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H I G H L I G H T S

• 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
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Abbreviations: αeq, ferrite in thermodynamic equilibrium; α′f, fresh martensite; α′t, tempered martensite; γ, used to generically refer to austenite; γeq, austenite in thermodynamic
equilibrium; γr, reverted austenite stabilized at room temperature; APT, Atom Probe Tomography; EDS, Energy Dispersive X-ray Spectroscopy; ICT, inter-critical tempering; SMSS,
supermartensitic stainless steels; SXRD, synchrotron X-ray 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.
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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,

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
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