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Austenite reversion and its thermal stability attained during the transformation is key to
enhanced toughness and blast resistance in transformation-induced-plasticity martensitic steels.
We demonstrate that the thermal stability of Ni-stabilized austenite and kinetics of the
transformation can be controlled by forming Ni-rich regions in proximity of pre-existing
(retained) austenite. Atom probe tomography (APT) in conjunction with thermodynamic and
kinetic modeling elucidates the role of Ni-rich regions in enhancing growth kinetics of thermally
stable austenite, formed utilizing a multistep intercritical (Quench-Lamellarization-Tempering
(QLT)-type) heat treatment for a low-carbon 10 wt pct Ni steel. Direct evidence of austenite
formation is provided by dilatometry, and the volume fraction is quantified by synchrotron
X-ray diffraction. The results indicate the growth of nm-thick austenite layers during the second
intercritical tempering treatment (T-step) at 863 K (590 �C), with austenite retained from first
intercritical treatment (L-step) at 923 K (650 �C) acting as a nucleation template. For the first
time, the thermal stability of austenite is quantified with respect to its compositional evolution
during the multistep intercritical treatment of these steels. Austenite compositions measured by
APT are used in combination with the thermodynamic and kinetic approach formulated by
Ghosh and Olson to assess thermal stability and predict the martensite-start temperature. This
approach is particularly useful as empirical relations cannot be extrapolated for the highly
Ni-enriched austenite investigated in the present study.
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I. INTRODUCTION

HIGH-PERFORMANCE structural materials are
needed for U. S. Naval applications, such as ship hulls
and decks, which require an excellent combination of
strength, low-temperature impact toughness, ductility,
blast resistance, and weldability.[1–4] In recent years,
several research efforts have been performed, to develop
alternatives to the widely used Naval HSLA-100 steels
with a superior yield strength and blast resistance to
reduce the weight of structural components and pre-
empt increasing terrorist threats.[3,5–11] Optimizing the

overall mechanical properties for such applications
entails several design challenges; most importantly,
increasing the strength invariably leads to concomitant
deterioration in toughness and ductility. The concept of
transformation-induced-plasticity (TRIP) has been com-
monly utilized to combine high-strength in martensitic
steels with good toughness[12–14] and to enhance ductility
in automotive steels.[15–17] TRIP utilizes deformation-in-
duced martensitic transformations to enhance plasticity
of alloys.[18–20] The benefits of transformation toughen-
ing and enhanced ductility from such martensitic trans-
formations rely on the volume fraction and relative
stability of austenite, which can be tailored by optimiz-
ing the chemical compositions and heat treatments of
steels.
Low-carbon steels (<0.1 wt pct C) are preferred for

Naval structural applications for good weldability and
low-processing costs.[21,22] Thus, unlike the advanced
high-strength quench and partitioning steels, which rely
on carbon partitioning for stabilizing austenite,[23,24] the
steel investigated in the present study is a low-carbon
(0.09 wt pct) 10 wt pct Ni-Cr-Mo-V steel, which utilizes
Ni as the primary austenite stabilizer. Additionally, Ni
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additions in steels are also believed to lower the
ductile-to-brittle transition temperatures in steels due
to its effect on cross-slip of dislocations[25] and/or on the
cohesive energy of iron at low temperatures.[26] Recent
dilatometry and microhardness characterization of a
similar steel containing 9 wt pct Ni reported martensitic
microstructures after solutionizing and quenching treat-
ment (for a wide range of cooling rates).[27] A common
processing route to form Ni-rich austenite in significant
volume fractions from the as-quenched microstructure is
to employ intercritical heat treatments in the ferrite (a)
plus austenite (c) two-phase field. Low-carbon (<0.1 wt
pct) steels containing 5 to 9 wt pct Ni have been in use
for several decades for cryogenic applications and are
processed by similar single or multistep intercritical
treatments.[28–36]

In the present study, we utilize a Quench-
Lamellarization-Tempering (QLT) heat treatment, where
‘L’ and ‘T’ refer to the intercritical isothermal treat-
ments in the upper and lower range of the a plus c
dual-phase field, employed after the solutionizing and
quenching step (Q). Detailed evaluation of the mechan-
ical properties of this steel after the optimal QLT-treat-
ment revealed an excellent combination of yield
strength, 130 ksi (896.3 MPa), ultimate tensile strength,
158 ksi (1089.4 MPa), an elongation to failure of 23 pct,
a Charpy impact toughness of 153 J at 188.7 K
(�84.4 �C), and a 18 pct higher ballistic limit, V50 than
the widely used HSLA-100 steels for Naval structural
applications.[8] Its superior ballistic resistance is attrib-
uted to its enhanced dynamic plasticity, due to the
deformation-induced martensitic transformation of the
dispersed austenitic phase.[8] In this article, we study the
basic physical principles behind the multistep intercrit-
ical treatment; specifically, the thermal stability and
formation kinetics of reverted austenite using dilatom-
etry, synchrotron X-ray diffraction, ultraviolet (wave-
length = 355 nm) laser-assisted 3-D atom probe
tomography (APT), and computational modeling tools,
ThermoCalc[37,38] and DICTRA.[38,39]

APT is a unique analytical technique that provides
3-D spatial information of atoms and concurrently their
chemical identities with sub-nanometer spatial resolu-
tion.[40–42] Investigating the microstructure at the
sub-nanometer scale is crucial as the very small diffu-
sivity of substitutional austenite stabilizers (for example,
Ni or Mn) in austenite at the intercritical temperatures
leads to local chemical concentration gradients, which
are directly related to austenite reversion and its
stability.[35,43,44] The composition of intercritically
formed austenite measured employing 3-D APT is used
to predict the martensite-start (Ms) temperature. The Ms

temperature is an important design parameter to esti-
mate the thermodynamic stability of austenite, which is
primarily dependent on the composition of austen-
ite.[45–48] We utilize the Ghosh–Olson thermodynamic
and kinetic approach,[49–51] which integrates computa-
tional thermodynamics and the Olson–Cohen barrierless
martensite nucleation model[52] to predict the Ms tem-
perature. It is also demonstrated that commonly used
empirical relations are unable to predict the Ms temper-
ature of the Ni-rich austenite phase formed after the

QLT heat treatment. 3-D APT results in conjunction
with DICTRA simulations are used to study the kinetics
of austenite formation during the T-step.

II. EXPERIMENTAL METHODS

The overall chemical composition of the steel, as
measured by optical emission spectroscopy (for metallic
elements) and combustion infrared detection analyser
(for carbon), is given in Table I. The steel was processed
by vacuum induction melting (VIM) and cast into an
ingot, which was heated to 1533 K (1260 �C), and then
held for 7 hours in a gas-fired furnace with a flow of
protective nitrogen gas. Then it was hot-rolled to
20.3 cm 9 2.5 cm (8¢¢ 9 1¢¢) plates with a finishing
temperature of 1116 K (843 �C). The final QLT heat
treatment employed consists of an austenitizing treat-
ment at 1073 K (800 �C) for ~1 hour and water
quenching to room temperature (Q), followed by the
first intercritical heat treatment (L) at 923 K (650 �C)
for 20 to 30 minutes and a second intercritical heat
treatment (T) at 863 K (590 �C) for 1 hour. Each
intercritical heating step is terminated by water quench-
ing the specimen to room temperature. To follow the
evolution of the microstructure at different stages of the
QLT-treatment, we also examined the samples in the
as-quenched (Q), quenched-and-L-step (QL), and
quenched-and-T-step (QT) conditions.
Samples for metallography were prepared by stan-

dard mounting, grinding, and polishing methods with a
final polish using 0.06-lm diameter colloidal silica,
followed by etching with a 2 pct Nital solution. The
dilatometric tests were performed using a Gleeble 3500
thermal system employing 9.5-mm diameter cylindrical
specimens. High-intensity synchrotron X-ray diffraction
(XRD) scans were performed on polished samples at the
5-IDB beam line at the Advanced Photon Source
(Argonne National Laboratory, Argonne, IL, USA).
Scans were performed from 2h ranging from 9.995 to
33.500 deg; employing a step size of 0.015 deg, a count
time of 3 s per step, and a wavelength of 0.71 Å. At each
step, the sample was rocked through 0.75 deg in h to
reduce preferential orientation effects. A NIST standard
sample containing 5.8 vol pct austenite was also
analyzed under identical conditions for calibration
purposes. The data analysis involving peak positions,
integrated intensities, and background removal was
performed utilizing MDI JADE 2010 software (Mate-
rials Data Inc.). The volume fractions of austenite were
calculated employing the direct comparison method,[53]

which involves comparing the integrated intensities of
the (111)c, (110)a, (200)c, (200)a, and (220)c reflections,
and the error is determined based on counting
statistics.[54]

Figure 1 shows SEM micrographs of QL, QT, and
QLT-treated 10 wt pct Ni samples. In the QL and
QLT-treated samples, the brighter phase protruding
from the surface is a mixture of reverted austenite
(formed during the intercritical treatment) and
fresh-martensite, which resulted from the transforma-
tion of some of the reverted austenite during
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quenching.[8] During intercritical heating, a portion of
the parent as-quenched martensite does not transform
to austenite and is referred to as tempered martensite.
The intercritically formed austenite (or fresh-martensite)
phase protrudes from the surface as the tempered
martensitic matrix is preferentially removed during
etching.[43] We did not observe such dispersions of
austenite (or fresh-martensite) in the QT-treated sample,
Figure 1(b), as the microstructure consists predomi-
nantly of tempered martensite. Nanotips for 3-D APT
investigations were prepared by a standard dual-beam
focused-ion beam (FIB) microscopy lift-out preparation
technique,[55] targeting the austenite (fresh-martensite)
phase. Details of this method are provided in a prior
article on 4.5 and 10 wt pct Ni steels.[43] 3-D APT
experiments were performed with a Cameca local-elec-
trode atom probe (LEAP) 4000X-Si tomograph, using
ultraviolet (wavelength = 355 nm) picosecond laser
pulsing with an energy of 30 pJ per pulse, a pulse
repetition rate of 500 kHz, and an average evaporation
rate (number of ions per pulse) of 2 pct. The samples
were analyzed at a specimen base temperature of 60 K
(�213 �C) in ultrahigh vacuum (<10�8 Pa), and the data
obtained were analyzed using the program IVAS 3.6
(Cameca, Madison, WI).

III. MARTENSITE-START (MS) TEMPERATURE
CALCULATIONS AND DICTRA SIMULATIONS

Ms temperature calculations corresponding to the
austenite compositions obtained in the QL- and QLT-
treated samples were performed using the Ghosh–Olson
thermodynamic and kinetic approach,[49–51] based on
the Olson–Cohen model,[52] in which the critical driving
force for martensite nucleation, DGch-crit, is expressed as

DGch�crit ¼ � Kþ wl þ wth

� �
; ½1�

where K is evaluated as 1010 J/mol and includes the
strain and interfacial energies associated with

semicoherent nucleation of martensite, and wl and wth

are the athermal and thermal interfacial frictional
work, respectively, required for the motion of disloca-
tions.[49] The interfacial work terms are modeled based
on the theory of solid-solution strengthening[56,57] and
are given by Eqs. [2] and [3] given below:

wl ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX

i

ðkilX0:5
i Þ2

r
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX

j

ðkjlX0:5
j Þ2

s
; ½2�

where X is the concentration (mole-fraction) of the
solute elements, i = C, Cr, Mn, Mo, Si, and V, and
j = Cu, Ni,[51] and the coefficients, kl for these ele-
ments are listed in Table II.

wth Tð Þ ¼ wo 1� T
�
Tl

� �1=q
� 	1=p

½3�

where p = 0.5, q = 1.5, and Tl � 500 (in Kelvin)[50]

and,

wo ¼ wFe
o þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX

i

ðkioX0:5
i Þ2

r
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX

j

ðkjoX0:5
j Þ2

s
; ½3a�

where i = C, Cr, Mn, Mo, Si, and V and j = Cu, Ni,[51]

and wFe
o is the value of wo for pure Fe and is evaluated as

836 J/mol,[50] and the coefficients, ko for these elements
are listed in Table II.
For a given austenite composition, X and tempera-

ture, T, the volume free energy change associated with
compositionally invariant martensitic transformation,
DGchðT;XÞ is calculated using ThermoCalc; version S
employing the kMART thermodynamic database.[51,58]

Ms temperature is then calculated to be the temperature
at which,

DGchðT;XÞ ¼ DGch�crit ½4�

Kinetic simulations using DICTRA were performed
for Fe-Ni system using the mobFe1 mobility database

Table I. Overall Chemical Composition of 10 Wt Pct Ni Steel

Elements Fe Ni Mn C Si Cr Mo Cu V

Wt Pct 87.11 9.85 0.60 0.09 0.21 0.60 1.23 0.15 0.08
At. Pct 87.43 9.41 0.61 0.42 0.42 0.65 0.72 0.13 0.09

Fig. 1—SEM micrographs of (a) QL; (b) QT; and (c) QLT-treated 10 wt pct Ni steel etched with a 2 pct nital solution.
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and the TCFe6 thermodynamic database. A linear cell
geometry is chosen with fixed dimensions, which is
commonly used to study austenite/ferrite diffusional
transformations in steels.[39,59,60] The DICTRA cell
consists of different regions, which represent different
phases and are separated by mobile planar bound-
aries.[39,60] Simulations are performed assuming local
equilibrium conditions at these heterophase boundaries,
which implies infinite interface mobility and results in
the transformation kinetics being controlled by the
diffusion of Ni.

IV. RESULTS

A. Dilatometry

Figure 2 shows the dilatometric response of the
QLT-treated 10 wt pct Ni steel during intercritical
treatments. The observed contraction during the isother-
mal steps at 923 K and 863 K (650 �C and 590 �C)
indicates the formation of austenite during these L- and
T-steps, respectively. During quenching, following the
isothermal step at 923 K (650 �C), we observe that the
sample begins to expand at ~461 K (188 �C), indicating
the onset of a martensitic transformation. This temper-
ature is thus the Ms temperature for the austenite
formed during the L-step. The sample does not expand
during quenching following the T-step, indicating that
the austenite after tempering at 863 K (590 �C) has a
greater thermal stability than the austenite formed
during the L-step.

B. Synchrotron X-ray Diffraction (XRD)

High-intensity synchrotron X-ray diffraction (XRD)
scans of the 10 wt pct Ni steel samples after different
stages of the QLT-treatment are displayed in Figure 3.
The volume fraction of austenite measured in the NIST
standard is 5.4 ± 0.1 pct, while the calibrated standard
value is 5.8 pct. The volume fractions of austenite after
calibration for the as-quenched, QT, QL, and
QLT-treated samples are 1.5, 2.9, 8.1, and 18.5 vol
pct, respectively, Table III. We also obtained a volume
fraction of ~18 pct for the QLT-treated sample that was
subsequently quenched to 188.7 K (�84.4 �C), prior to
the XRD investigation. This indicates that austenite
after the T-step is thermally stable and its Ms temper-
ature is less than 188.7 K (�84.4 �C).

C. 3-D Atom Probe Tomography (APT)

1. APT analyses of the QL-treated samples
Figures 4(a) and (b) display the 3-D APT reconstruc-

tions of the QL-treated steel, in which Fe atoms are
displayed in blue and Ni atoms are in green. We also
observe mixed metal carbides of MC and M2C-type in

Table II. Values of Coefficients, kl and ko, as Taken from

Ghosh et al.[50]

Element kl (J/mol) ko (J/mol)

C 3807 21,216
Mn 1980 4107
Si 1879 3867
Cr 1868 3923
V 1618 3330
Mo 1418 2918
Cu 752 1548
Ni 172 345

Fig. 2—Dilatometric responses of the 10 wt pct Ni steel (in blue)
exhibiting austenite formation during intercritical isothermal steps at
923 K and 863 K (650 �C and 590 �C). Some of the austenite trans-
forms to martensite during quenching, after isothermal aging at
923 K (650 �C). This transformation commences at 461 K (188 �C),
the martensite-start (Ms) temperature (Color figure online).

Fig. 3—Synchrotron X-ray diffraction scans of the 10 wt pct Ni steel
after different stages of the QLT-treatment, including the
QLT-treated sample that was subsequently quenched to 188.7 K
(�84.4 �C), prior to the X-ray diffraction analysis. The NIST stan-
dard sample is also analyzed for calibration purposes.

Table III. Volume Percent of Austenite in 10 Wt Pct Ni

Steel Samples After Different Stages of the QLT-Treatment,

as Obtained by Synchrotron X-ray Diffraction (XRD)
Experiments Performed at the Advanced Photon

Source at Argonne National Laboratory

As-
Quenched QT QL QLT

QLT
(Quenched
to 188.7 K
(�84.4 �C),
Prior to
XRD)

Vol Pct 1.5 ± 0.5 2.9 ± 0.2 8.1 ± 0.3 18.5 ± 0.2 18.0 ± 0.2

METALLURGICAL AND MATERIALS TRANSACTIONS A VOLUME 48A, AUGUST 2017—3645



bothAPT reconstructions; these carbides are displayed in
black, and are rich inMo, Cr, andV.During the austenite
formation at 923 K (650 �C), Ni partitions to austenite
and it is depleted in the temperedmartensite matrix, a-Fe,

which is richer in Fe and thus appears in blue in Figure 4.
We note that some of the austenite formed during the
L-step transforms to martensite during quenching, as is
revealed by dilatometry (Figure 2). We refer to this
martensite as fresh-martensite, whose composition is
assumed to be the composition of the reverted austenite
formed at 923 K (650 �C). This assumption is reasonable
as the martensitic transformation is compositionally
invariant and commences at a relatively low temperature
in the QL-treated sample, 461 K (188 �C), below which
the diffusion of solute elements (especially substitutional)
in austenite or martensite during quenching is negligible.
Kim et al.[36] also obtained similar composition of
fresh-martensite as reverted austenite in a 5.5 wt pct Ni
steel [intercritically annealed at 943 K (670 �C)] using
energy-dispersive X-ray spectroscopy (EDS) in a scan-
ning transmission electron microscope (STEM). Thus,
the composition of the Ni-rich region in the APT
reconstructions in Figure 4 represents the composition
of austenite formed at 923 K (650 �C) and is obtained
using a proximity histogram (or proxigram for short),[61]

which measures the concentrations of each element as a
function of distance from a specified isoconcentration
surface. Since we want to determine the concentration
profiles of elements only in the a-Fe matrix and the
Ni-rich region, the metal carbides observed in the 3-D
reconstructions were excluded from the dataset, using the
IVAS code before obtaining the proximity histograms.
The resulting proximity histogram concentration profiles
for the QL-1 and QL-2 samples, obtained from 9 and 11
at. pct Ni isoconcentration surfaces, Figure 4, are dis-
played in Figures 5(a) and (b), respectively, and they
reveal the enrichment of Ni, Mn, C, Cr, and Cu in
austenite (toward the right-hand side of the vertical
fiducial marker). While Ni, Mn, C, and Cu are

Fig. 4—3-D APT reconstructions of the QL-treated 10 wt pct Ni
steel: (a) QL-1 sample, Fe atoms (10 pct) are displayed as blue dots,
Ni atoms (100 pct) are displayed in green; (b) QL-2 sample, Fe
atoms (3 pct) are displayed as blue dots, Ni atoms (30 pct) are dis-
played in green. The heterophase interface (indicated by a dashed
curve) between the tempered martensite matrix, a-Fe, and the
Ni-rich region is delineated by 9 and 11 at. pct Ni isoconcentration
surfaces in (a) and (b), respectively. Metal carbides are delineated by
a 10 at. pct (C plus Cr plus Mo plus V) isoconcentration surfaces
(black) in both reconstructions (Color figure online).

Fig. 5—Proximity histogram concentration profiles obtained from 9 and 11 at. pct Ni isoconcentration surfaces in (a) QL-1 and (b) QL-2 10 wt
pct Ni steel samples, respectively, displaying the concentration profiles of Fe, Ni, Mn, Cr, Mo, Si, C, Cu, and V across the a-Fe matrix and
Ni-rich region. Metal carbides were excluded from the datasets before obtaining the proximity histograms.
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well-known austenite stabilizers,[62] the partitioning of Cr
in austenite is noteworthy, which has been observed in an
APT investigation of 4.5 and 10 wt pct Ni steels, and was
attributed to metastable equilibrium between austenite
and martensite in the absence of the ferrite phase.[43]

The average compositions obtained for the a-Fe
matrix and austenite from these proximity histograms
are listed in Table IV and the error reported is ±r,
where r is obtained from counting statistics,[63] and is
expressed as

r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cið1� ciÞ

N

r

½5�

where ci is the measured concentration of element i in a
sampled volume containing N total number of atoms.
The compositions of a-Fe matrix and austenite from
equilibrium thermodynamic calculations at 923 K
(650 �C) using ThermoCalc are also presented in
Table IV. Austenite in the QL-treated samples is pri-
marily enriched in Ni (12.5 to 16.7 at. pct) and contains
much smaller concentrations of the other solute ele-
ments, ~0.4C-1.1Mn-0.8Cr-0.3Si-0.6Mo-0.2Cu at. pct,
Table IV. The enrichment of C (strong austenite stabi-
lizer) in austenite is small (0.4 at. pct) due to its overall
small concentration in steel (0.4 at. pct), coupled with
the simultaneous precipitation of metal carbides during
the intercritical treatment. In this article, we discuss in
detail below, primarily, the partitioning behavior of Ni
across the austenite and a-Fe matrix heterophase
interface during the QLT-treatment.

2. APT analyses of the QLT-treated samples
3-D APT reconstructions of the QLT-1 and QLT-2

samples are displayed in Figures 6(a) and (b),

T
a
b
le

IV
.

C
h
em

ic
a
l
C
o
m
p
o
si
ti
o
n
s
(A

to
m
ic

P
er
ce
n
t)

o
f
N
i-
ri
ch

R
eg
io
n
[A
u
st
en
it
e
F
o
rm

ed
D
u
ri
n
g
L
-S
te
p
a
t
9
2
3
K

(6
5
0
�C

)]
a
n
d
th
e
T
em

p
er
ed

M
a
rt
en
si
te

M
a
tr
ix
,
a
-F
e
in

th
e

Q
L
-T
re
a
te
d
1
0
W
t
P
ct

N
i
S
te
el
,
a
s
M
ea
su
re
d
b
y
A
P
T
.
M
a
rt
en
si
te
-S
ta
rt

(M
s)
T
em

p
er
a
tu
re
s,
a
s
C
a
lc
u
la
te
d
U
si
n
g
th
e
G
h
o
sh
–
O
ls
o
n
T
h
er
m
o
d
y
n
a
m
ic

a
n
d
K
in
et
ic

A
p
p
ro
a
ch

A
re

a
ls
o
S
h
o
w
n

Q
L

F
e

N
i

M
n

C
S
i

C
r

M
o

C
u

V
M

s
K

(o
C
)

N
a
n
o
ti
p
1
(A

P
T
)

A
u
st
en
it
e
a
t
L
-
S
te
p

8
4
.0
6
±

0
.2
6

1
2
.5
0
±

0
.2
3

0
.9
6
±

0
.0
7

0
.3
6
±

0
.0
4

0
.3
5
±

0
.0
4

0
.7
7
±

0
.0
6

0
.4
3
±

0
.0
5

0
.2
3
±

0
.0
4

0
.0
4
±

0
.0
1

4
5
9
.6

(1
8
6
.5
)

T
em

p
er
ed

M
a
rt
en
si
te
,
a-
F
e

9
0
.9
8
±

0
.2
2

6
.7
3
±

0
.1
9

0
.2
6
±

0
.0
4

0
.2
1
±

0
.0
4

0
.4
6
±

0
.0
5

0
.5
0
±

0
.0
5

0
.3
4
±

0
.0
4

0
.1
4
±

0
.0
3

0
.0
3
±

0
.0
1

N
a
n
o
ti
p
2
(A

P
T
)

A
u
st
en
it
e
a
t
L
-S
te
p

7
9
.2
2
±

0
.1
6

1
6
.6
8
±

0
.1
5

1
.2
3
±

0
.0
4

0
.3
9
±

0
.0
2

0
.3
4
±

0
.0
2

0
.7
9
±

0
.0
3

0
.6
7
±

0
.0
3

0
.2
6
±

0
.0
2

0
.0
6
±

0
.0
1

3
4
5
(7
1
.9
)

T
em

p
er
ed

M
a
rt
en
si
te
,
a-
F
e

9
0
.5
4
±

0
.0
5

6
.8
3
±

0
.0
5

0
.3
2
±

0
.0
1

0
.2
3
±

0
.0
1

0
.4
8
±

0
.0
1

0
.5
3
±

0
.0
1

0
.6
6
±

0
.0
1

0
.1
1
±

0
.0
1

0
.0
6
±

0
.0
0
4

T
h
er
m
o
C
a
lc

9
2
3
K

(6
5
0
�C

)
A
u
st
en
it
e

8
5
.5
3

1
1
.8
0

0
.8
0

0
.1
8

0
.4
8

0
.6
8

0
.3
1

0
.1
7

0
.0
0
6

a-
F
e

9
5
.4
7

3
.2
3

0
.0
9

0
.0
0
3

0
.2
8

0
.5
1

0
.2
7

0
.0
3

0
.0
1
6

C
o
m
p
o
si
ti
o
n
s
o
f
a
u
st
en
it
e
a
n
d
a-
F
e,

o
b
ta
in
ed

fr
o
m

eq
u
il
ib
ri
u
m

th
er
m
o
d
y
n
a
m
ic

ca
lc
u
la
ti
o
n
s
a
t
9
2
3
K

(6
5
0
�C

)
u
si
n
g
T
h
er
m
o
C
a
lc

a
re

a
ls
o
li
st
ed
.

Fig. 6—3-D APT reconstructions of the QLT-treated 10 wt pct Ni
steel: (a) QLT-1 sample, Fe atoms (10 pct) are displayed as blue
dots, Ni atoms (80 pct) are displayed in green; (b) QLT-2 sample, Fe
atoms (5 pct) are displayed as blue dots, Ni atoms (50 pct) are dis-
played in green. The heterophase interface (indicated by a dashed
curve) between the tempered martensite matrix, a-Fe, and the
Ni-rich region is delineated by 11 at. pct Ni isoconcentration surface
in both (a) and (b). Metal carbides are delineated by a 10 at. pct (C
plus Cr plus Mo plus V) isoconcentration surfaces (black) in both
reconstructions (Color figure online).
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respectively. The heterophase interface between a-Fe
and the Ni-rich region (indicated by a dashed curve) in
these APT reconstructions is delineated by 11 at. pct Ni
isoconcentration surfaces. As in the QL-treated samples,
we observe mixed metal carbides enriched in Mo, Cr,
and V of MC- and M2C-types in both QLT-treated
samples. Proximity histogram concentration profiles
obtained from the 11 at. pct Ni isoconcentration
surfaces in QLT-1 and QLT-2 samples (after excluding
the metal carbides from the dataset) are displayed in
Figures 7(a) and (b), respectively.

In Figure 7(a), we observe significant inhomo-
geneities in the Ni concentrations within the Ni-rich
region (right-hand side of the vertical fiducial marker
in the proximity histogram). Ni-rich region in this
proximity histogram is, therefore, divided into three
regions having different Ni concentrations; the region
with the highest Ni concentration is shaded in the
proximity histogram and has an average Ni concen-
tration of 21.7 at. pct, and the two regions to the
left-and right-hand sides of this shaded region have
average Ni concentrations of 17.7 and 14.6 at. pct,
respectively. Table V lists the overall compositions of

these Ni-rich regions along with the composition of
a-Fe and the error reported is ±r, where r is
determined from Eq. [5]. The inhomogeneous distri-
bution of Ni is also observed in the Ni-rich region in
the proximity histogram corresponding to the QLT-2
sample, Figure 7(b). The shaded regions in the prox-
imity histogram have an average Ni concentration of
21.9 at. pct, while the average Ni concentration in the
plateau region between these shaded regions is 15.9 at.
pct. Table V lists the overall compositions of these
regions along with the composition of a-Fe. Similar
trends as described for Ni is also observed for the Mn
and Cu concentration profiles in both the proximity
histograms in Figure 7. Compositions of austenite and
a-Fe from equilibrium thermodynamic calculations at
863 K (590 �C) using ThermoCalc are also presented
in Table V. The inhomogeneous distributions of these
elements are a result of the austenite forming
with different compositions during intercritical treat-
ments at 923 K and 863 K (590 �C and 650 �C),
coupled with sluggish diffusion of these elements in
austenite, which is discussed in more detail in
Section V–A–2.

Fig. 7—Proximity histogram concentration profiles obtained from 11 at. pct Ni isoconcentration surfaces in (a) QLT-1 and (b) QLT-2 10 wt pct
Ni steel samples, displaying the concentration profiles of Fe, Ni, Mn, Cr, Mo, Si, C, Cu, and V across the a-Fe matrix and Ni-rich region. Metal
carbides were excluded from the dataset before obtaining the proximity histograms. Shaded regions on the Ni-rich side in (a) and (b) represent
the composition of austenite formed during the T-step tempering at 863 K (590 �C).
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V. DISCUSSION

A. 3-D Atom Probe Tomography (APT)

1. APT analyses of the QL-treated samples
Nickel concentration in austenite in QL-1 sample, as

obtained from the proximity histogram shown in
Figure 5(a), is 12.5 at. pct, which is in reasonable
agreement with 11.8 at. pct Ni, predicted by thermo-
dynamic equilibrium calculations at 923 K (650 �C),
Table IV. The austenite in the QL-2 sample has,
however, a significantly higher Ni concentration,
which increases gradually from 15.3 at. pct near the
a-Fe/austenite heterophase interface to 17.9 at. pct
toward the inner core of austenite, Figure 5(b). We
note that the right-hand side of the proximity his-
togram in Figure 5(b) represents the concentration of
the inner core of the austenite region, Figure 4(b). A
similar trend as for Ni is also observed for the Mn
concentration profile, Figure 5(b). Due to the limited
holding time of 30 minutes at 923 K (650 �C), com-
position of austenite can deviate from the equilibrium
calculated values. Higher average Ni concentration in
austenite, as observed in the QL-2 sample, could be
facilitated by short-circuit diffusion of Ni along
lath-boundaries and dislocations. In comparison to
QL-2 sample, there is little variation in the Ni
concentration within the austenite in QL-1 sample,
Figure 5(a). It is slightly lesser near the center of the
austenitic region, ~12 at. pct than at the a-Fe/austenite
heterophase interface and toward the extreme right-
hand side of the proximity histogram, ~13 at. pct.
Fultz et al.[35] observed a higher Ni concentration
toward the surfaces of austenite particles as compared
to their inner regions in their STEM-EDS study of a 9
wt pct Ni steel, intercritically tempered at 863 K
(590 �C). They suggested that with increasing aging
time, the available carbon concentration in martensite
decreases and therefore, continued growth of austeni-
tic particles required a higher Ni concentration. They,
however, could not measure the carbon concentration
in austenite due to limitation of the EDS technique. In
the present study, we do not observe this trend in the
QL-2 sample, as the Ni concentration near the center
of the austenitic region is greater than at the a-Fe/
austenite heterophase interface. Additionally, unlike
the 9 wt pct Ni steels analyzed by Fultz et al.,[35] the
steel investigated in the present study also contains
significant additions of strong carbide forming ele-
ments, specifically Mo, Cr, and V. The presence of the
metal carbides in the microstructure increases the
complexity of analyzing small variations in the C and
Ni concentrations in austenite. Linear concentration
profiles of Ni, C, Mo, Cr, and V across a M2C-type
carbide observed in austenite in the QL-2 sample are
displayed in Figure 8, which reveal strong partitioning
of C and Ni toward and away from the carbide phase,
respectively. Thus, even though the metal carbides
were excluded before obtaining the proximity his-
tograms displayed in Figure 5, concentrations of C
and Ni in austenite in proximity to the carbides can be
affected.T
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2. APT analyses of the QLT-treated samples
Shaded regions in the proximity histogram, Figure 7,

represent the nanolayers of austenite that form during
the T-step tempering treatment at 863 K (590 �C). The
new austenite formed has a higher Ni concentration
(~22 at. pct) than the austenite formed during the L-step
(~12 to 17 at. pct). This result is in general agreement
with the thermodynamic equilibrium calculations, which
predict a higher Ni concentration in austenite at 863 K
(590 �C) than at 923 K (650 �C), Tables IV and V. We
emphasize that the Ni diffusivity, D in austenite at
863 K (590 �C) is extremely small, therefore, its esti-

mated root-mean-squared diffusion distance,
ffiffiffiffiffiffiffiffi
2Dt

p
in

austenite for 1 hour is only ~1 nm.[64,65] As a result, the
Ni concentration in austenite does not homogenize and
we are able to differentiate the austenitic Ni composi-
tions formed during the L- and T-steps in the proximity
histograms, Figure 7. Therefore, the Ni-rich regions
lying in the vicinity of the shaded regions in the
proximity histograms represent austenite that is retained
from the L-step and contains ~14.5 to 17.0 at. pct Ni.
Diffusivity of Ni in ferrite at 863 K (590�C) is more than
three orders of magnitude greater than in austenite and
its estimated root-mean-squared diffusion distance,ffiffiffiffiffiffiffiffi
2Dt

p
in ferrite for 1 hour is 37 nm.[64] Thus, during

the T-step tempering, Ni diffuses from the martensitic
matrix toward retained austenite (as dictated by ther-
modynamics), but due to its negligible diffusion in
austenite, gets accumulated at its surface. This leads to
the growth of austenite (with a higher Ni concentration)
on top of the retained austenite from the L-step.
A previous APT investigation of a similar 10 wt pct

Ni steel also indicated a similar growth mode of a thin
layer of austenite with a higher Ni concentration at a
tempering temperature of 811 K (538 �C) over the
austenite inherited from prior annealing at 894 K
(621 �C).[43] Austenite reversion via growth at marten-
site–austenite interface has also been reported in Fe-12
wt pct Mn steel.[60,66] Using APT, the authors showed
that retained austenite (from as-quenched condition)
acted as a template for the growth of austenite during
aging at 723 K (450 �C).

B. Martensite-Start (Ms) Temperature Calculations

Using the Ghosh–Olson thermodynamic and kinetic
approach,[49–51] and the composition of austenite mea-
sured utilizing APT, the predicted Ms temperatures for
austenite in the QL-1 and QL-2 samples are 459. K and
345 K (186.5 �C and 71.9 �C), respectively, Table IV.
The calculatedMs temperature for the QL-1 sample is in
excellent agreement with the dilatometric results, which
indicated that the Ms temperature for the austenite
formed during the L-step is 461 K (188 �C), Figure 2.
Austenite in the QL-2 sample is richer in Ni and thus has
a lower Ms temperature. Nevertheless, it is certain that
the austenite formed after the L-step is too lean in its
solute content to be stable at sub-ambient temperatures.
We emphasize that the martensitic transformation
commences at Ms and continues to occur on further
cooling and is complete at the martensite-finish (Mf)
temperature.[67] Thus, depending on the final tempera-
ture reached on cooling, some of the austenite can be
retained below the Ms temperature, as is the case for the
QL-treated sample in which 8.1 vol pct austenite is
retained at room temperature, Table III. It has been
observed in 9 wt pct Ni steels that individual austenite
particles may undergo only a partial martensitic trans-
formation.[28,35] Regions within the austenite particles
with leaner Ni concentrations were found to be less
stable and transformed to martensite, while other
regions remained untransformed.[35]

For the austenite formed during the T-step in the fully
QLT-treated samples (shaded regions in the proximity
histograms in Figure 7, compositions in Table V), Ms

temperature is calculated to be 126 K and 153 K
(�147 �C and �120 �C) for the austenite in QLT-1
and QLT-2 samples, respectively. These predictions are
in agreement with the X-ray diffraction results, which
revealed that the austenite after the T-step remains
thermally stable even at 188.7 K (�84.4 �C). In con-
trast, commonly used linear empirical relations in the
archival literature[45,68–72] are unable to predict accu-
rately, the Ms temperatures for the austenite formed
during the T-step, Table VI. In general, the applicability
of these empirical relations is restricted to leaner solute
compositions of austenite[72] and thus, they are not

Table VI. Comparison of Ms Temperature Predictions for

Austenite Obtained After the T-Step at 863 K (590 �C) in the
QLT-Treated 10 Wt Pct Ni Steel Samples Using the

Ghosh–Olson Approach and Empirical Relations

Ms [K (�C)]
QLT-1

Ms [K (�C)]
QLT-2

Present (Ghosh–Olson
Approach)[49–51]

126 (�147) 153 (�120)

Payson et al.[68] 267 (�6) 278 (5)
Grange et al.[69] 210 (�63) 224 (�49)
Nehrenberg[70] 273 (0) 283 (10)
Steven et al.[71] 328 (55) 337 (64)
Andrews[72] 306 (33) 313 (40)

Fig. 8—Linear concentration profiles of Mo, C, V, Cr, and Ni
across the tempered martensite (a-Fe), Ni-rich region (austenite), and
an M2C-type carbide precipitate in the QL-2 10 wt pct Ni steel sam-
ple exhibiting strong partitioning of C and Ni toward and away
from the carbide phase, respectively.

3650—VOLUME 48A, AUGUST 2017 METALLURGICAL AND MATERIALS TRANSACTIONS A



meaningful for the highly Ni-rich austenite obtained in
the present study after the T-step.

C. DICTRA Simulations

To simulate austenite formation during the T-step,
the DICTRA cell at t = 0 s is constructed to represent
the microstructure of the QL-treated sample,
Figure 9(a). It consists of tempered martensite,
fresh-martensite, and retained austenite with Ni con-
centrations of 7, 15, and 15 at. pct, respectively, as
approximated from the APT analyses of the QL-treated
samples, Table IV. The dimension of the retained
austenitic region in the DICTRA cell, Figure 9(a), is
fixed at 10 nm, similar to regions representing retained
austenite from the L-step in the proximity histograms,
Figure 7. The extent of the fresh martensitic region is
kept to 20 nm and the total length of tempered
martensitic region, 70 nm is obtained after fixing the
overall Ni concentration at 9.4 at. pct in the alloy.
Following the discussion in Section V–A–2, we use the
retained austenite from the L-step as a template for
austenite growth during the T-step.

DICTRA simulations after 1 hour at 863 K (590 �C)
indicate that austenite grows predominantly into the
Ni-rich fresh martensitic region, Figure 9(b), and con-
tains 18 at. pct Ni. In Figure 9(b), we also observe that
the Ni concentration of the newly formed austenite
(18 at. pct) during the 1 hour simulation at 863 K
(590 �C) does not homogenize with the Ni concentration
of the austenite inherited from the L-step (15 at. pct).
We also similarly interpret the APT proximity his-
tograms of the QLT-treated samples, Figure 7. DIC-
TRA simulation after 100 hours exhibit, however, a
more homogeneous Ni concentration in the austenitic
phase, Figure 9(c).

D. Austenite Formation During the T-Step

Austenite formation is significantly more profuse
during isothermal treatment at higher intercritical tem-
peratures, due to the higher predicted equilibrium

volume fraction of austenite coupled with the faster
diffusion kinetics of Ni. Thus, even though some of the
austenite formed is not thermally stable after the L-step,
densely distributed Ni-rich regions are created,
Figure 1(a), in the form of fresh-martensite or retained
austenite. The presence of Ni-rich martensitic regions in
proximity of retained austenite reduces the root-mean-
squared diffusion distance for Ni toward retained
austenite, which enhances the growth kinetics of austen-
ite during the T-step. Thus, significant austenite growth
occurs within 1 hour as the austenite volume fraction
increases from 8.1 pct in the QL-treated sample to
18.5 pct in the QLT-treated sample. In contrast, we
obtain only 2.9 vol pct austenite in the QT-treated
sample, tempered at 863 K (590 �C) for 1 hour without
a prior intercritical step at a higher temperature. Thus, a
multistep intercritical treatment facilitates the formation
of a significant volume fraction of thermally
stable austenite in relatively short holding times, which
are of great practical relevance. Similar multistep
intercritical treatments have also been employed for
5.5 wt pct Ni ferritic steels[29,34,36] and ultrahigh
strength AF1410 martensitic steels[13] to form finely
dispersed austenite, enriched with stabilizing solutes.
It can now be inferred that the growth of the

austenitic layer during the T-step, Figure 7(a), occurred
at the expense of the fresh martensitic region, which was
sandwiched between the retained austenite regions,
inherited from the L-step. Alternatively, if the retained
austenite region is placed between the fresh martensitic
regions [as in the DICTRA cell, Figure 10(a)], the
austenitic layers grow on both sides of the retained
austenite during the T-step, Figure 10(b). The
DICTRA-simulated Ni concentration profile,
Figure 10(b), is qualitatively similar to the Ni concen-
tration profile obtained in the proximity histogram of
the QLT-2 sample, Figure 7(b), and is reproduced
herein, Figure 10(c), for comparative purposes. The Ni
concentration of the newly formed austenite layer is,
however, higher in the APT profile (~22 at. pct) than
that obtained by DICTRA simulations, 18 at. pct.
These differences can arise as the DICTRA simulations
are performed on a simpler Fe-Ni system, assume an

Fig. 9—DICTRA simulations during T-step tempering at 863 K (590 �C) displaying a Ni concentration profile after: (a) 0 s; (b) 1 h; and (c) 100
h. A DICTRA simulation after 1 h in (b) indicates that austenite grows predominantly into the fresh martensitic region.
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infinite mobility of the heterophase interface, and
neglect effects from curved interfaces.[39,60]

VI. SUMMARY AND CONCLUSIONS

In this article, we elucidated the basic physical
principles that control the thermal stability of austenite
and kinetics of its formation during the QLT-type
multistep intercritical treatment for a low-carbon
10 wt pct Ni steel. The role of Ni-rich austenite, and
fresh martensitic regions, inherited from the L-step at
923 K (650 �C), in forming thermally stable austenite
during the T-step tempering at 863 K (590 �C) is
highlighted. The major findings are as follows:

1. Austenite formed during the first intercritical treat-
ment (L-step) at 923 K (650 �C) starts transforming
to martensite at 461 K (188 �C), Figure 2. A
significant volume fraction of austenite (8.1 pct)
is, however, retained and still present after quench-
ing the sample to room temperature, as determined
by synchrotron X-ray diffraction experiments per-
formed at the Advanced Photon Source at Argonne
National Laboratory.

2. The volume fraction of austenite in the QLT-treated
sample at room temperature is 18.5 pct; 18 vol pct
austenite is also obtained in the QLT-treated sample
that was quenched to 188.7 K (�84.4 �C), prior to
the X-ray diffraction experiment at the Advanced
Photon Source, Table III. This indicates that
austenite after the T-step is thermally stable, and
its Ms is below 188.7 K (�84.4 �C).

3. The composition of austenite formed during the
L-step intercritical treatment at 923 K (650 �C), as
obtained by atom probe tomography is 84.1Fe-
12.5Ni-1.0Mn-0.36C-0.35Si-0.77Cr-0.43Mo-0.23Cu-
0.04V (at. pct) for the QL-1 sample, and 79.2Fe-
16.7Ni-1.2Mn-0.39C-0.34Si-0.79Cr-0.67Mo-0.26Cu-
0.06V (at. pct) for the QL-2 sample, Table IV. The

corresponding Ms temperatures, as calculated using
the Ghosh–Olson thermodynamic and kinetic ap-
proach are 459.6 K and 345 K (186.5 �C and
71.9 �C) for austenite in the QL-1 and QL-2
samples, respectively.

4. Atom probe tomographic concentration profiles
obtained for the QLT-treated samples indicate that
nanolayers of austenite, with a higher Ni concentra-
tion growduring the T-step at 863 K (590 �C), on top
of the retained austenite from the L-step, Figure 7.
The composition of austenite formed during the
T-step, as obtained by atom probe tomography is
73.4Fe-21.7Ni-2.4Mn-0.2C-0.45Si-0.99Cr-0.43Mo-
0.33Cu-0.04V (at. pct) for QLT-1 sample and
73.4Fe-21.9Ni-2.0Mn-0.23C-0.58Si-0.83Cr-0.44Mo-
0.36Cu-0.04V (at. pct) for the QLT-2 sample,
Table V.

5. TheMs temperature for the austenite formed during
the T-step in the QLT-treated samples, as calculated
using the Ghosh–Olson thermodynamic and kinetic
approach is less than 173 K (�100 �C), which is in
an excellent agreement with our experimental
results. Alternatively, linear empirical relations in
the archival literature are not meaningful for
estimating Ms temperatures for the austenite with
such high Ni concentrations, Table VI.

6. DICTRA simulations in conjunction with atom
probe tomography experiments reveal that austenite
growth during the T-step tempering at 863 K
(590 �C) occurs predominantly in the Ni-rich fresh
martensitic regions, Figure 9. The presence of
Ni-rich fresh martensitic regions in vicinity of
retained austenite enhances growth kinetics of
thermally stable austenite formed during the T-step,
and results in the significant increase of austenite
volume fraction from 8.1 to 18.5 pct in a relatively
short holding time of 1 hour at 863 K (590 �C). In
contrast, only 2.9 vol pct austenite is obtained in
the sample tempered at 863 K (590 �C), without a
prior L-step treatment.

Fig. 10—DICTRA simulations during T-step tempering at 863 K (590 �C) displaying a Ni concentration profile after: (a) 0 s; (b) 1 h; and (c) Ni
concentration profile obtained from an APT investigation of the QLT-treated 10 wt pct Ni steel [QLT-2 sample, Fig. 7(b)]. Nickel concentration
profiles obtained from both APT and DICTRA simulations indicate the formation of nanolayers of austenite with a higher Ni concentration on
top of the retained austenite from the L-step containing lower Ni concentration.
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