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An Fe-17Mn-3Al-2Si-1Ni-0.06C wt pct high Mn steel was cold rolled to 42 pct thickness
reduction, leading to a mixed microstructure of e- and a¢-martensite along with a trace amount of
austenite (c). The reverse transformation of e- and a¢-martensite to c was tracked by in situ heating
from room temperature up to 800 �C followed by 600 seconds holding in a transmission electron
microscope. The transformation of e- and a¢-martensite to c followed the Shoji–Nishiyama (S–N)
and Kurdjumov–Sachs (K–S) orientation relationships, respectively. No changes in the grain
shape or motion of any interfaces between e-martensite/c and a¢-martensite/c were observed
during the reverse transformation process. The c reverted from e-martensite contained fine twins
upon recovery, and a mechanism is proposed for the formation of these twins.
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I. INTRODUCTION

WEIGHT reduction of automobile bodies has
become a global challenge in order to decrease fuel
consumption and the emission of greenhouse gases. A
potential candidate to meet this demand is high Mn
transformation-induced plasticity (TRIP) steel due to its
unique combination of high strength and ductility.[1,2]

Optimizing the final mechanical properties of high-Mn
TRIP steels requires a comprehensive understanding of
the microstructure evolution during post-deformation
annealing treatments.

During cold deformation of TRIP steels, the initial
metastable face-centered cubic (fcc) austenite (c) phase
transforms to hexagonal close-packed (hcp) e-martensite
and/or body-centered cubic (bcc) a¢-martensite. During
subsequent heat treatments, the e- and a¢-martensite
revert to c.

Upon heating, the shrinkage of e-martensite stacking
faults takes place first prior to the onset of e-martensite
reversion.[3] The reversion of e-martensite to c occurs by

a displacive transformation mechanism, where the
reverted c grain inherits the same shape as the parent
e-martensite grain. The reversion starts both within and
outside of the parent e-martensite grain leading to the
formation of a thin c/e-martensite lamellar structure.[3]

Also during displacive reversion, the e-martensite start
temperature was found to be independent of the heating
rate during annealing.[4] The operation of Shoji–
Nishiyama (S–N) orientation relationship (OR,
ð111Þc k ð0001Þe, ½1�10�c k ½11�20�e) is followed between c
and e-martensite during reversion.[5]

The reversion of a¢-martensite to c can proceed via
a displacive or diffusional transformation mecha-
nism.[6] The displacive transformation occurs via the
shear reversion of a¢-martensite which leads to the
formation of reverted c laths inheriting the morphol-
ogy of the parent a¢-martensite, and which contain a
high density of dislocations. With further increase in
the annealing temperature or time, the boundaries
between the c laths disappear, and the inherited lath
structure transforms to a blocky morphology which is
bounded by high-angle grain boundaries.[6] Thus, the
grain size of the reverted c is equal to the size of the c
blocks.
Upon further annealing, the recovery and recrystal-

lization of the reverted c formed by displacive a¢-marten-
site reversion takes place. The dislocations in the
reverted c blocks form a cellular structure which changes
to subgrains during recovery. The subgrains coalesce via
lattice rotation or subgrain boundary migration to form
the recrystallized c grains which are finer in size
compared to the reverted c blocks.[6,7]
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Alternatively, the diffusional a¢-martensite reversion
occurs by the random nucleation of reverted c grains
with high-angle grain boundaries within the a¢-marten-
site laths. The c nuclei grow within the a¢-martensite
laths to form the final c microstructure.[6,7] At high
rolling reductions (Z 90 pct), the presence of two types
of a¢-martensite morphologies can be observed within
the same sample due to the transformation of some
deformation-induced lath type a¢-martensite to disloca-
tion cell-type a¢-martensite with the increasing strain.[8]

For a fixed annealing time, c nucleates and grows
preferentially and earlier in dislocation cell a¢-martensite
containing a high dislocation density and slip bands
compared to lath type a¢-martensite, which in turn leads
to a wide range of c grain sizes during diffusional
reversion.[8] The operation of the Kurdjumov–Sachs
orientation relationship (K–S OR, ð111Þc k ð110Þa0 ,
½�110�c k ½�111�a0 ) is followed between c and a¢-martensite

during both displacive and diffusional a¢-martensite
reversion.[9]

The reversion of a¢-martensite via displacive/diffu-
sional transformation depends on several factors such as
the (i) heating rate,[10] (ii) change in free energy with
annealing temperature and chemical composition, and
(iii) a¢-martensite morphology.[11] High heating rates
(> 10 �C s�1) were reported to favor displacive
a¢-martensite reversion as less time is available for the
diffusion of different elements. With regard to the
chemical composition effect, higher ratios of c/a (bcc
ferrite) stabilizers were found to increase the change in
free energy, thus reducing the critical temperature for
displacive a¢-martensite transformation.[6,12] a¢-marten-
site with a lath morphology and randomly arranged
dislocations was reported to revert via a displacive
transformation,[11,13] whereas a¢-martensite with a
blocky morphology and dislocation cell structure under-
goes diffusional transformation.[11]

Several ex situ studies[4,6,10,14,15] have investigated the
reversion mechanisms of e- and a¢-martensite during the
annealing of cold-rolled metastable austenitic steels. For
50 pct cold-rolled Fe-22Mn-0.4C steel (in wt pct from
here on), dilatometry experiments with heating rates
between 0.1 and 100 �C s�1 showed a negligible change
in the start and finish reversion temperatures of
e-martensite, which indicates the occurrence of a dis-
placive transformation.[4] The displacive reversion of
a¢-martensite was observed in a 73.5 pct cold-rolled
Fe-16Cr-10Ni-0.008C metastable austenitic stainless
steel annealed at 900 �C for 1 second[16] and a 90 pct
cold-rolled Fe-18Cr-9Ni steel (with C content less than
0.005 wt pct) annealed at 750 �C for 10 seconds.[6]

During annealing of an Fe-3Si-13Cr-7Ni steel (subjected
to solution treatment at 1050 �C for 30 minutes fol-
lowed by quenching), heating rates higher and lower
than 10 �C s�1 led to displacive and diffusional
a¢-martensite reversion, respectively.[10] For 60 pct col-
d-rolled Fe-(5-9)Mn-0.05C steels, dilatometry experi-
ments showed displacive and diffusional a¢-martensite
reversions at heating rates higher and lower than 15
�C s�1, respectively.[17] All the former studies[4,10,15]

employed postmortem microstructural analysis to

investigate the e- and a¢-martensite reversion mecha-
nisms, such that they do not directly observe the changes
occurring during the reversion/annealing process.
Very few in situ annealing studies[3,18–20] have been

undertaken on high Mn steels using transmission
electron microscopy (TEM) to track the reversion
mechanisms of e- and a¢-martensite. For an
Fe-24Mn-6Si alloy (solution treated at 1000 �C for
3600 seconds followed by quenching to produce an
e-martensite fraction of 30 pct in the initial austenitic
microstructure), in situ TEM heating to 227 �C led to
e-martensite reversion, which resulted in the formation
of c/e-martensite lamellae.[3] For an Fe-20Ni-5Mn alloy
(subjected to prior annealing at 1150 �C for 14400 sec-
onds followed by quenching to � 80 �C to produce
a¢-martensite with lath morphology), in situ TEM
heating at 550 �C for 600 seconds led to diffusional
reversion of a¢-martensite with the nucleation of c at the
preexisting twin boundaries in a¢-martensite.[21] For an
Fe-20Ni-5.4Mn alloy (subjected to prior annealing at
1200 �C for 3600 seconds followed by quenching to
� 80 �C to produce a¢-martensite with lath morphol-
ogy), in situ TEM heating at 560 �C for 135 seconds
showed diffusional a¢-martensite reversion via the
migration of the c/a¢-martensite interface by the fast
motion in the direction normal to the interface and slow
lateral motion of ledges on the interface.[18] For an
Fe-5Mn-0.2C steel (subjected to prior annealing at
1200 �C for 1800 seconds followed by quenching to
28 �C to produce a¢-lath martensite), in situ annealing at
650 �C for 257 seconds resulted in diffusional reversion
of a¢-martensite occurring via the nucleation and growth
of c at the a¢-martensite lath boundaries.[22]

Our previous ex situ annealing study of high Mn steel
tracked the reversion of e- and a¢-martensite to c in
multiple samples heated to different temperatures.[23]

However, the e- and a¢-martensite reversion mechanisms
can be better investigated via in situ annealing experi-
ments. To our knowledge, the literature does not
contain any in situ annealing studies of e- and a¢-marten-
site reversions in high Mn steels. Thus, the present
investigation tracks the evolution of the microstructure
and e- and a¢-martensite reversion mechanisms during
the in situ annealing of an Fe-17Mn-3Al-2Si-1Ni-0.06C
steel. Our previous ex situ annealing study of the same
high Mn steel also showed the formation of twins in
reverted c.[23] In the present follow-up in situ annealing
work, the mechanism of twin formation in reverted c is
explored.

II. EXPERIMENTAL PROCEDURE

A high Mn steel with a nominal composition of
Fe-17Mn-3Al-2Si-1Ni-0.06C was slab cast followed by
reheating at 1100 �C for 7200 seconds. The slab was
subjected to 52.5 pct hot rolling in four passes at 1100
�C followed by 42 pct cold rolling in 11 passes to a final
thickness of � 5.4 mm. Samples were cut from the
normal direction (ND)—rolling direction (RD) plane
followed by grinding to prepare thin foils. Disks of
3 mm diameter were punched and twin jet
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electropolished using a Struers Tenupol-5 operating at
30 V (� 150 mA) with a solution of 90 pct methanol and
10 pct perchloric acid at a temperature of � 25 �C. In
situ heating of the thin foils was carried out in a JEOL
2200FS transmission electron microscope operating at
200 kV using a Gatan double-tilt heating stage at the
University of Sydney. The heating experiments were
performed using a heating rate of 20 �C min�1. Analysis
of the diffraction patterns was carried out utilizing the
diffraction pattern analysis plugins[24] within the Digital
Micrograph software (Gatan Inc.). The Java electron
microscopy simulation (JEMS) software[25] was used for
the simulation of the diffraction patterns.

III. RESULTS AND DISCUSSION

Figure 1 shows the evolution of e-martensite (with a
representative diffraction pattern shown as an inset in
Figure 1(a)) during in situ heating. The presence of
stacking faults in e-martensite due to deformation
accommodation during prior cold rolling is evident in
Figure 1(a) and marked by white arrows in the magni-
fied view in Figure 1(b). Within a single grain at the
same specimen tilt, the density of stacking faults in the
regions marked by white arrows are observed to
decrease with the increasing temperature to 390 �C
(Figures 1(b) through (d)). Tomota et al.[3] reported a
similar reduction in the density of stacking faults in
e-martensite prior to its reversion to c during in situ
annealing of an Fe-24Mn-6Si alloy. The internal crystal
structure is observed to change due to the reversion of
e-martensite to c as verified by the inset diffraction
pattern in Figure 1(e). Moreover, the superimposition of
the micrographs after heating to 390 �C and 410 �C
showed no change in shape and size of the parent
e-martensite grain (at 390 �C) and daughter reverted c
grain (at 410 �C). Also on heating from 390 �C to
410 �C a jump of the foil was detected during our in situ
heating experiment, which is typically associated with
phase transformation. Upon further heating to 650 �C
(Figure 1(f)), remnant dislocations (highlighted by white
arrows) are still observed in c due to its low stacking
fault energy (SFE = 14.5 mJ m�2[26]), which in turn,
leads to limited recovery. The remnant faults present in
the reverted c at 410 �C disappeared upon heating to
650 �C.

The diffraction pattern of c was simulated from the
known �24�23

� �
e e-martensite zone axis using the S–N

OR.[5] The simulated diffraction pattern (Figure 2(a))
shows that the ð10�10Þe=ð02�2Þc, ð01�1�2Þe=ð�40�2Þc and

ð11�2�2Þe=ð�42�2Þc spot pairs are very closely spaced. The

evolution of the spacing of these spot pairs with
temperature is given in Figure 2(b). The abrupt decrease
in the spot spacing of ð11�2�2Þe=ð�42�2Þc and ð01�1�2Þe=ð�40�2Þc
at 410 �C indicates the reverse transformation to c.

During e-martensite reversion to c, the 1�210
� �

e zone
axis should be used when imaging e-martensite to track

the c/e-martensite interface as the interface is in the
edge-on condition at the 1�210

� �
e zone axis and thus

suitable for determining its exact position.[3,27] The
�24�23
� �

e zone axis used here makes an angle of 24.7 deg

with the ideal 1�210
� �

e zone axis. Although the c/
e-martensite interface is not in the edge-on condition
for the �24�23

� �
e zone axis, the migration of the inclined c/

e-martensite interface should be possible to detect, yet
this was not observed. Thus, the reverse transformation
occurred across the entire grain without the movement
of the c/e-martensite interface. The above observations
(no change in shape and size of the parent e-martensite
grain and no c/e-martensite interface migration) indicate
the displacive reversion of e-martensite to c. Similar to
the case shown in Figure 1, tracking an e-martensite
grain (Figure 3) in another sample showed that the
density of stacking faults observed in the cold-rolled
condition (Figures 3(a) and (b)) was reduced upon
heating to 400 �C (Figure 3(c)). While further heating
to 420 �C (Figure 3(d)) does not lead to any change in
the grain shape, the recorded diffraction pattern
(Figure 3(d), inset) clearly indicates the reversion of
e-martensite to c.
Using the known initial orientation of e-martensite

with 7�2�53
� �

e zone axis (Figure 3(a), inset) the diffraction

pattern of the reverted c was simulated assuming the
operation of S–N OR (Figure 3(e)) and was found to
match the experimental diffraction pattern (Figure 3(d),
inset). The 7�2�53

� �
ezone axis makes an angle of 19.8 deg

with the 1�210
� �

e zone axis. Similar to the previous case

in Figure 1 and although the c/e-martensite interface not
in the edge-on condition, the migration of the inclined c/
e-martensite interface should be possible to detect, but
still it was not visible. Consequently, the above obser-
vations also indicate the operation of displacive trans-
formation in this e-martensite grain.
Tomota et al.[3] during the in situ heating of an

Fe-24Mn alloy (subjected to solution treatment at
1000 �C for 3600 seconds followed by quenching)
observed the displacive reversion of e-martensite to c.
However, the formation of reverted c reported by
Tomota et al.[3] was different in comparison to the
present study. Tomota et al.[3] observed the e-martensite
reverse transformation to start from the inside and
outside of the e-martensite plates. This was due to the
presence of c and e-martensite in the initial microstruc-
ture such that the preexisting c provides nucleation sites
for reverted c. In such a case, the e-martensite to c
reversion leads to the formation of a thin c/e-martensite
lamellae.[3]

On heating to 700 �C, the formation of fine twins
(highlighted by white arrows in Figure 4(a)) was
observed in the reverted c grain. The twin spacing (w)
was calculated to be 7.6 ± 2.3 nm from the measured
spacing (wL) using the following equation[28]:

w ¼ 2wL

p
: ½1�

564—VOLUME 50A, FEBRUARY 2019 METALLURGICAL AND MATERIALS TRANSACTIONS A



Fig. 1—Bright-field transmission electron micrographs showing (a through d) e-martensite and (e, f) c at (a, b) 24 �C (room temperature) and
after in situ heating to temperatures of: (c) 240 �C, (d) 390 �C, (e) 410 �C and (f) 650 �C. (b) is a magnified view of the white dashed rectangle in
(a). The inset diffraction patterns were obtained from the solid circles in (a) and (e) for the zone axes �24�23

� �
e and

�122
� �

c, respectively. The white
arrows in (b) through (d) and (f) indicate e-martensite stacking faults and remnant dislocations, respectively.
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It is noted that the twin reflections are not readily seen in
the c diffraction pattern (Figure 4(a), inset*) due to the

overlap between the twins and c main reflections. The
simulated diffraction pattern in Figure 4(b) clearly
demonstrates the overlap between the ð1�13Þc twin and

ð31�1Þcspots. Since c recrystallization was not detected

after heating to 700 �C (Figure 4(a)), the observed twins
likely formed due to recovery. The formation of twins in
c reverted from a¢-martensite was reported during the
annealing of 98 pct cold-rolled Fe-33.5Ni alloy initially
containing c and a¢-martensite.[29] Therein, fine twins
were observed after heating to 50 �C above the
a¢-martensite reversion temperature during the early
stage of c recovery. Twin formation in reverted c was
also observed during the in situ TEM annealing of an
Fe-5Mn-0.2C steel at 650 �C.[22] Furthermore, the
formation of fine recovery twins was reported during
the early stages of annealing of other cold-rolled low
SFE fcc materials such as brass[30,31] and Co-Cr-Mo
alloy.[32]

A schematic diagram detailing our proposed mech-
anism for e-martensite reversion and the subsequent c
twin formation is presented in Figure 5. Earlier studies
on the same steel by Saleh et al.[33] and Gazder
et al.[15,34] showed that e-martensite can accommodate
deformation via basal slip and the formation of

stacking faults. In a detailed follow-up study,[35] atomic
resolution scanning transmission electron microscopy
analysis of e-martensite revealed the presence of
intrinsic stacking faults (ISF)** of type I1 in the

42 pct cold-rolled sample. On heating to 420 �C, the
reversion of this faulted e-martensite can occur by the
motion of Shockley partial dislocations with Burgers
vectors a

3 10�10
� �

e (where a is e-martensite lattice param-

eter) on alternate planes.[36,37] The net shear due to the
propagation of two Shockley partial dislocations is
2a
3 10�10
� �

e just below the plane of the e-ISF (I1). In

addition, Shockley partial dislocations do not pass on
alternate planes of e-martensite due to the presence of
I1-type e-ISFs. Shearing by the a

3 10�10
� �

e dislocations

lead to the transformation of I1-type e-ISFs into a
c-ISF in the reverted c lattice. The presence of faint
contrast due to faults in reverted c is highlighted by
white arrows in Figure 3(d). The thickening of these
c-ISFs is likely to occur by the migration of Shockley
partial dislocations a

6 11�2
� �

c (where a is the lattice

parameter of c) adjacent to the c-ISF 111ð Þc planes

during further heating to 700 �C. This, in turn, leads to
a change in the local stacking sequence to that of c
twins. A macroscopic twin then forms as more and
more Shockley partial dislocations glide together.

Fig. 2—(a) Simulated diffraction pattern of c/e-martensite based on the Shoji–Nishiyama orientation relationship for the �24�23
� �

ezone axis and
(b) the evolution of spot spacing of c/e-martensite reflections with temperature. The red and blue spots in (a) are for c and e-martensite,
respectively (Color figure online).

*The additional weak reflections/streaks in the inset diffraction
pattern in Figure 4(a) are due to the oxidation of the foil at high
temperature. The lower (bright) region of Figure 4(a) shows areas
where the foil has oxidized through its full thickness. In other (darker)
regions, mottled contrast indicates that an oxide skin has formed on
the surfaces of the foil.

**The motion of a Shockley partial dislocation on a closed packed
plane in e-martensite creates intrinsic stacking faults of two types, I1
and I2. Creation of I1 type e-ISF occurs by the removal of one layer of
basal plane atoms followed by slip along a

3 10�10
� �

e which is described as
ABABABAB fi ABAB|CBCB. An I2 type e-ISF is created by the
motion of Shockley partial dislocations and is described as
ABABABAB fi ABAB|C|ACAC.
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Figure 6 shows the same region in Figure 3 after
heating to 800 �C. The bright-field TEM micrograph at
800 �C and the corresponding selected area diffraction

pattern (inset, Figure 6(a)) shows elongated a¢-marten-
site grains which were produced by prior cold rolling.
After isothermal holding for 600 seconds at 800 �C

Fig. 3—Bright-field transmission electron micrographs of (a through c) e-martensite and (d) c at (a, b) 24 �C (room temperature) and after in situ
heating to (c) 400 �C, (d) 420 �C and (e) simulated diffraction pattern of c/e-martensite by Shoji–Nishiyama orientation relationship for the
7�2�53
� �

e zone axis. The inset diffraction patterns were obtained from the circled regions in (a) and (d) for the zone axis 7�2�53
� �

e and 103½ �c,
respectively. In (e), the red and blue spots are for c and e-martensite, respectively (Color figure online).

METALLURGICAL AND MATERIALS TRANSACTIONS A VOLUME 50A, FEBRUARY 2019—567



(Figure 6(b)), the recorded diffraction pattern
(Figure 6(b), inset) clearly indicates the reversion of
a¢-martensite to c. The diffraction pattern of c was
simulated from the 011½ �a0 zone axis pattern
(Figure 6(a), inset) using the K–S OR and is shown in
Figure 6(c). Comparing the experimental and simulated
diffraction patterns confirms the operation of the K–S
OR.

The 111½ �a0 k 011½ �c zone axis was used by Wu et al.[19]

to track the c/a¢-martensite interface as the migrating
interface is edge-on in this condition and thus suit-
able for determining its exact position. The 011½ �a0 zone
axis used here makes an angle of 35.3 deg with the ideal
111½ �a0 zone axis. Although, the c/a¢-martensite interface
is not in the edge-on condition for the 011½ �a0 k 111½ �c
zone axes; the migration of the inclined c/a¢-martensite
interface should be possible to detect. However, this still
was not observed in the present case. It follows that the
reverse transformation occurred across the entire grain
without any change in the grain shape and the motion of
the c/a¢-martensite interface. This, in turn, signifies the
occurrence of displacive reversion of a¢-martensite to c.
During the annealing of an Fe-9.6Ni-7Mn steel

(subjected to solution treatment at 950 �C for 3600 sec-
onds followed by quenching to 28 �C), a¢-martensite
reversion was reported to occur by diffusional and
displacive mechanisms at relatively lower (540 �C to
585 �C) and higher annealing temperatures (585 �C to
640 �C), respectively.[12] In this regard, 92.5 pct col-
d-rolled Fe-12Cr-8.9Ni-4Mo-1.9Cu-1.4Ti steel compris-
ing a¢-martensite with lath morphology (without
dislocation cells) was observed to revert by a displacive
mechanism on heating to 750 �C at 10 �C s�1.[11] Thus,
the present experimental conditions—the relatively high
annealing temperature (800 �C) and the presence of
a¢-martensite with lath morphology—are expected to
favor the displacive reversion of a¢-martensite (as
mentioned above in the Section I).
However, due also to the high annealing temperature

(800 �C) along with the 600 seconds holding time, it can
be speculated that carbon diffusion may be occurring
during a¢-martensite reversion. In this regard, carbon
diffusion during the reversion of a¢-martensite to c by

Fig. 4—Bright-field transmission electron micrograph of (a) c after in situ heating to 700 �C and (b) simulated diffraction pattern of c/c twin
(ctw) for the 103½ �c zone axis. The inset diffraction pattern was obtained from the circular region in a for the zone axis 103½ �c. In (b), the red and
blue spots are for the c and ctw, respectively (Color figure online).

Fig. 5—A schematic diagram showing the reversion of faulted
e-martensite and subsequent twinning during c recovery, with the red
and green circles representing the fcc and hcp stacking sequences,
respectively, and Shockley partial dislocations shown by the symbol
‘‘^’’ (Color figure online).
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displacive transformation was suggested in an
Fe-5Mn-0.15C steel processed by solution treatment at
1000 �C for 1800 seconds followed by water
quenching.[38]

An attempt to evaluate the possibility of displacive
and diffusional a¢-martensite reversion was also made by
calculating the time required for the migration of Fe
atoms in a¢-martensite by diffusion. The atomic jump
frequency, which is inversely proportional to the time
required for the diffusional transformation, was calcu-
lated at 800 �C, using the following equations[39]:

D ¼ Do exp
�Q

RT

� �
; ½2�

1=C ¼ a2=8D; ½3�

where D is the diffusion coefficient in paramagnetic
a¢-martensite at 800 �C, Do is the frequency factor
(= 1.92 cm2 s�1), Q is the activation energy, R is the
universal gas constant (= 8.314 J mol�1 K�1), T is the
temperature (K), C is the jump frequency of an atom
and a is the interatomic distance (= 2.48910�8 cm).[39]

Using the activation energy of self-diffusion for bcc Fe
(� 239 kJ mol�1 K�1),[40] the mean time of stay 1

C

� �
for

Fe atoms at 800 �C (i.e., the time required for diffusional
transformation) is calculated to be � 1.8910�5 seconds.
The time required for the displacive transformation of c
to a¢-martensite with lath morphology was reported to

Fig. 6—Bright-field transmission electron micrographs of (a) a¢-martensite and (b) c after (a) in situ heating to 800 �C, (b) holding at 800 �C for
600 s, and (c) simulated diffraction pattern of c/a¢-martensite based on the Kurdjumov–Sachs orientation relationship for the 011½ �a0 zone axis.
The inset diffraction patterns were obtained from the circled regions in (a) and (b) for the zone axes 011½ �a0 and 111½ �c, respectively. In (c), the
red and blue spots denote c and a¢-martensite, respectively (Color figure online).

METALLURGICAL AND MATERIALS TRANSACTIONS A VOLUME 50A, FEBRUARY 2019—569



be �10�5 seconds.[41] Assuming the reversion time of
a¢-martensite to c to be the same (�10�5 seconds), the
required times for diffusional and displacive transfor-
mations at 800 �C are similar. Consequently, based on
the above calculations, either of the reversion mecha-
nisms (diffusional/displacive) could be operational.

The a¢-martensite reversion mechanism also depends
on the availability of a constraint-free sample surface
present in thin foils compared to bulk samples. Previous
investigations[42–46] suggested a strong correlation
between the presence of a sample surface and displacive
a¢-martensite transformation. During the in situ obser-
vations using a laser scanning confocal microscope of
an Fe-7.1Ni-2Mn-0.03C steel (processed by annealing
at 1100 �C for 3 minutes followed by quenching),
displacive transformation of a¢-martensite was noted at
452 �C at the sample surface, compared to 338 �C
within the bulk.[43] This indicates that lower undercool-
ing (driving force) is required at the surface. Here, the
occurrence of a¢-martensite transformation at the sam-
ple surface leads to a reduction in the stain energy (due
to the shape change associated with the formation of
a¢-martensite) which in turn supports displacive trans-
formation. Similarly, during the formation of
a¢-martensite in an Fe-30Ni-0.04C single crystal, the
a¢-martensite start temperature at the sample surface
was found to be higher (5 �C to 30 �C) than the bulk
interior, which again indicates that a lower undercool-
ing is required at the surface.[42] This was also
attributed to the availability of a free surface which
assisted in the relief of shear strain caused by the
displacive transformation of a¢-martensite. For an
Fe-6Mn-16Cr-3Ni-0.03C duplex stainless steel, the cre-
ation of a trench of a width and depth of 1 lm was
undertaken by focussed ion beam milling to form a free
surface. The formation of a free surface led to the
transformation of the neighboring retained c grain to
a¢-martensite.[44] This was again ascribed to the lower-
ing of the a¢-martensite nucleation barrier as the strain
energy is reduced, and consequently favoring displacive
transformation. In this regard, the recovery of the
a¢-martensite surface relief (i.e., negative shape strain)
was observed during a¢-martensite reversion to c in an
Fe-31Ni-0.4C alloy (processed by solution treatment at
1197 �C for 3600 seconds followed by quenching).[47]

This negative shape strain due to displacive transfor-
mation is expected to be accommodated easily on the
surface of thin foils compared to bulk samples. Thus,
the availability of free surface in thin foils is expected to
favor displacive a¢-martensite reversion in the present
investigation.

With the above in mind, it is emphasized that
a¢-martensite reversion mechanism can differ during
in situ heating of thin foils compared to postmortem
observations on annealed bulk samples. It follows that
more experimental work is required to draw a definite
conclusion and to support the proposition of displacive
a¢-martensite reversion in the present steel.

e- and a¢-martensite reversion temperatures are typ-
ically higher during heating of thin foils compared to
bulk samples. While e-martensite reversion in the
present study was not observed up to 400 �C, heating

of bulk samples by dilatometry returned a relatively
lower reversion temperature range of 100 �C to
250 �C.[48]
During the in situ heating of thin foils of an

Fe-24Mn-6Si alloy, comprising an initial microstructure
of c (70 pct) and e-martensite (30 pct), e-martensite
reversion was noted at 227 �C as opposed to 183 �C for
bulk samples.[3] The higher variation in the reversion
temperatures in the present study compared to Refer-
ence 3 is likely due to the difference in composition and
the initial microstructures.
While a¢-martensite reversion in the present experiment

was not observed upon heating between 600 �C and
800 �C, heating of bulk samples by dilatometry returned a
relatively lower reversion temperature range of between
500 �C and 700 �C.[48] Similarly, during the in situ heating
of thin foils of an Fe-20Ni-5Mn alloy (processed by 60 pct
cold rolling and subsequent annealing at 1200 �C for
3600 seconds followed by quenching) comprising an initial
microstructure of c and a¢-martensite with lath morphol-
ogy, reversion was noted at 550 �C, which is higher than
the temperature for the bulk samples (400 �C).[19]
The theoretical a¢-martensite transformation temper-

ature (To) at which the free energy of c and a¢-martensite
is equal (Ga ¼ Gc) was estimated by observing the
change in the free energy for a¢-martensite reversion
(DGa�c, J/mol) for our Fe-17Mn-3Al-2Si-1Ni-0.06C
steel using the following equations[6,49,50]:

DGa�c ¼ 10�2 DGa�c
Fe

� �
100� Creq �Nieq
� �

� 97:5� Creq
� �

þ 2:02Creq � Creq
� �

� 108:8Nieq þ 0:52Nieq �Nieq
� �

� 0:05 Creq �Nieq
� �

þ 10�3ð73:3� Creq � 0:67
� Creq � Creq þ 50:2�Nieq � 0:84�Nieq
�Nieq � 1:51� Creq �NieqÞ

½4�

DGa�c
Fe ¼ 6190:8� 14:3� 10�2T2 þ 2� 10�6T3 ½5�

Creq ¼ Crþ 4:5�Mo ½6�

Nieq ¼ Niþ 0:6�Mnþ 20� Cþ 4�Nþ 0:4� Si

½7�

where, DGa�c
Fe (J/mol) is the free energy of pure iron (Fe),

T (K) is the temperature, Nieq and Creqare the Ni and Cr
equivalent (in wt pct), respectively, calculated using the
present Mn, Si, Ni, C content (in wt pct). The variation
in the free energy change with annealing temperature
shown in Figure 7 returns a To value of ~ 602 �C. In
other words, a¢-martensite reversion is expected to occur
upon heating above 602 �C. This calculated temperature
is in agreement with our previous annealing study of
bulk samples where a¢-martensite reversion was
observed at 600 �C.[23] However, as mentioned above,
reversion in the present thin foils was not observed upon
heating below 800 �C. This indicates that more driving
force is required for a¢-martensite reversion in thin foils
compared to bulk samples.
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During electron back-scattering diffraction in situ
heating of an Fe-1.5Mn-1.5Si-0.2C steel (processed by
annealing at 780 �C and 400 �C for 300 seconds),
Tomota et al.[51] reported a reduction in the surface
concentration of Mn and C measured using optical
emission spectroscopy. This reduction was ascribed to
the desorption of Mn atoms from the sample surface
under high vacuum owing to its higher equilibrium
vapor pressure along with decarburization at the
sample surface. Both Mn and C increase the stability
of c in comparison to a¢-martensite. Thus, the decrease
in their surface concentration leads to higher
a¢-martensite to c reversion temperatures.[51] Similar
reasoning can be used to explain the increase in
a¢-martensite reversion temperature in our in situ
TEM heating experiments.

IV. CONCLUSIONS

Based on the above in situ TEM observations, it can
be concluded that:

(1) The reverse transformation on heating resulted in
c inheriting the shape of the deformed e- and
a¢-martensite grains and exhibiting the S–N and
K–S ORs, respectively. The e- and a¢-martensite
reversion occurred without any visible migration
of the e-martensite/c and a¢-martensite/c inter-
faces. During the present in situ heating of thin
foils, the reversion of e- and a¢-martensite
occurred at higher temperatures compared to
bulk samples.

(2) The formation of fine twins in reverted c during
recovery can be explained based on the growth of
c-ISFs derived from the faulted e-martensite using

a mechanism of gliding Shockley partial
dislocations.
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