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In this study, we investigated the transformation kinetics of marten-
site fi reverted austenite in 18 wt.% grade 300 Ni maraging steel. The
kinetics was evaluated based on the in situ synchrotron x-ray diffraction data
collected during isothermal heat treatment at 570�C. The onset of transfor-
mation martensite fi reverted austenite was detected after � 5 min of
aging. The austenite fraction increased as a function of annealing time and
reached approximately 30 vol.% after 3 h of heat treatment. The electron
backscatter diffraction technique revealed that reverted austenite is formed
preferentially on both the martensitic lath boundaries and sub-grain bound-
aries inside the laths, in particular in those with high Taylor factor values.
The reverted austenite maintains an orientation relationship with the prior
austenite; however, variant selection can take place.

INTRODUCTION

Precipitation-hardened martensitic high-strength
maraging steels are primarily employed in aircraft,
aerospace, tooling and power generation applica-
tions.1–4 After hot working, the steel is usually
solution annealed at a temperature > 800�C fol-
lowed by cooling to room temperature to produce a
soft martensitic matrix. Then, the material is
subjected to aging heat treatment typically at
480�C, which leads to precipitation of fine dispersed

particles. Various types of precipitates, such as
Ni3Mo, Ni3Ti, Fe2Mo and Fe2Ti, can precipitate
during the aging.1 During the early stages of aging

treatment, mainly Ni3(Ti,Mo) and Fe7Mo6 are
formed.2–4 If the steel is aged at higher tempera-
tures of � 550�C (below Ac1 temperature) or for
prolonged times, an austenite reversion can be
induced by a partial transformation from marten-
site.5,6 This is a diffusion-controlled process of
segregation of austenite stabilizer elements into
martensitic lath boundaries.7,8 The reverted austen-
ite can nucleate and grow within the martensitic
laths in the form of twins. This kind of austenite is
termed intra-lath reverted austenite.9 Another pos-
sibility for reverted austenite formation is along the
interfaces. The interfaces include prior austenite
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grain boundaries in addition to martensite packets,
blocks and lath boundaries.10,11 This austenite is
usually called inter-lath reverted austenite.

It is important to distinguish between reverted
austenite and retained austenite since the latter is
the result of incomplete transformation of austenite
to martensite during cooling from solution anneal-
ing temperature.12,13

Several studies have been conducted to correlate
the formation of reverted austenite to the mechan-
ical behavior of maraging steels.14–16 The authors of
Refs.6,17 argued that the formation of reverted
austenite is accompanied by a coarsening of the
strengthening precipitates, which results in a rapid
loss of strength. In contrast, other studies have
reported that steels containing reverted nanoscale
austenite islands or films dispersed in a martensitic
matrix exhibited an excellent combination of
strength, ductility and toughness.18–20 Pampillo
et al.21 claimed that the introduction of reverted
austenite on martensite lath boundaries did not
reduce the yield stress of the 18 wt.% Ni maraging
steel because of the severity of transmitting slip
across these boundaries.

The presence of reverted austenite in maraging
steels is commonly determined by x-ray diffrac-
tion,22,23 the eddy current method24,25 and small-
scale (nm, lm) microstructural techniques including
transmission electron microscopy (TEM),9,22,26,27

Mössbauer spectroscopy28 and atom probe tomogra-
phy (APT).7,8 The electron backscatter diffraction
(EBSD) technique can also be employed to study the
formation of reverted austenite in maraging steel.
This technique allows analysis of large-scale areas
(up to several cm) where the crystal structure,
texture, grain boundary characteristics, phase
transformation and orientation relationship
between phases in many grains can be followed.

The orientation relationship between reverted
austenite and martensite has been reported to be
close to that of Kurdjumov–Sachs (KS) or
Nishiyama-Wassermann (NW).29,30 Nakada et al.31

employed the EBSD technique and found that in
13%Cr-6%Ni low-carbon martensitic steel most of
the reverted austenite grains maintain the identical
crystallographic orientation as the prior austenite.
However, in some reverted austenite grains a twin
orientation close to the KS relationship was identi-
fied. This was attributed to the presence of internal
stress introduced by martensitic transformation.

Despite numerous studies conducted on the for-
mation of reverted austenite in 18 wt.% Ni marag-
ing steels,21,23,27,28,32 there is still a discrepancy
among different reports. We believe this is due to
the experimental procedure and/or sample prepara-
tion usually used by the researchers. For example,
examining 18 wt.% Ni maraging steel by conven-
tional x-ray diffraction, Pardal et al.23 reported
reverted austenite values of 26.3 vol.% after aging
at 560�C for 10 h, while Pampillo and Paxton21

obtained around 35 vol.% reverted austenite after

aging at 565�C for 3 h. Furthermore, Nunes et al.28

conducted heat treatment at 580�C for 3 h and
determined around 8.5 vol.% reverted austenite,
whereas Markfeld and Rosen32 observed approxi-
mately 30 vol.% reverted austenite in 18 wt.% Ni
maraging steel subjected to an identical heat treat-
ment. Notably, in the mentioned studies, the trans-
formation kinetics was analyzed post mortem after
the heat treatment was performed and the sample
cooled down. Therefore, this approach does not
allow assessing the thermal stability of reverted
austenite during cooling from the annealing tem-
perature. In addition, it is reported that the
reverted austenite can transform to martensite by
application of an external load.18,33,34 Therefore, the
mechanical polishing of the heat-treated material
prior to conventional XRD and/or microstructural
analysis could lead to ambiguous results due to the
deformation-induced transformation.35 Recently,
phase transformation was studied in situ using
neutron or x-ray diffraction with high-energy syn-
chrotron radiation.36–48 This time-resolved
approach allows monitoring features of phase trans-
formation as a function of applied load, tempera-
ture, cooling and heating rate. Conde et al.48 used a
time-resolved synchrotron x-ray diffraction tech-
nique to study the martensite fi reverted austen-
ite process in selectively laser sintered 18 wt.% Ni
maraging steel. They demonstrated that isothermal
heat treatment up to 650�C produced reverted
austenite with high thermal stability during cooling
to room temperature.

Wang et al.18 investigated the effect of size on
reverted nanoscale austenite transformation in a
model TRIP-maraging steel. The authors claimed an
unexpected ‘‘smaller is less stable’’ effect due to the
size-dependent competition between mechanical
twinning and deformation-induced phase transfor-
mation. In addition, the partitioning and chemical
gradients of alloying elements across phase bound-
aries between martensite and austenite were stud-
ied experimentally and using a thermodynamic
approach.7,8,49–51

In this work, we examine the kinetics of reverted
austenite in 18 wt.% grade 300 Ni maraging steel by
analysis of time-resolved synchrotron x-ray diffrac-
tion data collected during isothermal heat treat-
ment at 570�C. This approach allowed us to follow
the transformation kinetics without the need for
additional sample preparation, which can be a
critical issue in samples susceptible to deforma-
tion-induced martensitic transformation. Using
EBSD analysis, we determined the orientation
relationship between reverted austenite and the
prior austenite. In addition, we found that reverted
austenite nucleates at martensitic lath boundaries
with high Taylor factor values. To the authors’
knowledge, none of the published papers examine
the effect of Taylor factor values on the nucleation
and growth of reverted austenite in maraging
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steels. By coupling various experimental techniques
and applying computational simulation of solid-
state transformation, this study aims to fill this gap.

EXPERIMENTAL

The studied material was grade 300 commercial
maraging steel containing 18.7 Ni, 9.6 Co, 4.8 Mo,
0.9 Ti and 0004 C balance Fe (wt.%) supplied by a
Brazilian steel company. Tensile test samples with
4 9 2 mm2 cross-section and 4 mm gauge length
were machined from a10-mm-thick disk cut from a
300-mm-diameter forged bar. Prior to the machin-
ing, the disk was subjected to solution annealing at
840�C for 1 h followed by air cooling to ambient
temperature. The sample gauge length was elec-
tropolished using a solution consisting of 5 vol.%
perchloric acid in ethanol at 19 V. Then, the tensile
sample was mounted in a Gleeble thermomechan-
ical simulator integrated within the XTMS beam-
line at the Brazilian Synchrotron Light Laboratory,
Campinas, Brazil. In-situ isothermal heat treat-
ment at 570�C for 3 h applying a heating rate of
15�C s�1 was conducted using direct current heating
under simultaneous acquisition of one-dimensional
diffraction patterns. The temperature of the sample
was controlled using R-type thermocouples welded
in the center of the specimen. A monochromatic x-
ray beam with dimensions at the slit system of
2.0 9 0.5 mm2 and wavelength of 1.0332 Å (12 keV)
was used to illuminate the sample, which was tilted
15� relative to the incident x-ray beam. The diffrac-
tion patterns were acquired using two silicon micro-
strips MYTHEN one-dimensional linear detectors.
During the heat treatment, diffraction patterns in
the 2h range of 28�–43� were collected every 10 s.
These scans are named partial scans. A complete
scan in the range of 2h = 25�–81� was acquired prior
to the test and then every 20 min of the heat
treatment. The instrument parameters were
obtained using Al2O3 powder standard.

The measured data consisted of a series of
diffraction patterns as function of time.

The diffraction patterns were refined by the
Rietveld method52,53 using the FullProf program54

considering the I4 and Fm � 3 m space groups
attributed to the martensite and austenite phase,
respectively. The phase volume fraction was deter-
mined from the weight fraction calculated by:55

Wj ¼
sjZjMjVjP
siZiMiVi

� �

ð1Þ

where i and j represent each phase and s is the scale
factor, Z the number of formula units per unit cell,
M is the mass per formula unit and V the unit cell
volume.

A Philips Panalytical� texture goniometer was
used to measure three incomplete pole figures {200},
{110}, and {211} of the bcc-martensite and {111},
{200} and {220} of the fcc-reverted austenite phases.
The acquired data were analyzed using MTEX, a

free crystallographic texture analysis software, and
the inverse pole figure (IPF) and orientation distri-
bution function (ODF) were plotted.

Samples for microstructural characterization
were prepared by grinding, mechanical polishing
using diamond paste and final polishing with col-
loidal silica suspension. Secondary electron scan-
ning electron microscopy micrographs were
acquired before and after the in situ heat treatment
from specimens that were etched with 3% nital. In
addition, to track the martensite fi reverted
austenite transformation during heat treatment,
EBSD observations of the same sample regions were
conducted. This consisted of repeated observation of
the same specimen’s area before and after heat
treatment in a vacuum furnace. Here, the specimen
was subjected to isothermal heat treatment at
570�C for 3 h in high vacuum (2 9 10�7 mbar)
using a heating rate of 0.12�C s�1. Notably, the heat
treatment in vacuum did not cause oxidation of the
sample’s surface allowing the EBSD maps to be
collected from the identical region prior to the heat
treatment. Crystal orientation maps were obtained
using FEI� Quanta FEG 450 and FEI� Quanta FEG
650 scanning electron microscopes (SEM) equipped
with a HKL Oxford NordlysNano� camera utilizing
the Aztec acquisition software. The acquired EBSD
data were processed and plotted using Oxford
Instruments HKL Channel 5 software.

RESULTS AND DISCUSSION

Prior to the in situ heat treatment, the
microstructure of the steel consists of martensite
packet boundaries and martensite lath boundaries
confined in prior austenite grain boundaries
depicted as PAGB (Fig. 1a). No second-phase pre-
cipitates were identified in this condition. After the
in situ heat treatment, thin second-phase layers
were generated along both the martensite packet
boundaries and martensite lath boundaries and
partially also at the prior austenite grain bound-
aries (Fig. 1b). The average thickness of the second-
phase layers was measured in the range 45–75 nm.

Figure 2 shows a time-resolved color map of
diffracted data in the 2h range of 28�–43� acquired
during isothermal heat treatment at 570�C. In this
figure, the intensity of diffraction patterns is repre-
sented by the change in color between red (highest
intensity) and dark blue (lowest intensity). Prior to
the heat treatment, two diffraction peaks attributed
to the (110)a¢ and (200)a¢ crystallographic planes
were identified from the map. With increasing heat
treatment time, one can see an additional (111)c
peak after � 300 s of the heat treatment and then
an increase of peak intensity for the (111)c, (200)c
and (220)c crystallographic planes. Simultaneously,
there was a reduction of the intensity of the (110)a¢
and (200)a¢ diffraction peaks of martensite with
progressing time. The reduction of martensitic
peaks and appearance of new austenitic peaks with
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progressing heat treatment time can be attributed
to martensite fi reverted austenite transforma-
tion. The reverted austenite is known to form
during diffusional decomposition of the matrix
and/or precipitates.56

An example of Rietveld refined synchrotron XRD
patterns for the solution annealed and heat treated
at 570�C/3 h sample is given in Fig. S1a-b. Fig-
ure S1a shows that the solution annealing heat
treatment at 840�C for 1 h followed by cooling in air
led to a complete austenite fi martensite trans-
formation. The diffraction peaks fit well with the I4

space group Because of the tetragonal distortion as
evidenced by Nunes et al.57 in 18 wt.% Ni grade 350
maraging steel. The calculation of the c/a ratio
results in 1.00449. Such lattice distortion can
induce localized strain fields because of the specific
volume changes, which can provide additional driv-
ing force for the phase transformation.

Figure S1b shows the diffraction pattern recorded
after isothermal heat treatment at 570�C for 3 h.
Both martensite and austenite were identified from
this diffractogram. The austenitic phase fits well
with the Fm � 3 m space group. The lattice

Fig. 1. Secondary electron micrographs of samples before (a) and after (b) in situ heat treatment. The PAGB depicts the prior austenite grain
boundaries and RA reverted austenite.
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parameters for martensite and austenite were
determined by the Rietveld method as a = 2.904 Å,
c = 2.892 Å and a = 3.635 Å, respectively. No
diffraction peaks corresponding to precipitates were
identified. Sha et al.5 reported that the volume
fraction of precipitates in 18 wt.% Ni grade 300
maraging steels is around 4 vol.%.

Figure 3a and b presents the evolution of lattice
parameters in addition to the volume of the unit cell
for both martensite and austenite as a function of
aging time. Since the formation of both austenite
and precipitates is a diffusion-controlled process,
one might expect that lattice parameters of the
phases present would change with progressing
aging time. Figure 3a indeed confirms that diffusion
takes place, since both the a and c lattice parame-
ters of martensite increased in the early stage of
aging and then were followed by a slight decrease
until the end of the heat treatment. This suggests
that there is a local enrichment and/or segregation
of the alloying elements in the matrix during the
isothermal aging process. Habiby et al.58 reported a
reduction in the lattice parameter of the martensite
phase in 18 wt.% Ni grade 350 maraging steel when
the material was aged at 400�C and then at 650�C.
This reduction could be attributed to the depletion
of alloying elements in the matrix due to precipita-
tion of the intermetallic compounds and reversion of
the austenite. These changes in lattice parameters
are a consequence of diffusion of the alloying
elements, mainly nickel, which stabilizes the aus-
tenitic phase.26 In addition, Fig. 3 shows that the
diffusion does not eliminate the tetragonal distor-
tion from the cubic symmetry in the martensite.

This is in good agreement with results reported by
Nunes et al.57 in 18 wt.% Ni grade 350 maraging
steel.

Figure 3b shows that during heat treatment, the
volume of the reverted austenite unit cell increased
up to 1 h of heat treatment and then remained
nearly constant. The volume of reverted austenite
unit cells can be associated with diffusion processes
where redistribution of alloying elements between
phases takes place.57 A substitutional alloying
element such as nickel (Ni) acts to stabilize the
austenite along different types of interfaces includ-
ing prior austenite grain boundaries, martensite
packet, blocks and lath boundaries.7 In addition,
interstitial alloying elements such as carbon (C) and
nitrogen (N) may quickly partition under intercrit-
ical annealing or tempering treatments.59,60 Both
contribute to the nucleation and growth of reverted
austenite; however, due to differences in terms of
atomic mobility, contributions are likely to occur at
different times. As carbon and nitrogen diffuse
rapidly in the matrix, they will initially contribute
to nucleation of austenite grains. With the advance
of the aging process, the segregation of substitu-
tional alloying elements takes place. The Ni content
is responsible for increasing both the volume unit
cell and volume fraction of reverted austenite. This
explains the apparent stabilization of the lattice

Fig. 2. Time-resolved color map of diffraction patterns collected
between partial and complete scans during isothermal heat
treatment at 570�C on the XTMS synchrotron line using a heating
rate of 15�C s�1. The intensity of diffraction patterns is represented
by the change in color between red (highest intensity) and dark blue
(lowest intensity). Extra time (horizontal white strips between blue-
colored scans) was required to acquire complete scans, and this was
approximately 270 s for each scan.

Fig. 3. Change of the lattice parameter (a) and volume of the unit
cell (b) of martensite and austenite during isothermal heat treatment
on the XTMS line at 570�C using a heating rate of 15�C s�1.
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parameter of austenite at 3.636 Å and the volume
unit cell of 48.08 Å. The small drop in lattice
parameters observed at 3-h aging treatment may be
attributed to atomic rearrangement within the
austenite crystal.

Prior to the heat treatment, the volume of the
martensite unit cell was determined to be 24.15 Å3.
After 0.33 h of aging at 570�C, a value of approx-
imately 24.4 Å3 was reached. The main contribution
to this increase in the volume of the martensite unit
cell can be primarily attributed to the thermal
expansion of the martensitic matrix when reaching
the aging temperature and to a smaller extent to the
diffusion process. The volume of the martensite unit
cell remained nearly constant for the rest of the heat
treatment, indicating that the depletion of alloying
elements in the matrix does not affect the volume of
the martensite unit cell.

Figure 4 displays the volume fraction of reverted
austenite versus aging time for an aging tempera-
ture of 570�C. In Fig. 4, the filled square points were
acquired at room temperature, while the open
square points were recorded during in situ isother-
mal heat treatment. As can be seen in this figure,
after solution annealing (at the start of the in situ
heat treatment at time 0 h), no retained austenite
was present or its amount was below the detection
limit of the XRD technique. However, we could
detect � 5 vol.% austenite fraction at the early
stage � 20 min of isothermal aging at 570�C. Aging
for up to 3 h leads to a progressive increase of the
volume fraction of reverted austenite. The deter-
mined volume fraction of reverted austenite after
3 h of aging treatment was 25.8% and after cooling
to room temperature was 26.1%. The gradual rever-
sion of martensite to austenite is an indication of a
diffusion-controlled transformation process. This

behavior is consistent with experimental data
reported in the literature concerning the partition-
ing of austenite stabilization elements to the
martensite lath boundary,8,61 which provide favor-
able conditions for the nucleation and growth of
austenite. The nucleation and growth of the rever-
sion of austenite in grade 300 maraging steel was
described using the following equation23

cðtÞ ¼ cmax 1 � ebt
� �

ð2Þ

where cðtÞ is the volume fraction of reverted austen-
ite, cmax is the maximum volume fraction of the
austenite transformed in this temperature, b is the
negative exponent of time, and finally t is the aging
time in hours. The exponential formula described in
Eq. 1 correctly fits the experimental data for rever-
sion of austenite as a function of aging time reported
in Fig. 4, yielding values of cmax = 41.68 ± 6.30 and
b = –0.35 ± 0.08 h�1, with correlation coeffi-
cient � 0.989. The cmax obtained by the exponential
fitting using Eq. 1 was approximately twice the one
observed in Fig. 4. However, the aging time
employed in this study was not enough to reach
the maximum of austenite transformed, which can
be reached only after prolonged aging times.22,23 In
this work, after isothermal treatment was com-
pleted, the volume fraction of austenite remained
constant during cooling to room temperature, indi-
cating its thermal stability (Fig. 4).

The chemical composition of the steel studied was
imported into the Thermo-Calc� software package
with the TCFE6 database, and the equilibrium
phase diagram was computed. The calculated equi-
librium phase diagram indicated that the Ni3Ti,
Fe7Mo6 (l-phase), austenite and martensite matrix
were the stable phases at 570�C. However, no
quantitative information could be obtained from
the phase diagram. Therefore, Thermo-Calc� simu-
lation of the phase fraction evolution during aging
at equilibrium conditions was conducted, and the
results are presented in Fig. S1 (see supplementary
data file). The phase fraction of austenite increases
rapidly after an aging temperature of 500�C until it
reaches complete transformation at approximately
675�C. Ni3Ti, Fe7Mo6 (l-phase) and martensite tend
to decrease their phase fraction above 500�C. The
calculated phase fractions of Ni3Ti, Fe7Mo6, marten-
site and austenite are approximately 3.1, 4.9, 45.7
and 46.3 vol.% at 570�C, respectively. The values of
the volume fraction predicted at the equilibrium
condition for both precipitates and austenite are in
good agreement with experimental results reported
by Sha et al.5 in grade 300 maraging steel aged at
510�C for 128 h.

In addition, supplementary Table SI presents the
equilibrium chemical composition for all expected
phases at 570�C determined by thermodynamic
simulation. As can be seen in this table, the
austenite phase has a high Ni content, which
suggests that the austenite reversion reaction

Fig. 4. Kinetics of reverted austenite formation during isothermal
heat treatment on the XTMS line at 570�C using a heating rate of
15�C s�1.
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occurs in Ni-enriched regions. Studies conducted in
martensitic steels showed that Ni partitioning at
the phase boundaries takes place.7,8 The composi-
tional changes at the phase boundaries were
explained by the large difference in diffusivity
between martensite and austenite.8 Furthermore,
the calculation of Ni diffusivity across the marten-
site/austenite interface was simulated using the
Thermo-Calc� software, and the results of calcula-
tion are presented in Fig. 5. After 3 h of aging the
reverted austenite phase was enriched with Ni. It is
well known that Ni acts as austenite stabilizer
element. The change in Ni content at the marten-
site-austenite interface and boundary motion
towards martensite can explain the reverted
austenite growth. Compositional inhomogeneities
in the front of the martensite-austenite interface
result in local segregation of Ni, which can promote
growth of reverted austenite by a retention process.
Under adequate aging time and temperature, an
austenite stabilizer element such as Ni will segre-
gate along the martensite grain boundaries and
lath/lath interfaces, forming nickel-rich and nickel-
depleted regions, which will promote the marten-
site-to-austenite reversion.

The XRD macrotexture analysis revealed that the
[001] IPF (sample direction) presented a dominance
of {111} and {101} crystallographic planes parallel to
the normal direction in reverted austenite and
martensite, respectively; see supplementary
Fig. S2. Constant ODF was calculated and pre-
sented using a discrete set of crystal lattice orien-
tation distributions. A weak texture was found in
fcc-reverted austenite with maximum intensity of
about 3.55 in gamma fiber {111}//ND) at (111)[-1-12]
texture component. In contrast, a preferred texture
parallel to {110} normal direction with maximum
intensity of about 4.83 was found at (110)1–11 and
(110)2–21 components.

The EBSD analysis confirmed that in the sample
subjected to heat treatment at 570�C for 3 h, both
martensite and reverted austenite phases are pre-
sent (Fig. 6a and b). The corresponding energy-
dispersive x-ray spectroscopy (EDS) map for ele-
ment Ni combined with EBSD phase map revealed
that a segregation of this element occurs in the
reverted austenite grains (Fig. 6b). Our observation
is also consistent with findings reported by other
authors.7,8

The reverted austenite forms at martensite lath
boundaries and the Ni-content was found to be 20.3
wt.%. In contrast, the Ni content in the adjacent
matrix was measured as 17.7 wt.%. The partitioning
at interfaces in these classes of steels is commonly
accompanied by reverse martensite-to-austenite
transformation. Mun et al.50 analyzed austenite
reversion in Fe-8Mn-7Ni (wt.%) steel and observed
that alloying elements including Mn and Ni were
not segregated in the as-quenched condition. The
segregation to martensite grain boundaries took
place after annealing heat treatment at 450�C.
Indeed, our EBSD analysis confirmed that the

Fig. 5. Thermo-Calc� calculation of the Ni distribution at the
martensite/austenite interface.

Fig. 6. (a) Inverse pole figure EBSD map and (b) composite map
consisting of an EBSD phase map in conjunction with an energy-
dispersive x-ray spectroscopy (EDS) map revealing segregation of
Ni in reverted austenite.
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second-phase layers are fcc austenite (Fig. 5a and
b). Therefore, the Ni enrichment at newly formed a/c
interfaces led to the austenite layers growing to
lath-like reverted austenite, which is consistent
with Refs.7,48 Since partitioning of the matrix into
solute-rich and solute-depleted regions occurs, the
formation of reverted austenite is a diffusion-con-
trolled process.

Figure 7a1 shows an inverse pole figure EBSD
map of solution-treated material. The high-angle
grain boundaries (defined as misorientation > 15�)
and low-angle grain boundaries (with misorienta-
tion< 2�) are depicted with thick and thin black
lines, respectively. The map shows a single-phase
martensitic matrix. The martensite comprises a
lamellar structure and forms units of packets.
Figure 7a2 shows the prior austenite grains calcu-
lated experimentally from the orientation obtained
in Fig. 7a1 using the ARPGE software. Two prior
austenite grains were determined in the map with
following Euler angles u1, U, u2 = 112.5�, 108.9�,
142.9� and 89.7�, 31.2�, 102.9� for the left and right
grain, respectively. In the heat-treated sample at

570�C for 3 h in a vacuum chamber, the formation of
reverted austenite with average grain size of 0.5 lm
could be seen as presented in Fig. 7b1 and b2.
Notably, the heat treatment in vacuum did not
cause oxidation of the sample’s surface, and there-
fore no further metallographic preparation was
required prior to the EBSD examination. An elim-
ination of metallographic preparation after the heat
treatment is important because deformation-in-
duced reverted austenite fi martensite is com-
monly reported.18,33,34 The EBSD maps show that
austenite precipitates mainly along the martensite
lath boundaries and few grains were observed to
precipitate at prior austenite grain boundaries.

In addition, the Taylor map in Fig. 7b2 revealed
that the majority of reverted austenite grains
nucleated at grains with higher Taylor factor val-
ues. The different Taylor factor values in individual
grains can be associated with shear strains gener-
ated during austenite fi martensite transforma-
tion, which took place during cooling from the
solution annealing temperature. Since there was
no recrystallisation during the heat treatment, the

Fig. 7. EBSD inverse pole figure (IPF) maps of (a1) solution-treated material showing single-phase martensitic matrix; (a2) calculated prior
austenite grains from orientations shown in (a1). The high- and low-angle grain boundaries are depicted with thick and thin black lines,
respectively. IPF map of material heat treated at 570�C for 3 h using heating rate of 0.12�C s�1 in vacuum revealing the martensitic matrix with
reverted austenite formed at the grain and sub-grain boundaries (b1). Corresponding Taylor factor map combined with IPF map for fcc phase
showing the formation of reverted austenite at the grain and sub-grain boundaries with high Taylor factor values (b2). A higher magnification view
is shown in the inset micrographs. The scale bar for all large maps and all inset micrographs is 20 lm and 5 lm, respectively. Corresponding
legends are shown below the maps.
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Taylor factor values remained constant. A higher
Taylor factor indicates higher stored energy in the
grains, which can provide an additional driving
force for nucleation of the new phase.62–64 An
additional reason for austenite precipitation along
martensitic lath boundaries is partitioning of
austenite stabilization elements to the martensite
boundary.8,61

In maraging steels, in the initial stage of the
martensite-to-austenite reversion process first car-
bon partitioning takes place.7 Speer et al.65 claimed
that in TRIP steel heat treatment at 400�C< 1 s
was necessary for carbon partitioning between
martensite and austenite. Even at the very low
carbon content present in the investigated steel, we
found tetragonal distortion from the cubic symme-
try in the martensite. This contributes to the
enhancement of the elastic strain of the crystal
lattice, in particular at grain boundaries where the
diffusivity of carbon is higher because of the lattice
distortion. In this manner, the accumulated carbon
in front of the martensite boundary provides a high
local driving force for austenite nucleation. Indeed,
the EBSD analysis revealed that austenite tends to
nucleate at martensite grain boundaries with
higher Taylor factor values. Higher Taylor factor
values calculated by averaging the stress over all
possible slip planes provide a measure of an orien-
tation-dependent stored energy in grains. In the
later stages of the in situ heat treatment, the solute
element diffusion controls the transformation

kinetics.8 It is also known that slip is more
restricted in grains with a high Taylor factor,
resulting in the formation of a tangled structure
with lattice rotations, which increase the grain
boundary segregation of alloying elements (such as
Ni), thereby accelerating austenite reversion.66

Hence, the grain boundary segregation of alloying
elements is required to form reversed austenite, and
elastic strain relaxation stabilizes the formation of
austenite.7 Our results revealed that the newly
formed reverted austenite did not exhibit lattice
distortion and its formation therefore contributes to
the minimization of the total free energy of the
system.

The inset micrograph of Fig. 7b2 shows that
different orientations of reverted austenite are
present. These have a common habit plane with
the prior austenite grain, and these are in a twin
relationship to each other. The volume fraction of
reverted austenite determined by EBSD was 2
vol.%, which is different from that determined by
the XRD analysis of the in situ heat-treated spec-
imen. This difference may be caused by the different
heating rates (0.12�C s�1 versus 15�C s�1) used.
Nevertheless, the nucleation sites of reverted
austenite are considered independent of the heating
rate applied.

Figure 8 shows experimentally obtained and cal-
culated {100} pole figures derived from orientations
presented in the inset map of Fig. 7b1 for both
martensite and reverted austenite. Figure 8a1

Fig. 8. Experimentally obtained and calculated {100} pole figures for orientations in the inset map shown in Fig. 7 (b1) for martensite and
reverted austenite. (a1) Experimentally determined bcc pole figure. (a2) Experimentally obtained {100} fcc pole figure. (a3) Calculated pole
figure of prior austenite considering experimentally obtained orientations in (a1) revealing good coincidence with some poles for reverted
austenite displayed in (a2). (b) Calculated {100} bcc pole figures for green (b1), yellow (b2) and red (b3) orientations shown in (a2) showing good
agreements with some poles displayed in (a1).
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shows the experimentally determined pole figure of
martensite, whereas Fig. 8b2 presents an experi-
mentally obtained pole figure of reverted austenite.
Figure 8b3 displays the calculated pole figure of
prior austenite considering the experimentally
obtained bcc orientations shown in a1 using ARPGE
software. A comparison of the calculated pole fig-
ure of prior austenite with the experimentally
obtained pole figure of reverted austenite shown in
Fig. 8a2 revealed that within one prior austenite
grain most of the reverted austenite maintains the
same crystallographic orientation. Some reverted
austenite grains showed a twin-related misorienta-
tion in relation to the prior austenite. This is in good
agreement with the work of Nakada et al.31 who
reported a twin relationship between reverted and
prior austenite. The orientation relationship
between reverted austenite and martensite was
close to the Kurdjumov–Sachs type, which is
(111)c//(110)a¢, [110]c//[111]a¢. The obtained sets of
Euler angles for green, yellow and red grains of
reverted austenite shown in the inset micrograph in
Fig. 7b1 were imported into the program developed
by Kundu,67 which is based on the phenomenologic
martensite transformation crystallography. Then,
the bcc orientation was calculated using the Patel-
Cohen model considering 24 variants. Figure 8b1,
b2, and b3 shows the results of this calculation.
Some of the poles in the pole figure match those
obtained experimentally in Fig. 8a1 well. Since
fewer poles were present in the experimentally
obtained pole figure compared to the theoretical one,
variant selection is present. The variant selection
can be attributed to internal stresses introduced by
martensitic transformation.31 The orientation rela-
tionships minimize the strain energy of the phase
transformation by reducing the crystallographic
mismatch between phases.

CONCLUSION

The kinetics of reverted austenite formation was
followed in situ using synchrotron x-ray diffraction
in 18 wt.% Ni grade 300 maraging steel subjected to
isothermal heat treatment at 570�C for durations up
to 3 h. From the work conducted, we can draw
following conclusions.

A progressive increase in the volume fraction of
reverted austenite was observed during the heat
treatment. The reversion of austenite was well
fitted by exponential fitting. Fairly good agreement
between the experimental and calculated degree of
transformation was found. Preferential nucleation
sites for reverted austenite were found to be
martensitic lath boundaries, in particular those
with high Taylor factor values. The martensite unit
cell was observed to have a distortion from the cubic
symmetry. This lattice distortion can induce local-
ized strain fields due to specific volume changes,
which could provide an additional driving force for

the austenite reversion. The reverted austenite
maintains an orientation relationship with the prior
austenite; however, variant selection can take place.
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