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The Fe-Mn-Al steels claim a low density, and some fall into the category of transformation-in-
duced plasticity (TRIP) steel. In Fe-Mn-Al TRIP steel development, phase transformations play
an important role. Herein, the martensitic transformation of an Fe-16.7 Mn-3.4 Al ternary alloy
(wt pct) was experimentally discovered, whose equilibrium phases are a single phase of austenite
at 1373 K and dual phases of ferrite and austenite at low temperature. Ferritic lath martensite
forms in the prior austenite grains after cooling from 1373 K under various cooling rates via
quenching, air cooling, and furnace cooling. The formation mechanism of the ferritic lath
martensite is different from that of traditional ferritic lath martensite in steel and quite similar to
that in maraging steel. A slight strain energy coupled with a small temperature gradient can lead
to the formation of ferritic lath martensite in the Fe-Mn-Al alloy after cooling from high
temperature. It is also found that micro-twins exist in the ferritic lath martensite.

https://doi.org/10.1007/s11661-020-06054-y
� The Author(s) 2020

I. INTRODUCTION

FE-MN-AL alloys exhibit a low density and some
fall into the category of transformation-induced plastic-
ity (TRIP) steels, while Fe-Mn-Al alloys that contain
high concentrations of aluminum and manganese have
the superior properties of low cost and low density. In
addition, knowledge of the Fe-Mn-Al steel phase
transformations is essential for future optimal alloy
development and processing. Austenite and ferrite are
two phases that are common in ferrous alloys, where
austenite has a face-centered cubic (FCC) crystal struc-
ture and ferrite has a body-centered cubic (BCC) crystal
structure. It is generally accepted that, in iron-based
alloys, aluminum and manganese play a role as ferrite
and austenite stabilizers, respectively, during phase
transformations. Specifically, a higher manganese con-
tent in the alloy produces a higher proportion of
austenite, unlike the Fe alloys at low temperature that
are primarily ferrite.[1–4] Furthermore, in Fe-Mn-Al
alloys possessing a low concentration of aluminum
and a high concentration of manganese, a fully
austenitic microstructure can be preserved even at low
temperature. In this condition, the high-temperature

BCC (i.e., d) to FCC (i.e., c) phase transformation shifts
to a lower temperature. This is unlike common ferrous
alloys where this phase transformation is masked by the
formation of another BCC (a) phase. By alloying ferrous
alloys suitably, therefore, it is possible for the d (or a) to
austenite transformation to occur at low temperature.
The ferrite–austenite phase transformations in
Fe-Mn-Al alloys after cooling from high temperature
has been studied for several years. Austenite in the
forms of grains, Widmanstätten side-plates,[5] massive
grains,[6,7] and 18R type martensitic needles [8–10] can
also be seen in the supersaturated ferrite matrix of the
Fe-Mn-Al alloys under various cooling conditions. In
Fe-Mn-Al alloys with high Al and low Mn concentra-
tions, ferrite may exist as the only solid-state phase at
low temperature. However, in the single-phase region of
Fe-Mn-Al alloys, ferrite is brittle and most likely to be
cracked during high-temperature quenching. The ferrite
phase has little resistance to plastic deformation and
cannot withstand significant thermal contraction upon
quenching.[11] Ferrite micro-twins also appear in the
single ferrite matrix of Fe-Mn-Al alloys after quenching
from high temperature.[12] The twin planes of the BCC
ferrite are (112) and the glide directions are ½11�1�. The
orientation relationship between the ferrite twin (t) and
ferrite matrix (a) is given as follows: ½0�11�ti½�101�a and
(121)ti(211)a. When BCC twins are studied by TEM,
extra reflections from double diffraction appear between
the (112) reflections on the diffraction patterns.[13,14]

In ferrous alloys, austenite is the high-temperature
phase and ferrite is the low-temperature phase. Upon
cooling ferrous alloys from high temperature, the phase
transformation from austenite–ferrite causes the ferrite
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to form into normal grains, massive grains,
Widmanstätten side-plates, and martensitic sub-grains
in the supersaturated austenite matrix. Ferritic marten-
site appears in steel after quenching from high temper-
ature, where ferritic lath martensite forms in low-carbon
steel and plate martensite in high-carbon steel. The
formation of the ferritic lath martensite is assisted by the
movement of the dislocations, while the plate martensite
formation is assisted by the development of micro-twins.
It is difficult to form martensite in steel with an
extremely low carbon content, though ferritic lath
martensite forms in nickel-containing maraging steel
with a low carbon content. Furthermore, ferritic lath
martensite can form in maraging steel after cooling from
high temperature even with a low cooling rate.[15–21]

No austenite–ferrite martensitic transformation has
been studied in the ternary Fe-Mn-Al alloys, either in
iron-rich Fe-Al alloys or in those with a high Mn
content. Furthermore, only the austenite–e-martensite
transformation has been previously discovered in the
Fe-Mn alloys,[21] where the e-martensite possesses a
close-packed hexagonal crystal structure. However,
within a suitable composition range of Mn and Al
solutes in ternary Fe-Mn-Al alloys, we found evidence
of ferritic lath martensite herein. The formation mech-
anism of the ferritic lath martensite is different from that
of traditional ferritic lath martensite in steel, however.
In low-carbon steel, the ferritic lath martensite forms via
quenching from high temperature, whereas slower
cooling rates form ferrite and pearlite. The formation
of the ferritic lath martensite in the Fe-Mn-Al alloy is
not affected by the cooling rates, however, and is thus
quite similar to maraging steel in the way the cooling
rate does not play a role in the formation of the
martensite.[15–21] Here, we report that the austenite–fer-
rite martensitic transformation occurs in the Fe-16.7
Mn-3.4 Al alloy after cooling from high temperature.

II. MATERIALS AND METHODS

Ingots with the composition Fe-16.7 Mn-3.4 Al (wt
pct) were prepared using an induction furnace, where
electrolytic manganese, aluminum, and iron were melted
together and cast into 3 kg ingots. The ingots were
homogenized at 1473 K for 4 h under an argon
atmosphere, hot forged into plates, and then annealed
to assure composition uniformity. The alloy plates were
cold rolled into plates 2 mm thick and cut into 10 mm 9
10 mm samples. These samples were heated at 1373 K
for 1 h in a protective argon atmosphere, and were
subsequently either air cooled, quenched, or furnace
cooled to room temperature.

The samples for optical microscopy and scanning
electron microscopy (SEM) were cut, polished using
abrasive grinding papers, and etched using 5 pct Nital
etchant. Transmission electron microscopy (TEM) spec-
imens were ground into thin foils about 80 lm thick
using abrasive grinding papers, and were then punched
into disks 3 mm in diameter and electro-polished using a

twin jet polisher in a 90 pct CH3OH and 10 pct HClO4

solution at room temperature. The specimens were ion
milled to further polish the thin areas of the TEM
specimens. The specimens were examined in an FEI
Tecnai G2 F-20 TEM operated at 200 kV.

III. RESULTS AND DISCUSSION

The optical micrograph (OM) in Figure 1(a) shows
that the alloy grains contain irregular sub-grains within
their boundaries. The secondary electron image
obtained by SEM in Figure 1(b) also illustrates that
the alloy matrix comprises irregular sub-grains that are
quite similar to martensitic laths in low-carbon
steel.[16,17] The crystal structures of the alloy were
examined by XRD in Figure 1(c), which shows that
the as-quenched Fe-Mn-Al alloy is composed primarily
of BCC ferrite and a minor amount of FCC austenite.
Thus, the as-quenched alloy possesses dual phases of
ferrite and austenite, high-temperature prior grains, and
with irregular martensitic sub-grains inside. The phase
fractions could not be quantified using XRD because of
the issues arising from the texture of the alloy after cold
rolling and subsequent heat treatment. To clarify the
distribution of the grains of the major ferrite and the
minor austenite in the as-quenched Fe-Mn-Al alloy, we,
therefore, performed a TEM study, shown in Figure 2.
Figure 2(a) shows the TEM bright-field (BF) image of

the alloy sample in the as-quenched condition, and a
corresponding selected area diffraction pattern (SADP)
obtained from the martensitic sub-grain is shown in
Figure 2(b). Several other SADPs along various zone
axis directions of the martensitic laths are observed, and
the crystal structure of the martensitic laths is confirmed
as BCC ferrite (a). The zone axis direction of the SADP
in Figure 2(b) is identified as ferrite [�111]. We also
examined several other regions located between the
martensitic laths and found the existence of retained
austenite grains within the matrix. Another BF image in
Figure 2(c) shows retained austenite grains (c) as dark
stripes distributed along the boundaries between marten-
sitic laths. The SADP obtained from the retained
austenite in Figure 2(d) shows that the zone axis direc-
tion is along the austenite [001]. The result from the TEM
observation is consistent with that observed in XRD
(Figure 1(c)), confirming that the major phase is ferrite
and the minor phase is austenite. Thus, the microstruc-
tural study indicates that the as-quenched Fe-Mn-Al
alloy is composed of ferrite in the form of ferritic lath
martensite and retained austenite. In addition, we
provide evidence for the occurrence of a martensitic
transformation of the alloy when cooled from high
temperature. Therefore, it is concluded that the irregular
grains of the as-quenched alloy comprise dual phases
primarily of BCC ferrite and a minor amount of FCC
austenite, where the ferrite is in martensitic lath form and
the austenite is retained austenite located between the
martensitic laths. The grains of the dual phases both
exhibit various irregular shapes.
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Furthermore, micro-twins are found to exist in the
martensitic laths, as evidenced by the TEM BF image in
Figure 2(e) showing the micro-twins (t) in the marten-
sitic laths. The SADPs obtained from the martensitic
laths with micro-twins exhibit extra diffraction spots
from a double diffraction. This implies that the marten-
sitic lath contains single ferrite as well as ferrite twins. In
addition, the contrast of the martensitic lath in the BF
image of Figure 2(e) suggests the existence of at least
two different crystal structures in the ferrite lath.
Detailed analysis confirms that the martensitic lath
consists of ferrite and its twins. The SADP in Figure 2(f)
provides evidence for the existence of the ferrite twins,
where the zone axes of the SADP are along the ferrite
½�101� direction (i.e., ½�101�a) and twin ½0�11� direction (i.e.,
½0�11�t, where the underline and subscript t indicate the
twin ferrite Miller indices). The diffraction spots con-
nected by dashed white lines in Figure 2(f) indicate the
ferrite matrix, while those connected by solid white lines
indicate the ferrite twin. The twinning relationship
between the ferrite twin and ferrite matrix is ½0�11�t//
½�101�a and (121)t//(211)a. The representative twin planes
are the (121) planes of the twin and the (211) planes of
the ferrite matrix. When studying the BCC twins by
TEM, extra reflections occur on the SADPs owing to

double diffraction. As shown on the SADP in
Figure 2(f), the extra diffraction spots from the double
diffraction occupy one third and two thirds of the
distance between the (211) reflections of ferrite.[14] A
dark-field (DF) image in Figure 2(g) gives further
evidence for the existence of micro-twins in the ferritic
lath martensite, where Figure 2(h) shows the corre-
sponding BF image. There are four micro-twins located
in the martensitic laths as shown in both Figures 2(g)
and (h). The ferritic lath martensite in low-carbon steel
is full of dislocations and the formation of the ferritic
lath martensite is assisted by the movement of disloca-
tions.[16–18] However, in the ternary Fe-Mn-Al alloy, the
martensitic laths also have a high density of dislocations
and some micro-twins. Thus, the formation of ferritic
lath martensite is primarily assisted by the movement of
dislocations in the Fe-Mn-Al alloy. However, the
formation of the ferrite micro-twins in the martensitic
laths may also assist the martensitic transformation.
In addition to being present in the as-quenched

Fe-Mn-Al alloy, ferritic lath martensite is also observed
in the alloy after various cooling procedures from high
temperature; namely, air cooling and furnace cooling.
Figure 3 shows the microstructural study of the
Fe-Mn-Al alloy heated to 1373 K with subsequent air

Fig. 1—Microstructural study of the Fe-Mn-Al alloy using (a) OM, (b) secondary electron SEM image, and (c) XRD after heating at 1373 K
and quenching in room temperature water. Outlines of some of the grains (solid lines) and sub-grains (dashed lines) are marked in (a) and (b).
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cooling at room temperature. Martensitic laths are
observed in the matrix grains, as shown in Figure 3(a),
where the morphology of the as-air-cooled alloy is
similar to that of the as-quenched alloy in Figure 1(a).
The constituent phases of the as-air-cooled alloy exam-
ined by XRD, shown in Figure 3(b), are found to be
primarily ferrite and a minor amount of austenite. The
crystal structure of the alloy after the air-cooling
condition was also studied by TEM. The as-air-cooled

alloy is full of martensitic laths, and Figure 3(c) shows a
BF image of the martensitic laths and the corresponding
SADP in Figure 3(d) obtained from the martensitic lath,
where the zone axis of the SADP is along the ferrite
½�111�direction. Many dislocations can be observed in
Figure 3(c), confirming that both as-quenched and
as-air-cooled specimens possess many dislocations.
However, it appears that the as-air-cooled specimen
has more dislocations owing to the fact that the sample
tilting angle is near the exact zone axis of the BCC [111]
in Figure 3(c). Thus, the dislocations exhibit a darker
contrast in the TEM BF image of Figure 3(c) (as-air-
cooled) than that in Figure 2(a) (as-quenched) and
appears to have more dislocations. These results indicate
that martensitic transformation also occurs in the
Fe-Mn-Al alloy after air cooling from 1373 K.
To further determine if the cooling procedure does

not play a role in the formation of ferritic lath
martensite in the Fe-Mn-Al alloy after cooling from
high temperature, we heated the Fe-Mn-Al alloy to 1373
K, maintained this temperature for 1 h, and

Fig. 3—Microstructural study of the Fe-Mn-Al alloy heated to 1373 K with subsequent air cooling to room temperature: (a) OM, (b) XRD, (c)
TEM BF image, and (d) SADP obtained from the ferritic lath martensite (white circle in (c)) from the ½�111� direction. Most grain boundaries
(solid lines) and some sub-grains (dashed lines) are marked in (a). The grains are marked as ferrite matrix (a).

bFig. 2—TEM micrographs of the alloy in the as-quenched condition:
(a) BF image, (b) corresponding SADP from the ½�111� ferritic
martensite (white circle in (a)); (c) BF image of retained austenite
grains as dark stripes and (d) corresponding SADP of [001] (white
circle in (c)); (e) BF image of micro-twins in the ferritic martensite
and (f) corresponding twinning SADP along the 0�11t//½�101�01�a zone
axes (white circle in (e)); (g) dark-field TEM image taken on the 111
ferrite twin reflection showing the existence of micro-twins and (h)
corresponding BF image. The underlined Miller indices indicate the
ferrite twin, as distinguished from the ferrite matrix. The grains are
marked as ferrite matrix (a), ferrite twin (t), and austenite (c).
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subsequently furnace-cooled the alloy in Figure 4. The
OM of the alloy microstructure shows that the alloy is
full of martensitic laths in Figure 4(a). The XRD also
reveals the as-furnace-cooled alloy comprises dual
phases of primarily composed of ferrite and a minor
amount of austenite in Figure 4(b). The microstructure
of the as-furnace-cooled alloy was also examined using
TEM, whereby the martensitic laths were found to
occupy almost all matrix grains and only a few retained
austenite grains remain. The evidence for the existence
of the retained austenite is shown in Figures 4(c) and
(d). The BF image in Figure 4(c) shows that primary
ferritic laths are partially connected to retained austenite
grains. Furthermore, the SADP in Figure 4(d) is
obtained from the middle austenite grain shown in
Figure 4(c), and the zone axis of the retained austenite is
along the ½01�1� direction.

It is confirmed that the microstructure of the as-fur-
nace-cooled alloy comprises two phases of primarily lath
ferrite and a minor amount of retained austenite.
Therefore, we conclude that the formation of the ferritic
lath martensite from the prior austenite grains of the
Fe-Mn-Al alloy is not affected by the cooling rate. For

the Fe-Mn-Al alloy after cooling from high temperature,
slight strain energy fields associated with small temper-
ature gradients during cooling can result in the marten-
sitic transformation, and martensitic laths form within
the prior austenite grains. Because the cooling rate does
not play an important role in martensitic transforma-
tion, we posit that small temperature gradients are the
driving force of the martensitic transformation. We
heat-treated the steel with temperatures between 500 �C
and 800 �C and found that small ferrite grains formed,
though these results are not given in this work. We note
that the ferrite and martensite are differentiable in steel
and, although carbon is missing in the present alloy, the
ferrite and ferritic martensite should exhibit differences.
However, at this time we cannot distinguish between
them with the instruments available to us. We have
found these two phases almost identical via the study of
the TEM SADP, and therefore no comments regarding
their differentiation can be made in this study.
Herein, the FactSage 6.4 software was used to

calculate the phase diagrams of the alloys using the
FSstel database,[22] where the alloy composition fea-
tured fixed 3.4 wt pct Al and varying Mn content from 0

Fig. 4—Microstructural study of the Fe-Mn-Al alloy heated to and held at 1373 K for 1 h with subsequent furnace cooling to room
temperature: (a) OM, (b) XRD, (c) TEM BF image, and (d) SADP obtained from the retained austenite grain (white circle in (c)) from the ½01�1�
direction. Grains (solid lines) and laths (dashed lines) are marked in (a). The grains are marked as ferrite matrix (a) and austenite (c).
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to 40 wt pct in Figure 5. The high-temperature phases of
the ternary Fe-Mn-Al alloys include austenite and
ferrite. According to the phase diagram, the Fe-16.7
Mn-3.4 Al alloy (vertical dashed line in Figure 5) is
completely austenite at temperatures ranging roughly
from 725 K to 1125 K. The phase diagram predicts that
the Fe-16.7 Mn-3.4 Al alloy is single-phase ferrite at
1373 K, though experimental observation suggests that
the Fe-Mn-Al alloy should be single-phase austenite at
this temperature. Thus, the region that is completely
austenite is located at higher temperatures than pre-
dicted theoretically. Upon lowering the temperature
from the single-phase austenite region, the constituent
phases of the Fe-Mn-Al alloy change as follows:
austenite fi austenite+ ferrite. Comparing the experi-
mental observations of the Fe-16.7 Mn-3.4 Al alloy after
cooling, we conclude that the occurrence of ferritic lath
martensite along with the retained austenite is somehow
consistent with the prediction of the theoretical phase
diagram.

IV. CONCLUSIONS

The austenite–ferrite martensitic transformation
appears in the Fe-16.7 Mn-3.4 Al alloy when cooled
from high temperature. We adopted various cooling
procedures including furnace cooling, air cooling, and
water quenching from 1373 K, and observed the
occurrence of the martensitic transformation in the
alloy after all cooling procedures. This signifies that the
martensitic transformation of the studied Fe-Mn-Al
alloy that occurs after cooling from high temperature is
not a function of the cooling rate. Therefore, a slight
strain energy field coupled with small temperature
gradients can result in the austenite–ferrite martensitic
transformation of the alloy after cooling from high
temperature. The ferritic martensitic grains are in the
form of laths, where the martensitic laths formed in the
prior austenite grains of the Fe-Mn-Al alloy are quite

similar to those in low-carbon steel. In addition to the
existence of dislocations, micro-twins are also found to
exist in the ferritic lath martensite. The formation of
ferritic lath martensite in the alloy is primarily assisted
by the movement of the dislocations and may be assisted
by the formation of the micro-twins. The twinning
relationship between the ferrite twin (underlined indices
and t subscript) and ferrite matrix (a subscript) is:
½0�11�t//½�101�a and (121)t//(211)a. The twin planes of the
BCC crystal are {112}. We believe this work presents
compelling evidence that ferritic lath martensite similar
to that in maraging steel has been found in the ternary
Fe-Mn-Al alloys.
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