 0.005 and
0.015 [26].

2.2. Microstructural and compositional characterization

Energy Dispersive X-ray Spectroscopy measurements were per-
formed in Scanning Transmission Electron Microscopy (STEM-EDS)
using a 200 kV FEI Tecnai F20 Microscope. Site-specific focused ion
beam (FIB) lift-outs were taken from regions with a high density of
γr/α′t interfaces. Thin foils were attached to Cu grids and milled to
approximately 100 nm thicknesses. The compositional measure-
ments were obtained for areas of approximately 2.2 × 1.8 μm. The
spatial resolution for a camera length of 115 mm corresponded to
9 nm per pixel. Additionally, 1-D point-to-point compositional anal-
ysis was performed through several interfaces with a spatial resolu-
tion of 1 nm per point.

Atom Probe Tomography was used to find the compositional gradi-
ents across the γr/α′t interfaces. Site-specific FIB lift-outs were taken
from regions with a high density of γr/α′t interfaces. Regions of interest
were annularly milled (30 kV) and cleaned with a 2 kV ion beam to
make needle-shaped specimens suitable for field evaporation. The anal-
yses were performed using a CAMECA Instruments LEAP® 4000× HR
local electrode atom probe. The specimens were field evaporated in
lasermodewith a 200 kHz pulse repetition rate, 30 K specimen temper-
ature, 100 pJ laser power, and a 0.5–1.0% detection rate. The resulting
data was reconstructed and analyzed using the CAMECA IVAS software.
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. Error bars for the compositional profiles were calcu-
lated according to Eq. (2), where s is the standard error assuming a
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random solid solution, ci is the atomic concentration of a solute, and nt is
the total number of ions collected [28]:

s ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ci 1−cið Þ

nt
;

s
ð2Þ

Microhardnessmeasurements were conducted in a LECOM-400-H1
microhardness Vickers tester. All samples were cut to expose the simu-
lated isothermal 2 mm × 5 mm reduced cross sections right below the
spot welded thermocouples. An average of twenty indents per condi-
tion were performed using a 200 g load, 200 μm step size and 15 s
dwell time. Prior testing, all samples were grinded and polished down
to 1 μm diamond particle size.

2.3. Thermodynamic calculations

Thermo-Calc® software and TCFE9 database were used to perform
composition and volumetric phase fraction predictions. The calculations
were performed for a thermodynamic systemallowing the precipitation
of all possible phases concerning the nominal composition of the SMSS.
Gibbs free energy of α and γwere calculated also for the nominal com-
position as a function of the Ni concentration. Ferrite was assumed to be
equivalent to martensite in terms of equilibrium volume fractions and
compositions [17,21,29].

Kinetic calculations were performed using DICTRA® to simulate the
austenite growth in a non-homogeneousmatrix. The simulationwas set
up in a planar geometry with a fully implicit scheme. The grid was cre-
ated with 100 points with a point distribution geometrically biased to-
wards zero and widths of 200 nm, which corresponded to half of the
average distance between clusters of reverted intra-granular austenite
laths. The compositions of the phases introduced to the simulations
are shown in Table 2. The model was run at 600 °C for up to 6 h
(21,600 s). Phase information and elemental mobility values were re-
trieved from TCFE9 and MOBFE3 databases.

3. Results

3.1. Kinetic aspects of the multiple-step ICT cycle

Fig. 1 a) and b) show the time-resolved evolution of the martensite
to austenite, and austenite to martensite transformation kinetics, mea-
sured by laser dilatometry (blue) and synchrotron X-ray diffraction
(red), respectively. Fig. 1 c) to f) shows the detailed transformation ki-
netics and dilatometry for each of the three ICT cycles and thefinal com-
plete austenitization step as a function of temperature. The phase
transformations during themultiple ICT cycles are described as follows:

3.1.1. First ICT cycle at 625 °C during 2.5 h
The initial microstructure consisted of a fully martensitic matrix (α′

f) with the presence of Ti (C, N). During the heating stage to 625 °C no γ
reversion was detected according to SXRD and dilatometry measure-
ments. The α′f → γ transformation started within the first minute
after reaching the isothermal stage. As depicted in Fig. 1 c), the isother-
mal reversion asymptotically evolved to 0.32 γ, which matched the
predicted equilibrium volume fraction of γeq at 625 °C (green dashed
line). On cooling, partial γ → α′f transformation started at the surface
Table 2
Phase compositions used for the kinetic simulations [17].

Phases Cr Mo Ni Mn Fe

Ni-rich FCC 12.8 0.96 10.2 0.8 Bal.
Ni-poor FCC 12.8 0.96 8.1 0.8 Bal.
Ni-rich BCC 12.8 0.96 8.1 0.8 Bal.
Ni-poor BCC 12.8 1.2 3.1 0.35 Bal.
at 105 °C, accompanied by a small change in slope due to volumetric ex-
pansion near room temperature.

3.1.2. Second ICT cycle at 600 °C during 6 h
The second ICT cycle, detailed in Fig. 1 d), started with a microstruc-

ture composed of 0.18, 0.14 and 0.68 volumetric fractions of γr, α′f and
α′t, respectively. During the heating stage, γ reversionwas evidenced at
523 °C (As2) by SXRD. However, no noticeable contractionwas detected
by dilatometry. The isothermal transformation evolved slowly at the
surface and at the bulk when compared to the first ICT cycle. The γ vol-
ume fraction grew asymptotically towards 0.32 γ, which was above the
equilibrium volume fraction of γ at 600 °C (0.23 γeq). On cooling, slight
γ→ α′f transformation occurred around room temperature, both at the
surface and at the bulk.

3.1.3. Third ICT cycle at 580 °C during 6 h
The third ICT cycle, detailed in Fig. 1 e), started with 0.25, 0.07 and

0.68 volumetric fractions of γr,α′f andα′t, respectively. The γ reversion
on heating was observed at 547 °C (As3), with no noticeable volumetric
contraction. During the isothermal stage, the transformation evolved
asymptotically to 0.32 γ, which was also above the equilibrium volume
fraction of γ at 580 °C (0.18 γeq). No γ → α′f transformation was de-
tected upon cooling. The final room temperature microstructure was
composed of 0.32 γr and 0.68 tempered α′t, which matches the high-
temperature equilibrium microstructure at 625 °C. Further details on
the microstructural evolution will be presented in Section 4, altogether
with the STEM and APT results.

3.1.4. Complete austenitization cycle at 950 °C
A final cycle of complete austenitization, depicted in Fig. 1 f), was

conducted to study the thermal stability of the final microstructure
after the complete suppression of γ → α′f transformation. The γ rever-
sion on heating was detected at 655 (As4) at the surface by SXRD and
at 675 °C at the bulk. A fully austenitic microstructure was obtained
above 870 °C (Ac3). Complete γ → α′f transformation was achieved
upon cooling, both at the surface and at the bulk of the sample, due to
the compositional solubilization effect inside γ at 950 °C. The Ms at
the surfacewas 475 °C, whereas the volumetric expansionwas detected
at 250 °C. The transformations at the surface and bulk ended at 210 and
160 °C, respectively. The differences in the transformation tempera-
tures, detected by the two techniques, are associated to the accelerated
martensitic transformation at the surface when compared to the bulk
[22, 26, 30] due to lack of constraints. The equilibrium austenite and fer-
rite volume fractions and compositions are presented in Table 3.

3.2. Microstructural aspects of the multiple-step ICT cycle

3.2.1. Evolution of the microstructure and morphology
Fig. 2 shows the microstructure before tempering (a), and after the

first (b), second (c) and third (d) ICT cycles. The typical low-carbon
lath martensite microstructure observed in the homogenized condition
evolved to a microstructure composed of a high density of acicular and
globular interfaces. The observed lath/matrix interfaces were produced
isothermally during the first ICT cycle at 625 °C and corresponded to
reverted austenite laths at high temperature. However, the differentia-
tion between γr and α′f cannot be readily made by SEM analysis due
to their morphological similarities [20,31,32].

By comparing the SEM microstructures after the first, second and
third ICT cycles, a very slight increase in the lath width was noticed.
The previous austenite grain boundaries (PAGB) remained constant
with an approximate value of 20 μm before tempering and after each
of the three ICT cycles. This is expected as the austenite reversion is oc-
curring at the lath/lath martensite interfaces and due to the Ti (C,
N) grain growth pinning effect [15,33]. Based on STEM image analysis
performed for all visible laths, the average lath width after the first, sec-
ond and third ICT cycles were 161 ± 46, 192 ± 63 and 195 ± 49 nm



Table 3
Austenite and ferrite equilibrium volume fractions and compositions at the ICT
temperatures.

°C Vol. fraction Composition (at.%)

Fe Cr Mn Mo Ni Si Ti C N

Austenite in equilibrium
625 0.32 Bal. 11.7 1.2 0.7 10.6 0.6 5E−3 2.1E−3 9.1E−10
600 0.24 Bal. 11.4 1.6 0.7 12.8 0.7 5E−3 1.0E−3 2.9E−10
580 0.18 Bal. 11.1 2.0 0.7 14.7 0.7 6E−3 0.5E−3 1.1E−10

Ferrite in equilibrium
625 0.68 Bal. 12.8 0.2 0.7 3.2 0.5 8E−3 0.1E−3 3E−10
600 0.76 Bal. 12.6 0.2 0.6 3.5 0.5 7E−3 4.7E−5 3E−10
580 0.82 Bal. 12.5 0.2 0.6 3.7 0.5 7E−3 2.5E−5 3E−10
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respectively. Whereas, the spacing between laths corresponded to 431
± 98, 354 ± 69 and 376 ± 92 nm, respectively. The high deviation in
size and spacing can be associated with inhomogeneous shapes and to
the coalescence of laths due to γ/α′t interface motion throughout the
second and third ICT cycles.

3.2.2. Compositional evolution
Fig. 2 e) to m) shows the elemental maps obtained via STEM-EDS

after the first (e, h, k), second (f, i, l) and third (g, j, m) ICT cycles.
Fig. 2 e), f) and g), presents the distribution of Ni (green), Mo (red)
and Ti (blue), respectively and Fig. 2 h), i) and j), shows the distribution
of Cr (magenta) and Si, respectively. Additionally, 1-D STEM-EDS com-
positional analysiswas performed for Cr, Ni,Mo, Ti and Si along adjacent
reverted laths indicated by white arrows in Fig. 2 k), l) and m). Results
are presented in Fig. 3 a), b) and c) for the first, second and third ICT cy-
cles, respectively.

From Fig. 2, it was evidenced that the strong partitioning of Ni
(green) into the reverted laths was themain factor involved in the aus-
tenite stabilization mechanism. No evidence of partitioning of α-
stabilizer elements, such as Cr, Mo, Ti and Si was observed by STEM-
EDS. However, these elements were found at the Ti (C, N) and χ precip-
itates, identified as local clusters of Ti (white arrows), and Cr+ Si+Mo
(yellow arrows), respectively.

Quantitative area distribution of Ni between the reverted laths and
the α′t matrix is presented in Fig. 2 k), l) and m), after single, double
and triple ICT cycles, respectively. Hot colors represent high local con-
centrations of Ni, cold colors represent depletion of Ni. Results showed
an evident non-homogeneous distribution of this element. This was ob-
served both within the reverted laths and along the α′t matrix.

After a single ICT cycle, the average area distribution of Ni inside the
reverted laths (Fig. 2 k)) ranged between 10 and 12.5 at.% Ni. The 1-D
characterization depicted in Fig. 3 a) showed an overall tendency to
match the local equilibrium Ni partitioning expected at 625 °C (dashed
green lines in Fig. 3). Local 1-D absoluteminimumandmaximumvalues
of 8.4 and 14.5 at.% Ni were observed within the reverted laths. How-
ever, due to the relatively high scattering of the compositional data, all
profiles were softened by a 5-point average method. Raw (spots) and
averaged (lines) profiles are shown together. For the averaged case, a
more representative behavior was obtained, where the minimum and
maximum values within the laths after 1 ICT were 9.2 and 13% at.

Regarding the area distribution of Ni along theα′t matrix (Fig. 2 k)),
Ni-depleted areas below2.5 at.%were observed, especially at regions in-
between adjacent reverted laths. Whereas, other regions with Ni con-
centrations above 5 at.% were evidenced away from clusters of laths.
The 1-D characterization analysis (Fig. 3 a)) showed minimum and
maximum averaged values of 2.5 and 4 at.%. Regions with low density
of laths showed Ni concentrations near or slightly above the local equi-
librium for α (dotted green line in Fig. 3).

After double (Fig. 2 l)) and triple (Fig. 2 m)) ICT cycles, an overall Ni
enrichment of the reverted lathswas observed. This was directly associ-
ated to the increment in theγr volume fraction from Fig. 1 d) and e). The
1-D compositional characterization evidenced maximum averaged Ni
concentrations of 14 at.% (Fig. 3 b)) and 13.2 at.% (Fig. 3 c)). The pixels
with high local concentrations of Ni observed by area analysis were re-
lated to the local peaks observed by 1-D compositional analysis. Maxi-
mum non-averaged values of 15.8 and 14.2% of Ni, were measured
after double and triple ICT cycles, respectively.

On the other hand, the α′t matrix evidenced further Ni depletion in
areas between laths, especially after the triple ICT cycle. In this case,
the presence of regions with average Ni concentrations between 2.5
and 5 at.% was reduced. Whereas, more regions with Ni concentration
below 2.5 at.% appeared (Fig. 2 m)). After double and triple ICT cycles,
the 1-D compositional analysis evidenced stable averaged minimum
Ni concentrations of 2.5 at.%, which were below the local equilibrium
for α for all the tempering temperatures (Table 3).

Althoughmultiple tempering cycles increased the volume fraction of
stable γr, such complex heat treatment also led to the preferential pre-
cipitation of χ at the reverted lath/matrix interfaces, as depicted in
Figs. 2 f), g) and 3 c). The characterization of χ using APT compositional
analysis is presented in Fig. 4 a) and in Table 4.

Negligible partitioning of Cr, Mo, Si and Ti between the reverted
laths and the α′t matrix can be assumed from the 1-D compositional
analysis. However APT compositional analysis across the lath/matrix in-
terfaces confirmed strong interface segregation of Cr andMo. The distri-
bution of the most representative alloying elements is presented in
Fig. 4 a) and c) after triple ICT. The Ti and C clustering indicated the pres-
ence of Ti (C, N); whereas, the Mo and Ti clustering indicated the pres-
ence of χ. Fig. 4 b) and d) present the 1-D compositional profile across
two different lath/α′t interfaces, represented as red arrows. The concen-
tration of Ni within four reverted laths ranged between 9.6 and 10.2 at.
%.Whereas, Ni depletion between 2 and 2.6 at.% (below the equilibrium
for α) was seen at theα′t matrix. This is consistent with the 1-D STEM-
EDS compositional analyses.

3.3. The relationship between stable reverted austenite and hardness

The evolution of the hardness for the different ICT cycles is depicted
in Fig. 5. The softening effect was mostly related to the first ICT cycle,
which produced a mixed microstructure composed of 0.18 γr and 0.14
α′f in a tempered martensite matrix. Even after achieving maximum
γr stability by the total suppression of α′f in an α′t matrix, no further
hardness reduction was achieved. After triple ICT, the softest regions
within the microstructure were still 20 HV above themaximum admis-
sible hardness limit of 253 HV, suggested by corrosion standards for ap-
plications in the oil and gas industry [12–14].

4. Discussion

4.1. Microstructural evolution during multiple-stage ICT cycles

Fig. 6 summarizes the microstructural evolution of γr after single,
double and triple ICT cycles. When the starting microstructure
corresponded to a fully homogenizedmartensiticmatrix, theα′f→ γ ki-
netics evolved towards the austenite equilibrium volume fraction, rela-
tive to its reversion temperature. However, decreasing the isothermal
reversion temperature resulted in slower and incomplete reversion
transformations [16,26].

After the first ICT cycle at 625 °C during 2.5 h, the microstructure
evolved from PAGB enclosing a typical low carbon fresh martensite mi-
crostructure in the homogenized condition [4,34], to PAGB containing a
high density of acicular and globular γr/α′t and α′f/α′t interfaces simi-
larly to [5,11,31,35]. By the end of the isothermal transformation, a
given number of lath/matrix interfaces, corresponding to 0.32 volume
fraction of γ, were generated. This modified non-homogeneous micro-
structure imposed a new meta-equilibrium due to the generation of
strong compositional gradients.
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All subsequent multiple ICT cycles whose isothermal temperature
were below 625 °C evolved asymptotically towards the new meta-
equilibrium volume fraction of 0.32 γ. Such limit was in all cases
above the global equilibrium condition, which is achievable under a
fully homogenized matrix [26].

On the other hand, when the second ICT cycle was conducted above
625 °C, the austenite volume fraction grew above themeta-equilibrium
and reached the global equilibrium condition. This is due to the in-
creased Ni diffusivity and to the reduced Ni partitioning between γ
and α, necessary for interface motion at higher temperatures.
4.2. Compositional evolution during multiple-stage ICT cycles

Fig. 7 depicts a summary of the compositional evolution of the
samples after single, double and triple ICT cycles. Overall, Ni enrich-
ment of the reverted laths was observed. However, large standard
deviations were noticed among the available laths and the isolated
matrix. This was caused by the non-homogeneous distribution of
Ni within both constituents. Although 1-D STEM-EDS and APT
measurements allowed data collection with higher spatial and
compositional resolution, these can suffer from lack of statistic



Fig. 3. 1-D STEM-EDS line-profile compositional analysis along two adjacent γr laths,
measured after the a) first, b) second and c) third ICT cycles. The dashed and dotted
lines represent the equilibrium composition for γ and α at 625 °C, respectively. The
compositional profiles were softened by averaging 5 consecutive data points. The
original profile is shown behind as scattered dots.
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representability when compared to a more comprehensive area
analysis. This was evidenced by the relatively high scattering of
such compositional data. Despite the scattering, it is worth
reminding that STEM-EDS and APT compositional measurements
were within the standard deviation of the area measurements.

The C0-Ni composition, defined as the critical Ni concentration at
which the Gibbs free energies of ferrite and austenite are the same
under constant temperature and pressure, was calculated. This strategy
has been used for the determination of the critical carbon content in
retained austenite and bainite in carbon steels [36–39], and to interpret
the diffusive to displacive transition affecting the γ reversion mecha-
nism in SMSS [18]. As depicted in Fig. 7, a clear separation between
the reverted laths and the α′t matrix was evidenced. Throughout the
multiple ICT cycles, the Ni content of the reverted laths evolved above
the C0-Ni composition, preserving an FCC structure at high tempera-
ture. On the other hand, the α′t matrix provided the additional Ni to
the γr/α′t interfaces, losing Ni down to a concentration that stabilized
a bcc structure. Nevertheless, being above the C0-Ni composition did
not guarantee complete austenite thermal stability upon cooling, as
shown in Fig. 1 c) and d).

Three kinetic simulations, shown in Fig. 8, were performed in order
to understand the role of Ni in the austenite stabilizationmechanism for
a non-homogeneous matrix, considering: a) Ni-poor FCC lath in a Ni-
poor tempered BCC matrix; b) FCC nuclei, growing epitaxially at ex-
penses of a Ni-rich BCC lath in a Ni-poor tempered BCC matrix; and
c) Ni-rich FCC lath in a Ni-poor tempered BCC matrix, aided by a Ni-
rich BCC lath, separated by a typical lath distance of 400 nm. These re-
sults were directly compared to three APT measurements (i, ii and iii)
of γr laths after triple ICT in d). The simulations were performed for a
temperature of 600 °C, using database diffusivity and increasing the
BCC diffusivity by a factor of 50 [21]. The latter was used to take into ac-
count the effect of the faster diffusivity of Ni in BCC due to a higher dis-
location density inherent to martensite [17,21,40]. In all cases, the
increased mobility accelerated the simulated transformations.

If the transformation followed the equilibrium path, a portion of
the reverted austenite should have been dissolved in order to reach
the global equilibrium volume fraction of γ in 600 and 580 °C. Such
dissolution, best represented in Fig. 8 a), would imply lath size re-
ductions and strong Ni build-ups at the retreading interfaces. How-
ever, this was not experimentally observed due to the formation of
a meta-equilibrium microstructure with a new limit of 0.32 γr. In
fact, the average lath widths of 161 ± 46, 192 ± 63 and 195 ±
49 nm, measured after single, double and triple ICT, respectively, ev-
idenced a small increment.

A second case can be considered assuming epitaxial growth of an
FCC nucleus at expenses of a Ni-rich BCC lath, as presented in Fig. 8 b).
The FCC/BCC interface advances aided by the flux of Ni coming from
the Ni-rich BCC lath. A new FCC lath is formed with a Ni partitioning ac-
cording to the tie-lines at 600 °C. The austenite reversion stops when
the Ni is exhausted from the BCC regions, resulting in a net gain in the
volumetric fraction of stable FCC. However, evidence of new laths with
flat Ni profiles and partitioning according to the second and third ICT
local equilibrium conditions was not observed.

A third hypothesis, depicted in Fig. 8 c), considers a system con-
taining a Ni-rich FCC lath and a Ni-rich BCC lath, separated by a Ni-
poor BCC matrix. The interface between the Ni-rich FCC and the Ni-
poor tempered BCC matrix initially tends to retreat, and then to ad-
vance again for longer reversion times or increased BCC diffusivity.
The Ni-rich BCC regions will tend to dissolve, providing a Ni flux to-
wards the advancing interface. A new Ni-rich layer grows on top of
the original Ni-rich FCC lath, and its size will be determined by the
excess of Ni above the Ni in equilibrium of α at 600 °C. This was ob-
served in cases (i) and (iii) in Fig. 8 d) and has been reported by other
authors in Mn-controlled austenite reversion [4,21]. Although no ex-
perimental observation of lath dissolution was observed, it is clear
that any excess of Ni in BCC will be rapidly dissolved and diffused to-
wards the FCC/BCC interfaces. Therefore, this hypothesis seems to
more accurately represent the ongoing transformation during the
second and third ICT cycles.

The relatively high scattering and deviation from the expected
equilibrium compositions can be associated mainly to two reasons.
First, the reverted laths are compositionally inhomogeneous due to
the possible coalescence of laths, mainly along the longitudinal lath
direction (case ii in Fig. 8 d)). The distance between portions of
reverted austenite along the same lath is smaller when compared
to the typical distance between two adjacent laths. Therefore, such
coalescence might result in a reverted austenite lath composed by a
string of Ni-rich and Ni-poor interconnected regions. Additionally,
the lack of compositional homogenization within austenite, espe-
cially at the lower portion of the inter-critical field [40], can be pos-
sible due to the slower diffusivity of Ni in FCC when compared to
BCC. Niessen et al., performed a detailed analysis of 28 compositional
datasets, including APT and TEM characterization of reverted austen-
ite and tempered martensite of low carbon martensitic stainless
steels. Results evidenced a high deviation of Ni in austenite of 2 wt
% lower than the predicted equilibrium composition. Whereas, the
Ni content in the martensite matrix evidenced a better agreement
with the predicted values [41].



Fig. 4. APT compositional analysis of two different samples after 3 cycles of IC tempering. The Cr, Ni, Mo, Ti and C atom maps of each sample are shown in a) and d). The compositional
profiles across the γr/α′ interfaces for both samples are shown in b) and d). Austenite/martensite and Carbide/martensite interfaces were defined with 5 at.% Ni and 20 at.% Ti + C
isoconcentration surfaces.
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4.3. Changing the nucleation mechanism: homogeneous to the non-
homogeneous matrix

For the interpretation of the nucleation mechanism, the T0-Ni tem-
perature was calculated as a function of the Ni content, which is the el-
ement controlling the transformation [17,40,41]. The Gibbs free energy
curves were plotted with Ni concentrations varying between 0 and
20 at.%, based on the nominal SMSS composition, and then subtracted
point-to-point for each calculated temperature to obtain the T0 curve.
The T0-Ni temperature represents the critical temperature at which
the Gibbs free energy of austenite and ferrite are equal for a given nom-
inal Ni content. Results are shown in Fig. 9.

After tempering, the heterogeneousmicrostructurewas divided into
three compositionally differentiable constituents: stable γr laths (repre-
sented in yellow) evidencing Ni contents above 9.9 at.%, an α′t matrix
(represented in blue) highly depleted in Ni below 4 at.%, and fresh α′t
laths (represented in green) with Ni contents above C0-Ni and below
9.9% at.

For a compositionally homogeneous microstructure, the nominal Ni
content of 5.6 at.% (red dotted line) matched the C0-Ni composition at
625 °C. Therefore, the α′f → γ reversion is expected to occur immedi-
ately after reaching the isothermal stage. This is consistent with the ex-
perimental observations in Fig. 1 a), b) and c). In this case,
heterogeneous nucleation will occur at preferential sites, such as lath/
lath martensite interfaces [4,11,35,42,43] and can be aided by the pres-
ence of carbides [24,25,44].
Table 4
Peak deconvolution analysis of χ precipitates after triple ICT (at.%).

Fe Mo Cr Si Ni Ti C Nb V

Average 46.00 22.80 20.70 5.78 3.57 0.465 0.007 0.02 0.08
Error 0.04 0.03 0.03 0.02 0.01 0.006 0.001 0.00 0.00
For the Ni-depletedα′t matrix with a Ni content between 4 and 2 at.
%Ni (grey region),which is the average case for the 1-D characterization
after the second and third ICT cycles, theα′t→ γ reversion is unlikely to
occur at 600 and 580 °C. Further nucleation is inhibited during themul-
tiple ICT cycles since the T0-Ni temperature for the Ni-depleted matrix
ranges between 670 and 720 °C.
Fig. 5. The relationship between the amount of stable reverted austenite and hardness as a
function of the thermal history. ICT: inter-critical tempering cycle. The experimental error
for SXRD data ranges between 0.005 and 0.015 vol fraction.



Fig. 6. Austenite reversion kinetics for a homogenized matrix (black) during single ICT,
and non-homogeneous matrixes (red and green) during double and triple ICT cycles.
The blue curve represents the global equilibrium state. The horizontal dashed blue line
represents the meta-equilibrium state imposed by the first ICT cycle. The experimental
error for SXRD data ranges between 0.005 and 0.015 vol fraction.

617J.D. Escobar et al. / Materials and Design 156 (2018) 609–621
During the second and third ICT cycles, the nucleation mechanism
changed from the lath/lath fresh martensite interfaces to the preferen-
tial reversion of the Ni-rich fresh martensite laths, resulting from the
Fig. 7. Compositional evolution of the reverted laths and the tempered martensite matrix
throughout the triple ICT cycle. The composition was measured by 1-D STEM-EDS (green
squares), 1-D APT (violet circles), and average area measurements by STEM-EDS (black
triangles + dispersion). The upper and lower red lines indicate the equilibrium
composition of austenite and ferrite, respectively. The blue line (C0-Ni) indicates the
critical Ni content at which Gibbs free energy of austenite and ferrite are equal and
spontaneous reversion can occur.
cooling stages. This is explained by the reduction of the interface energy,
since the α′f laths already exist and can act as preferential nucleation
sites for heterogeneous nucleation due to reduced nucleation energy
[45,46], and by the strong compositional gradients between the
reverted laths and the α′t Ni-depleted matrix. Results from Belde
et al., showed that the austenite nucleationmechanism can bemodified
by compositional gradients, through the vessel phase effect [2,25].
Strong but local compositional inhomogeneities left after partial disso-
lution of M23C6 carbides not only allowed the site-specific nucleation
of austenite but resulted in controlled morphologies.

Therefore, after single ICT, the α′f laths act as local Ni containers,
resulting in the site-specific reversion of austenite uponmultiple ICT cy-
cles. Little or no additional lath growthwas observed due to the lowmo-
bility of the interfaces, caused by the combined effect of the increased
partitioning of Ni into austenite for lower IC temperatures [26,39,47]
and to the little additional Ni left in a Ni-depleted α′t matrix. Addition-
ally, the high density of dislocations inherent to the martensitic trans-
formation is expected to assist the reversion and stabilization process
of theNi-richα′f laths, acting as low-energy sites for nucleationwith en-
hanced mobility of γ-stabilizing elements [17,21,22,40,44].

4.4. Reverted austenite thermal stability upon heating and cooling

4.4.1. Variation of the As temperature upon heating
Themodification of the As temperatures as a function of themultiple

ICT cycles is shown in Fig. 9. The As1, for the solubilized microstructure,
corresponded to 625 °C, which matches the C0-Ni composition for
5.6 at.% of Ni. The AC1measured at 0.167 °C·s−1 for a homogenized com-
position corresponded to 625± 3 °C [26]. When comparing the As2, As3

and As4 temperatures to the T0-Ni, it can be inferred that the Ni-richer
α′f laths will revert to austenite first, since the martensite with the
lower Ni content presents higher Ac1 temperatures [23,47]. The As tem-
perature was progressively shifted towards higher temperatures due to
the stabilization of theNi-richerα′f laths, and to the remaining presence
of theNi-depletedα′f laths,whichneeded longer times to reach the crit-
ical Ni concentration for complete stability upon cooling.

After complete stabilization of γr, the austenite growth above the As4

was related to several competing effects. Slightly above As4, theγ/α′t in-
terface motion is aided by the reduction of the equilibrium partitioning
of Ni with the increasing temperature. Then, at the higher portion of the
inter-critical region, the compositional homogenization effect inside the
austenite laths become relevant [40], providing additional Ni towards
the advancing interface. Finally, possible nucleation and growth of addi-
tional γmight occur near the Ac3 temperature due to the drop in the C0-
Ni composition aided by the dissolution of the remaining precipitates
[23].

4.4.2. Variation of the Ms temperature upon cooling
Fig. 10 summarizes the γ→α′f transformation kinetics measured by

SXRD at the surface of the samples upon cooling from the first, second
and third ICT isothermal stages, and from the complete austenitization
cycle at 950 °C. The partial γ → α′f transformation upon cooling from
625 °C was associated to a possible compositional gradient of Ni be-
tween 5.6 at.% (C0-Ni-zero at 625 °C) and 9.6 at.% (As2). During the sec-
ond ICT cycle, more γ laths were enriched, and thus, the Ms was
dislocated to around 30 °C. In this case, the unstable γ→α′f transforma-
tion was related to a Ni gradient between 6.6 at.% (C0-Ni at 600 °C) and
8.5 at.% (As3). The suppression of the γ → α′f transformation was
achieved after the triple ICT cycle. The average Ni content in γr, mea-
sured for 4 samples by APT, is 9.9 ± 0.4 at.%. Then, the last portion of
Ni-rich α′f laths involved local Ni enrichment from 7.3 at.% (C0-Ni at
580 °C), to the final measured 9.9± 0.4 at.%. Complete γ→α′f transfor-
mation upon cooling from 950 °C was observed since the concentration
of Ni inside γ was homogenized to 5.6 at.%.

A series of TEM compositional measurements available in the litera-
ture have shown that, after ICT cycles in SMSS, the γr usually presented



Fig. 8.Kinetic simulations of themicrostructural evolution as s function of time at 600 °C, considering: a) aNi-poor FCC lath in aNi-poor tempered BCCmatrix; b) epitaxial austenite growth
of an FCCnucleus, aidedby an adjacentNi-richBCC lath in aNi-poor tempered BCCmatrix; c) a Ni-rich FCC lath in aNi-poor tempered BCCmatrix, aided by aNi-rich BCC lath separatedby a
typical lath distance; d) three experimental cases of γr/α′t interfaces, measured by APT. The black and red curves in a) to c) indicate calculated profiles using database mobility and
increased mobility by a factor of 50 [21], respectively. The red dashed, orange dotted and green dash-dotted lines in d) indicate the tie-line compositions expected at 580, 600 and 625
°C, respectively.
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Ni concentrations between 8 and 11 wt% [10,18,24,44,48]. According to
kinetic studies published elsewhere [26], reverted austenite related to
equilibrium partitioning of Ni below 8 wt% (7.5 at.%) was completely
unstable upon cooling to room temperature. Additionally, it has been
reported that austenite retention in SMSS can be obtained upon cooling
from above the Ac3 temperature when the nominal Ni content is in-
creased above 8 [49] and 9 wt% [50]. From our experimental data, it is
expected that complete austenite stability will be reached when the
Ni content inside the reverted laths is at least above 9.5 at.%, which is
consistent with the literature.

On the other hand, the austenite stability upon cooling has been also
related to the Hall-Petch effect due to austenite strengthening via lath
size reduction. The volume fraction of martensitic transformation can be
associated to the cube of the austenite grain size [51]. Low inter-critical
tempering temperatures yield to both finer and Ni-richer austenite laths
[10,11,41,48] with a coherent low mobility K-S orientation [52] and
higher energy barrier for martensitic transformation [44]. Since little or
no PAGB and reverted lath width evolution was observed, the cyclic aus-
tenite stabilization can be associated mainly to compositional effects.
4.5. Reverted austenite vs hardness

After the suppression of the fresh martensite and maximization of
the stable reverted austenite through triple ICT, the average hardness
value remained stable around 275 HV. Therefore, the austenite rever-
sion is not the only factor responsible for the hardness drop after tem-
pering. Several approaches have been attempted to reduce SMSS
hardness so as to reach the suggested maximum value of 253 HV [12].
Single and multiple ICT cycles [6,9–11,14] and even alloy modifications
through reduction of interstitial elements [13], or addition of stabilizing
elements [15] have been reported. For example, carbon reduction be-
tween 0.03 and 0.02 wt% in a CA6NM martensitic stainless steel, in ad-
dition to extensive double tempering at 650 °C during 10 h followed
by tempering at 620 °C during 20 h, resulted in average hardness values
between 270 and 260 HV [13].

The softeningmechanism is complex since it involves competing ef-
fects of recovery, carbon arrest and secondary precipitation of Ti (C,
N) and χ. Recovery can be expected at lower inter-critical temperatures
due to the fast reduction of the dislocation density of martensite upon



Fig. 9. Ni-zero temperature for α ↔ γ spontaneous transformation as a function of the
nominal Ni content, calculated according to the SMSS nominal composition. The α′f → γ
reversion temperature (As) was measured during the heating stages of the first (As1),
second (As2) and third (As3) ICT cycles, and during final heating (As4) to the fully
austenitic field.
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heating and isothermal stages, followed by little or no additional gain
upon cooling [53].
Fig. 10. Austenite to martensite transformation kinetics measured by synchrotron X-ray
diffraction upon cooling from the first, second and third inter-critical tempering cycles,
and from complete austenitization at 950 °C. The martensitic start transformation was
measured at the surface of the sample. The red dashed square shows a detailed view of
the martensitic transformation between 200 °C and room temperature. The
experimental error for SXRD data ranges between 0.005 and 0.015 vol fraction.
Carbon arrest has been reported to occur in SMSS due to the precip-
itation of Ti (C, N) andM23C6 [24,41]. The carbon content in the homog-
enized condition, and after simple and triple ICT cycles was determined
by APT through peak deconvolution analysis. As shown in Table 5, be-
fore tempering, a small concentration of carbon was present in solid so-
lution. This is due to unfinished Ti (C, N) precipitation upon cooling
from the austenitic field after the homogenization step. After single
ICT at 625 °C for 2.5 h, virtually carbon-free γr and the α′t were found
due to the additional precipitation of Ti (C, N) [17]. After triple ICT, little
or no further carbon arrest was observed. According to Sømme, the sec-
ondary hardening effect of Ti (C, N) in a Ti-stabilized SMSS was shown
to be restricted only to the first 30 min of inter-critical tempering [54].
Therefore, this effect is not expected to be observable in the case pre-
sented in this investigation due to the extended multiple-step inter-
critical cycles.

The effect of the precipitation of χ is more complex due to the lack
of information of such precipitate in SMSS. Nevertheless, the precip-
itation of χ and σ in duplex stainless steels has shown to produce a
secondary hardening effect. The quantification of the actual volume
fractions involved in such phenomena was not completely clarified
[55,56]. However, according to Wan et al., the volume fraction of σ
can increase up to 0.11 after 15 h of isothermal soaking at 850 °C, re-
spectively. Nonetheless, the secondary hardening effect was ob-
served only for annealing times below 3 h and volume fractions of
σ up to 0.015 [57]. For the case of SMSS, the equilibrium volume frac-
tion of χ at the temperatures of interest is below 0.05 and its contri-
bution to secondary hardening cannot be readily isolated. Therefore,
a strong reduction in the dislocation density accompanied by the for-
mation of virtually carbon-free austenite and martensite during the
first ICT cycle is the main reasons for the steady hardness values ob-
served after double and triple ICT cycles. A schematic summary of the
transformation sequence throughout the multiple-step inter-critical
tempering is shown in Fig. 11.

5. Conclusions

The mechanism for austenite reversion and stabilization during
multiple-step inter-critical tempering of a Ti-stabilized
supermartensitic stainless steel was studied using synchrotron X-ray
diffraction, Scanning Transmission ElectronMicroscopy, Energy Disper-
sive X-ray Spectroscopy, Atom Probe Tomography, microhardness,
thermodynamic and kinetic simulations. The main results can be sum-
marized as follows:

- After single inter-critical tempering at 625 °C during 2.5 h, a com-
positionally non-homogeneous microstructure was produced
due to the total reversion of 0.32 γ in high temperature. Three
constituents were identified: 0.18 Ni-rich stable reverted austen-
ite laths, 0.14 Ni-rich fresh martensite laths and 0.68 Ni-depleted
tempered martensite matrix (volume fractions). Both stable and
unstable laths were morphologically similar but compositionally
differentiable.

- The asymptotic behavior of the isothermal reversion kinetics to-
wards a volume fraction of 0.32 γ during double and triple ICT cy-
cles, demonstrated the imposition of a meta-equilibrium
transition microstructure granted by the first ICT cycle. In both
cases, the total volume fraction of reverted austenite of 0.32 was
above the global equilibrium of 0.24 γ and 0.18 γ, expected at
600 and 580 °C, respectively.

- The mechanism behind the progressive increase in stable
reverted austenite at room temperature after double and triple
ICT cycles, with a limit of 0.32 γ, was associated to two main fac-
tors: the Ni-rich α′f laths acting as local Ni containers, providing
site-specific reversion of austenite; and the suppression of any
additional nucleation at the Ni-poor matrix as the T0 temperature
for austenite reversion was strongly increased.



Table 5
ROI compositional analysis performed by APT of the fresh martensite (before tempering), and the reverted austenite and tempered martensite (after single and triple ICT). IVAS peak
deconvolution analysis.

Element Homogenized 1 ICT 3 ICT

Fresh martensite Tempered martensite Reverted austenite Tempered martensite Reverted austenite

at.% % error at.% % error at.% % error at.% % error at.% % error

Fe 79.172 0.053 81.713 0.014 74.335 0.015 83.158 0.038 74.264 0.04
Cr 12.824 0.009 12.703 0.012 12.746 0.012 12.567 0.036 13.147 0.03
Ni 5.486 0.005 3.110 0.007 10.195 0.007 2.105 0.014 9.833 0.02
Mo 1.095 0.002 1.196 0.003 0.96 0.003 1.114 0.008 1.042 0.01
Ti 0.084 0.001 0.042 0.001 0.139 0.001 0.02 0.002 0.041 0.00
C 0.023 0.001 0.001 0.000 0.000 0.000 0.0005 0.0001 0.00 0.000
Other Bal. Bal. Bal. Bal. Bal.
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- Inhomogeneous Ni distribution along the reverted austenite laths
was associated to lack of homogenization due to several factors,
such as the coalescence along the lath length direction, to the
low diffusivity of Ni in FCC at the double and triple ICT tempera-
tures, the restricted lath/matrix interface mobility and to the Ni
build-up at the interfaces according to the local equilibrium con-
ditions of the reversion temperature.

- The hardness reduction observed after the single ICT cycle was
associated mainly to the carbon arrest effect provided by the pre-
cipitation of Ti (C, N). Even after almost doubling the austenite
volume fraction and eliminating all fresh martensite through tri-
ple ICT, no further softening was observed. This was explained by
the production of virtually carbon-free austenite and tempered
martensite after the first ICT cycle.
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Fig. 11. Schematic representation of the transformation sequence throughout a tr
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