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Lamellae of ferrite, kappa-carbide, and M23C6 carbide are involved in a eutectoid reaction of an
Fe-C-Mn-Al alloy after isothermal holding at temperatures below 923 K (650 �C). These
lamellar phases are product phases from the decomposition of austenite during the eutectoid
reaction of the quaternary alloy, i.e., austenite fi ferrite+kappa-carbide+M23C6 carbide.
Since the Al concentration in the steel is higher than that of the eutectoid composition, pro-
eutectoid ferrite and kappa-carbide appear in the austenite prior to the eutectoid reaction to
reduce the Al content of the retained austenite. The retained austenite decomposes into ferrite,
kappa-carbide, and M23C6 carbide during the eutectoid reaction.
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I. INTRODUCTION

WHEN a binary Fe-C steel of eutectoid composition,
containing about 0.77 wt pct C, is cooled below the
eutectoid temperature at constant pressure, the invariant
reaction of the eutectoid transformation takes place:
austenite fi ferrite+Fe3C. The product phases of the
eutectoid reaction form pearlite comprising lamellar
ferrite and Fe3C (cementite). The pearlite colonies
nucleate preferentially at the original austenite grain
boundaries and grow into the austenite matrix. For
steels with greater or lesser carbon contents than the
eutectoid composition, cooled slowly or held isother-
mally below the eutectoid temperature, the appearance
of pearlite is usually preceded by the precipitation of
proeutectoid cementite or ferrite, respectively, at the
grain boundaries prior to the eutectoid reaction.[1] For
austenite cooled well below the eutectoid temperature,
for example, in the bainite formation region of a time–
temperature–transformation (TTT) diagram, different
eutectoid products are produced. Bainite is a mixture of
ferrite and carbide similar to pearlite, but it is micro-
structurally quite distinct from pearlite. Usually, bainite
forms with the leading phase of Widmanstätten ferrite in
the main growth direction. Thus, bainite is favored in
low carbon steels. Inverse bainite with ferrite plates
attached to Widmanstätten cementite plates is the major
phase in the austenite matrix of hypereutectoid steels at
low temperatures.[2–8] Lee et al. made a distinction

between cooperative and non-cooperative eutectoid
reactions in terms of relative growth rates of the product
phase. The formation of pearlite is in the category of
cooperative (lamellar) eutectoid reactions and that of
bainite is in the category of non-cooperative (non-
lamellar) eutectoid transformations.[9]

Various phase transformations of ternary alloys
under constant pressure conditions have been well
illustrated by Rhines.[10] Invariant reactions for four-
phase equilibrium are categorized as class I, II, and III.
For example, Class I involves the ternary eutectic
reaction: the decomposition of liquid into three different
solid phases at the eutectic temperature. The class I
invariant reaction of the eutectic transformations has
been well documented in the solidification literature.
Some published micrographs have illustrated that the
ternary class I eutectic reaction products consist of two
continuous major phases and an apparently discontin-
uous minor product phase in such systems as Cd-Sn-
(Pb, In, Tl), Al-Cu-(Mg, Zn, Ag), and Zn-Sn-Pb.[11] The
three four-phase equilibria are also applicable to solid-
state phase transformations, such as the eutectoid
reaction, and the extension is most likely pertinent to
phase transformations in quaternary alloy systems.
Another pearlite with lamellae of ferrite and M23C6

carbide, called M23C6 pearlite, has been found in alloy
steels, for example, in Fe-C-Cr alloys[12,13] and in Fe-C-
Mn-Al alloys.[14,15] Instead of M3C plates, lamellar
M23C6 carbide grains are embedded in the ferrite matrix
of the M23C6 pearlite. The partitioning of Mn, Al, and C
solutes is distinct in the M23C6 pearlite of the Fe-C-Mn-
Al alloy. The M23C6 carbide contains a high concentra-
tion of Mn and C and a low concentration of Al,
whereas the ferrite has a high concentration of Al and a
low concentration of Mn and C.[14,15] Similar experi-
mental observations have also been reported for the
partitioning of Mn and C solutes in the lamellar ferrite
and M3C which comprise M3C pearlite in high Mn
steels. The M3C carbide contains a high concentration
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of Mn and C, and the ferrite has a low concentration of
Mn and C.[16,17]

Phase equilibria of Fe-C-Al alloys close to the Fe
corner, at constant pressure, have been studied for several
decades.[18–20] These alloys with low carbon contents are
characterized by a wide solid solution of body-centered
cubic (BCC) ferrite.However,when these alloys have high
carbon concentrations, they contain face-centered cubic
(FCC) austenite, as their major phase, cementite, and a
ternary perovskite carbide, which is denoted as kappa-
carbide (j-carbide).[18] In ternary Fe-C-Al alloys, ferrite,
austenite, cementite, and j-carbide are high-temperature
phases. The phase transitions of quaternary Fe-C-Mn-Al
alloys have been investigated for several decades.[21–37]

Besides the j-carbide, the L12 phase precipitates homo-
geneously in the austenite of these alloys. The L12 phase is
a derivative phase of the austenite. In 1990, Ishida et al.[31]

established several isothermal phase diagrams of quater-
nary Fe-C-Mn-Al alloys. The isothermal sections of the
phase diagrams of the steels, for example, at fixed 20 wt
pct Mn, are shown in Figure 1. The high-temperature
phases, which include ferrite, austenite, cementite, and
j-carbide, are similar to those of the ternary Fe-C-Al
alloys. Two-phase fields of (ferrite+austenite), (fer-
rite+ j-carbide), and (austenite+ j-carbide) and even
a three-phase field of (ferrite+austenite+ j-carbide)
exist in the quaternary Fe-C-Mn-Al alloys. Similar phase
diagrams of quaternary Fe-C-Mn-Al alloys were also
published by Gorev et al. in 1990.[38]

We have studied the phase transformations of quater-
nary Fe-C-Mn-Al alloys under a constant pressure of 1
atm.[14,15,32–37]Aside from the discovery ofM23C6 pearlite
in a few Fe-C-Mn-Al alloys,[14,15] we have found lamellae
of ferrite and j-carbide in some Fe-C-Mn-Al alloys. In
addition, we have discovered lamellar M23C6 carbide
grains appearing in the lamellae of ferrite and j-carbide of
an Fe-C-Mn-Al alloy. Here, we report that ferrite,
j-carbide, and M23C6 carbide are product phases of the
eutectoid reaction of the quaternary Fe-C-Mn-Al alloy.

II. EXPERIMENTAL PROCEDURES

Slabs with a composition of Fe-13.5 Mn-6.3
Al-0.78 C (wt pct) were initially prepared by induction
melting. Commercial 1020 steel, carbon, electrolytic
manganese, and high purity aluminum were melted
together and cast into 3-kg ingots. After being homog-
enized at 1473 K (1200 �C) for 4 hours under a protec-
tive argon atmosphere, the ingots were hot forged and
annealed to insure composition uniformity of the steel
plates. The steel plates were cold rolled to thin plates
with a thickness of 2 mm and cut into specimens with
dimensions of 15 mm 9 10 mm. The steel samples were
heated at 1373 K (1100 �C) for 1 hour in a protective
argon atmosphere and quenched in water at room
temperature for solution heat treatment. The measured
composition of the minor elements of the steel plates in
wt pct is 0.00 Si-0.01 P-0.01 S. The as-quenched
specimens were sealed in quartz tubes under vacuum
and held isothermally at low temperatures ranging from
1123 K to 773 K (850 �C to 500 �C) for 100 hours.

The samples were sectioned, polished mechanically,
and etched in a 5 pct nital solution for observation
under an optical microscope and a Jeol JEM 6500F high
resolution field-emission scanning electron microscope
(SEM). Some samples were also examined by X-ray
diffraction (XRD) in a Rigaku DMAX-B X-ray diffrac-
tometer operated at a power of 12 kW. Samples used for
observation by transmission electron microscopy (TEM)
were polished mechanically into thin foils about 80 lm
in thickness, punched into circles with a diameter of
3 mm, and then electropolished using a twin jet polisher
in a 90 pct CH3COOH and 10 pct HClO4 solution at
room temperature. The samples also underwent ion
milling in an ion miller to polish the thin areas of the
TEM specimens. The samples were examined in a Jeol
JEM 2010 transmission electron microscope equipped
with a Link ISIS 300 energy-dispersive X-ray analyzer
(EDS) operated at 200 kV. The EDS uses the quanti-
tative method of Cliff–Lorimer Ratio Thin Section. The
tilt angles of the specimens in TEM are ±45 and
±34 deg in the x- and y-axis, respectively.

III. RESULTS AND DISCUSSION

A. Phase Diagrams of the Fe-Mn-Al Alloy

Figures 2(a) through (d) show the calculated partial
phase diagrams of the quaternary Fe-C-Mn-Al alloy
with a fixed 13.5 wt pct Mn, carbon content lower than

Fig. 1—(a) through (d) The isothermal phase diagrams of Fe-C-Mn-
Al alloys at fixed 20 wt pct Mn. The temperatures are indicated as
follows: (a) 1473 K, (b) 1373 K, (c) 1273 K, and (d) 1173 K.[32]

1200—VOLUME 45A, MARCH 2014 METALLURGICAL AND MATERIALS TRANSACTIONS A



Fig. 2—Calculated phase diagrams of the quaternary Fe-C-Mn-Al alloy with a fixed 13.5 wt pct Mn. The temperatures for the partial isothermal
sections of the phase diagram in (a) through (d) are (a) 1073 K, (b) 973 K, (c) 873 K, and (d) 773 K. (e) The calculated effect of temperature on
the equilibrium phase proportions in the Fe-13.5Mn-6.3Al-0.78C alloy.
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2 wt pct, and Al content lower than 10 wt pct. The
temperatures for the isothermal sections of the phase
diagram in Figures 2(a) through (d) are (a) 1073 K
(800 �C), (b) 973 K (700 �C), (c) 873 K (600 �C), and (d)
773 K (500 �C). The FactSage 6.4 software was used to
calculate the diagram, using the FSstel database, and
suppressing graphite formation.[39] Figure 2(e) is the
calculated effect of temperature on the equilibrium phase
proportions in the Fe-13.5 Mn-6.3 Al-0.78 C alloy.
Figure 2(a) shows that the high-temperature phase dia-
gram at 1073 K is slightly different from the experimen-
tally determined high-temperature phase diagrams with a
fixed composition of 20 wt pctMn, as shown in Figure 1.
The high-temperature phases of the quaternary Fe-C-
Mn-Al alloys include austenite, ferrite, cementite, and j-
carbide. Figure 2(b) predicts the phases of the alloy
systems at 973 K (700 �C). Shrinkage of the austenite
and expansion of other two-phase fields have been
observed. M7C3 carbide appears in the phase diagrams
at temperatures of 873 Kand773 K (600 �Cand500 �C)as
shown in Figures 2(c) and (d), respectively. M23C6 carbide
appears in the phase diagramat 773 K (500 �C) as shown in
Figure 2(d). Thus, M7C3 and M23C6 carbides are low-
temperature phases in the Fe-C-Mn-Al alloy. According to
the phase proportions in Figure 2(e), the Fe-0.78C-13.5
Mn-6.3 Al alloy is fully austenitic at 1073 K (800 �C).
Upon lowering the temperature from 1073 K (800 �C),
the constituent phases of the Fe-C-Mn-Al alloy change
as follows: austenite fi austenite+ ferrite fi austenite+
ferrite+ j-carbide fi austenite+ ferrite+ j-carbide+
M7C3 carbide fi ferrite+ j-carbide+M23C6 carbide.

B. Austenite at 1373 K (1100 �C)
An optical micrograph (OM) of the Fe-C-Mn-Al

alloy after solution heat treatment at 1373 K (1100 �C)
is shown in Figure 3(a). Similar grains with annealing
twins indicate that the alloy is single phase in both high-
temperature and as-quenched conditions. Figure 3(b)
shows an XRD analysis for the steel in the as-quenched

condition. Only FCC austenite peaks were detected by
the XRD in Figure 3(b). Thus, the high-temperature
phase of the steel at 1373 K (1100 �C) is austenite. The
austenite has also been preserved as the only phase in
the as-quenched condition. After identifying the con-
stituent phase of the steel in the as-quenched condition,
we further studied the low-temperature phases of the
steel after the following isothermal holding processes.
For the steel samples held at temperatures of 1123 K
and 1098 K (850 �C and 825 �C), no precipitates were
discovered in the austenite by OM, XRD, and TEM
analyses, which are not shown here. Thus, the steel
consists of single-phase austenite at temperatures from
1373 K to 1098 K (1100 �C to 825 �C).

C. Austenite fi Austenite+Ferrite+ j-Carbide

The OM and TEM analyses of the steel after solution
heat treatment and 100-hour isothermal holding at
973 K (700 �C) are revealed in Figure 4. The OM in
Figure 4(a) reveals a continuous distribution of precip-
itates along almost all the austenite grain boundaries. A
TEM bright-field (BF) image in Figure 4(b) illustrates
that several different phase grains appear at the grain
boundary. Some grains are marked with a, other grains
are labeled j, and a third type of grain is the matrix
phase austenite marked c. Figure 4(c) is the correspond-
ing selected area diffraction (SAD) pattern of the big
a-grain in the center running to the upper-right-hand
side. We identified the a-grain as BCC ferrite. The zone
axis of the SAD pattern from the ferrite in Figure 4(c) is
in the [111] direction. The j-grains have a simple cubic
crystal structure and were confirmed to be j-carbide.
The SAD pattern, taken from the [011] zone-axis
direction of the j-carbide, is shown in Figure 4(d).
The constituent phases of the steel at 973 K (700 �C)
and other temperatures are summarized in Table I. We
found grain boundary ferrite precipitates in the austenite
after isothermal holding at 1073 K (800 �C), and
separate grains of ferrite and j-carbide appear at the

Fig. 3—(a) The OM and (b) XRD analyses of the steel after the solution heat treatment at 1373 K.
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grain boundaries for steel held at 1023 K (750 �C). The
experimental observation is quite similar to that pre-
dicted by the calculated phase diagrams, except for the
appearance of the second phases, ferrite and j-carbide,
at higher temperature (1073). The chemical composi-
tions of the phases were analyzed by EDS, which is
standard equipment in the TEM. Because of carbon
contamination on the surface of the TEM specimen, no
carbon measurement from the EDS signal was made.
The chemical compositions of the constituent phases in
the metallic portion in weight percent (atomic percent in
parentheses) of the phases at 973 K (700 �C) are as
follows. The austenite matrix contains Fe-15.0 Mn-4.6
Al (Fe-14.6 Mn-9.1 Al), the composition of the ferrite is
Fe-7.0 Mn-6.0 Al (Fe-6.7 Mn-11.7 Al), and that of the
j-carbide is Fe-23.0 Mn-8.9 Al (Fe-22.2 Mn-15.9 Al). As
the EDS utilizes the Cliff–Lorimer Ratio Thin Section
quantitative method, the error in Fe is about 0.25 pct,
Mn 1.0 pct, and Al 10 pct. The chemical compositions of

Fig. 4—The OM and TEM analyses of the steel after isothermal holding at 973 K for 100 h. (a) The OM and (b) BF image showing the grain
boundary precipitates in the austenite (a: ferrite; j: j-carbide; c: austenite). (c) The SAD pattern from [111] ferrite (T: transmission beam).
(d) The SAD pattern taken at [011] j-carbide.

Table I. The Constituent Phases of the Fe-C-Mn-Al Alloy at
Different Isothermal Holding Temperatures. a (Ferrite) and

j (j-Carbide) are Grain Boundary Precipitates

T [K (�C)]

Phase

a j a+ j M23C6

1098 (795)
1073 (1050) d
1023 (750) d d
973 (700) d d
948 (675) d
923 (650) d d
898 (625) d d
873 (600) d d
848 (575) d d
823 (550) d d
773 (500) d

(a+j) means the j-pearlite. The isothermal holding time is 100 h.
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Table II. The Compositions of Constituent Phases in the Metallic Portion Analyzed by TEM-EDS—(a) Weight Percentage and

(b) Atomic Percentage

T [K (�C)] Elem.

Phase

M23C6Austenite Ferrite j-carbide

Pearlite

Ferrite j-carbide

(a)
1073 (1050) Fe 81.7 84.4

Mn 13.7 8.7
Al 4.6 6.9

1023 (750) Fe 81.3 86.1 69.6
Mn 14.8 7.9 21.4
Al 3.9 6.0 9.0

973 (700) Fe 80.3 86.9 68.1
Mn 15.0 7.0 23.0
Al 4.6 6.1 8.9

948 (675) Fe 81.2 87.0 65.5
Mn 14.1 7.1 24.5
Al 4.8 5.9 10.0

923 (650) Fe 82.4 89.0 66.2
Mn 14.0 6.4 24.7
Al 3.6 4.6 9.1

898 (625) Fe 81.5 89.0 65.4 55.0
Mn 14.1 5.7 23.9 44.0
Al 4.4 5.3 10.7 1.0

873 (600) Fe 90.3 69.0 50.8
Mn 5.3 23.1 48.2
Al 4.4 7.9 1.0

848 (575) Fe 88.9 57.0 56.6
Mn 5.3 33.4 41.6
Al 5.8 9.6 1.8

823 (550) Fe 89.7 60.5 47.1
Mn 4.4 31.2 51.8
Al 5.9 8.3 1.1

773 (500) Fe 90.4 59.3
Mn 4.6 31.6
Al 5.0 9.1

(b)
1073 (1050) Fe 77.7 78.4

Mn 13.2 8.2
Al 9.1 13.4

1023 (750) Fe 77.8 80.6 63.3
Mn 14.4 7.7 19.8
Al 7.8 11.7 16.9

973 (700) Fe 76.3 81.6 61.9
Mn 14.6 6.7 22.2
Al 9.1 11.7 15.9

948 (675) Fe 77.1 81.8 59.0
Mn 13.6 6.8 22.4
Al 9.3 11.4 18.6

923 (650) Fe 79.2 84.8 60.1
Mn 13.7 6.2 22.8
Al 7.1 9.0 17.1

898 (625) Fe 77.7 84.3 58.5 53.9
Mn 13.7 5.4 21.7 43.9
Al 8.6 10.3 19.8 2.2

873 (600) Fe 84.8 63.5 53.0
Mn 4.9 21.7 43.9
Al 10.3 14.8 3.1

848 (575) Fe 83.6 51.4 55.1
Mn 5.1 30.7 41.2
Al 11.3 17.9 3.7
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the constituent phases in wt pct and at. pct at various
temperatures are also summarized in Table II(a) and
(b), respectively. Note that Mn and Al concentrations of
the j-carbide are the highest among these three phases.

Study of the constituent phases of the Fe-C-Mn-Al
alloy at lower temperatures was also carried out.
Figure 5 shows the results of the OM and TEM
investigations after isothermal holding of the steel at

Table II. continued

T [K (�C)] Elem.

Phase

M23C6Austenite Ferrite j-carbide

Pearlite

Ferrite j-carbide

823 (550) Fe 84.3 55.3 46.1
Mn 4.2 29.0 51.6
Al 11.5 15.7 2.3

773 (500) Fe 85.7 53.9
Mn 4.4 29.1
Al 9.9 17.0

The error in Fe is about 0.25 pct, Mn 1.0 pct, and Al 10 pct.

Fig. 5—(a) through (d) Further studies of the steel in OM and TEM after solution heat treatment at 1373 K and holding at a low temperature
of 923 K for 100 h. (a) The OM showing the grain boundary precipitates. (b) A BF image shows that a lamellar colony develops at the austenite
grain boundaries. The corresponding SAD patterns are from (c) [001] ferrite and (d) [011] j-carbide in (b).
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923 K (650 �C). The OM in Figure 5(a) illustrates that
the precipitates not only nucleated at the grain bound-
aries but also grew toward the austenite matrix as small
nodules. The BF micrograph in Figure 5(b) reveals that
a small nodule comprises lamellar ferrite and j-carbide
grains at the grain boundaries. Figure 5(c) shows the
corresponding SAD pattern from the lamellar [001]
ferrite and Figure 5(d) reveals that from lamellar [011]
j-carbide. This is direct evidence that an initial nodule
of ferrite and j-carbide develops from the austenite
grain boundaries. Lamellae of ferrite and j-carbide have
also been investigated in ternary Fe-C-Al alloys[18] and
quaternary Fe-C-Mn-Al alloys.[30,31] In the following
context, we refer to the lamellae of ferrite and j-carbide
as j-pearlite. From Table I, note that ferrite and
j-carbide co-precipitate at the austenite grain bound-
aries as separate grains at temperatures below 1023 K
(750 �C), and as the j-pearlite at temperatures below
948 K (675 �C). From Table II(a), the chemical com-
positions (wt pct) of the phases at 923 K (650 �C) are as
follows: austenite matrix—Fe-14.0 Mn-3.6 Al; fer-
rite—Fe-6.4 Mn-4.6 Al; and j-carbide—Fe-24.7
Mn-9.1 Al. Lamellar ferrite is high in Al and low in
Mn, and lamellar j-carbide is high in Mn and Al. Thus,
the partitioning of Mn and Al is distinct in the lamellar
ferrite and j-carbide.

D. Austenite fi Ferrite+ j-Carbide+M23C6 Carbide

We discovered that a third phase of M23C6 carbide is
present in the j-pearlite after the investigation of the
lamellae of the steel at temperatures below 923 K
(650 �C). As the OM shows in Figure 6, the j-pearlite
colonies in the austenite grew to large grain sizes after
isothermal holding of the steel at 898 K (625 �C).
Figure 7 shows the TEM analysis of the Fe-C-Mn-Al
alloy which underwent the same isothermal holding
condition as that of Figure 6. The TEM BF and dark-
field (DF) images in Figures 7(a) and (b), respectively,

show a portion of the lamellar colony nucleating from
the grain boundary and growing toward the upper-right
austenite grain. Figures 7(c) and (d) shows the accom-
panying SAD patterns from the lamellar a and j grains,
respectively. The zone-axis direction of the SAD pattern
from the ferrite in Figure 7(c) is [011]. The SAD pattern
in Figure 7(d) is from both [011] j-carbide and [011]
austenite on the upper-right side of Figure 7(a). The
diffraction spots connected by white solid lines are from
austenite. The Miller indices of the austenite phase in
Figure 7(d) are also underlined to distinguish them from
those of the j-carbide. Note that the j-carbide grew into
the austenite matrix exhibiting a cube-on-cube orienta-
tion relationship (OR) with the austenite. The DF image
in Figure 7(b) was taken using the reflections from both
(011) planes of ferrite and (111) planes of austenite
located at the lower-left-hand side, simultaneously, as
they coexisted almost at the same diffraction spot, (011)a
and (111)c, in the SAD pattern shown in Figure 7(c).
Thus, the DF image reveals the locations of the lamellar
ferrite grains and the austenite grain on the lower-left
side. After carefully identifying the different separate
grains, we labeled them as c, a, and j on the BF and DF
images in Figures 7(a) and (b). Therefore, direct evi-
dence shows that lamellar ferrite and j-carbide nucleate
and grow side by side at the grain boundary and
advance toward the austenite matrix as j-pearlite
colonies.
The identification of the M23C6 carbide in the

lamellae of the alloy at 898 K (625 �C) by TEM is
revealed in Figure 8. The BF image in Figure 8(a) shows
an interior area of a pearlite colony. The lamellae are
composed of three different phases, of which one is the
ferrite matrix (a), another consists of continuous long
lamellar j-carbide grains (j), and the third consists of
small dark grains (C) located in the a matrix or in
contact with j-carbide. Figure 8(b) is the accompanying
SAD pattern taken from the thick lamellar j-carbide
plate at the center to top-left position and its neighbor-
ing ferrite matrix. The zone axes of the SAD pattern for
the j-carbide and ferrite in Figure 7(b) are along the
[011]j and [111]a directions, respectively. Note that an
OR exists between the j-carbide and ferrite, i.e., [011]j//
[111]a and (111)j//(101)a. This is the well-known Ku-
rdjumov–Sachs (K–S) OR between FCC and BCC
crystals. Figure 8(c) is the corresponding SAD pattern
focusing on the small dark C grain in a center-right
position, its neighboring ferrite matrix, and some of the
j-carbide grain. The SAD pattern in Figure 8(c) also
covers the same reflections as those in Figure 8(b) from
both ferrite and j-carbide. Besides those from ferrite
and j-carbide, we observed several additional weak
diffraction spots which are from the small C grain. After
several more SAD patterns from the C grain were
examined, the phase of the small dark C grain was
confirmed to be M23C6 carbide. The typical SAD
patterns of M23C6 carbide can be found in our previous
articles.[14,15] The reflections of (111) planes of M23C6

carbide are located at multiples of one-third positions
between the (110) ferrite reflections. In the SAD patterns
shown in Figures 8(b) and (c), the strong reflections
connected by thin solid white lines are from ferrite, and

Fig. 6—The OM analysis of the steel after isothermal holding at
898 K for 100 h.
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the plane Miller indices of ferrite are also underlined to
distinguish them from those of j-carbide and M23C6

carbide. The strong reflections in the SAD patterns of
Figures 8(b) and (c) are mostly from ferrite. The zone
axes of the SAD pattern from the M23C6, j-carbide, and
ferrite in Figure 8(c) are along the [011]C, [011]j, and
[111]a directions, respectively. It is noteworthy that the
K–S OR also exists between the M23C6 carbide and
ferrite, i.e., [011]C//[111]a and (111)C//(110)a. It shows
that the closest packed direction, [011]C, of M23C6

carbide is parallel to that of ferrite, [111]a, and the
closest packed planes of M23C6 carbide, (111)C, are
parallel to the close packed planes of ferrite, (110)a. The
same K–S OR also exists between the lamellar M23C6

carbide and ferrite in the M23C6 pearlite of the Fe-C-
Mn-Al alloys.[14,15] As the BF image shows in
Figure 8(a), C stands for the M23C6 carbide. So far,
from the literature, only j-pearlite with lamellae of
(ferrite+ j-carbide)[30,31] and M23C6 pearlite with

lamellae of (ferrite+M23C6)
[14,15] were observed. No

pearlite comprising lamellae of ferrite, j-carbide, and
M23C6 carbide has been previously reported. Therefore,
we present here the first observation of M23C6 carbide in
the j-pearlite.
The compositions (wt pct) of the constituent phases of

the alloy at 898 K (625 �C) as indicated in Table II(a) as
follows: austenite—Fe-14.2 Mn-4.4 Al; ferrite—Fe-5.7
Mn-5.3 Al; j-carbide—Fe-23.9 Mn-10.7 Al; and M23C6

carbide—Fe-44.0 Mn-1.0 Al. Note that Mn occupies
almost half of the metallic portion of the M23C6 carbide.
The composition of M23C6 carbide is high in Mn and
low in Al. It is noteworthy that the manganese content
of the constituent phases of the steel in descending order
is M23C6, j-carbide, austenite, and ferrite. The Al
content of the phases in decreasing order is j-carbide,
ferrite, austenite, and M23C6 carbide. The low Al
content of M23C6 carbide in Fe-C-Al alloys was discov-
ered by Frommeyer et al.[18] and in Fe-C-Mn-Al alloys

Fig. 7—A TEM analysis for the steel after 100-h isothermal holding at 898 K. (a) The BF image showing the initial stage of j-pearlite. (b) The
corresponding DF image to the BF image in (a) for (011)a and (111)c DF image of lamellar ferrite grains and austenite matrix at lower-left side.
(c) The SAD pattern from the [011] lamellar ferrite grain. (d) The SAD pattern from the [011] lamellar j-carbide and [0 11] austenite at upper-
right side. The diffraction spots connected by solid white lines are from austenite.
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by Cheng et al.[14,15] Therefore, the partitioning of Mn
and Al is also evident in the lamellae of ferrite,
j-carbide, and M23C6 carbide. The precipitation of
different carbides in the austenite, as alloy partition
proceeds, is a well-known phenomenon in alloy steels,
for example, MC carbide precipitates in the M3C
pearlite of Fe-C-V alloys.[40]

When j-pearlite was first discovered, lamellae of
ferrite and j-carbide were assumed to be the product
phases of a eutectoid reaction which was proposed in
such steels as the Fe-C-Al[18] and Fe-C-Mn-Al alloys.[30]

The partitioning of the Mn solute in ferrite and
j-carbide could be the result of the redistribution of
the solutes in the original austenite after the austenite
decomposed. It could be a eutectoid reaction. However,
it is not reasonable to expect that the Al contents of
both second phases are higher than that of the parent
austenite. Were it a eutectoid reaction, in which unstable
austenite would decompose into ferrite and j-carbide,

the Al content of the austenite should be at an
intermediate level between those of the two product
phases. The observations do not satisfy the condition of
mass balance. Thus, ferrite and j-carbide form from the
less frequently observed reaction. Further study of the
constituent phases at low temperatures did not clearly
reveal the type of phase transformation which precedes
the appearance of M23C6 carbide in the j-pearlite
lamellae. M23C6 carbide contains a low Al concentra-
tion. The condition of mass balance is satisfied when the
M23C6 carbide is joined to the lamellae of ferrite and
kappa-carbide. Therefore, we must recognize that these
three phases are product phases of a eutectoid reaction.
The eutectoid reaction of the quaternary Fe-C-Mn-Al
alloy at constant pressure is a univariant reaction, not
an invariant reaction. The eutectoid compositions of the
constituent phases may vary with the temperature. Since
the Al concentration of the steel is higher than the
eutectoid Al concentration, ferrite and j-carbide appear

Fig. 8—Another TEM analysis of the steel after isothermal holding at 898 K. (a) The BF image showing a portion of the j-pearlite which indi-
cates the distribution of j and M23C6 carbides in the ferrite grain of the j-pearlite. (C: M23C6 carbide). (b) The SAD patterns from the [011]
j-carbide and [111] ferrite grains. (c) The SAD patterns covering the [011] M23C6 carbide, [011] j-carbide, and [111] ferrite grains. The strong
reflections of ferrite are connected by thin solid white lines, and the plane Miller indices of ferrite are also underlined to distinguish them from
those of j-carbide and M23C6 carbide.
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prior to the eutectoid reaction to reduce the Al content
of the residual austenite. Thus, the second phases of
ferrite and j-carbide existing in the austenite at temper-
atures above the eutectoid temperature are proeutectoid
phases. The occurrence of proeutectoid phases is attrib-
uted to the fact that the original Al content of the
austenite is higher than the eutectoid Al concentration
of the steel. Proeutectoid ferrite and j-carbide appear at
the grain boundaries at temperatures below 1073 K
(800 �C). Separate grains of ferrite and j-carbide exist in
the steel at temperatures of 1073 K and 973 K (800 �C
and 700 �C). Lamellar colonies of ferrite and j-carbide
form at temperatures below 973 K (700 �C) as
j-pearlite. Upon isothermal holding of the Fe-C-Mn-
Al alloy below the eutectoid temperature, for example,
at 898 K (625 �C), proeutectoid ferrite and j-carbide
appear as j-pearlite at the initial stage to reduce the Al
content of the residual austenite. After the proeutectoid
phases of ferrite and j-pearlite develop to a certain
volume fraction, M23C6 carbide appears in the lamellae
of ferrite, j-carbide, as the result of the decomposition
of the retained austenite. Therefore, the overall phase

transformation of the Fe-C-Mn-Al alloy at tempera-
tures below 923 K (650 �C) is the eutectoid reaction, i.e.,
austenite fi ferrite+ j-carbide+M23C6 carbide.
Several different morphologies of M23C6 carbide in

the j-pearlite were discovered. Here, some features of
the M23C6 precipitates are reported. Different colonies
of the j-pearlite are revealed in the BF images shown in
Figure 9. The Fe-C-Mn-Al alloy in Figure 9 underwent
isothermal holding at 898 K (625 �C). The BF image in
Figure 9(a) shows the edge of a j-pearlite colony in the
austenite matrix. Straight lamellar j-carbide plates are
present along with lamellar ferrite grains in which no
M23C6 carbide grains have precipitated. However, this is
not always the case when examining the edges of the
j-pearlite colonies. Some ferrite grains of the j-pearlite
colonies have M23C6 precipitates. The BF images in
Figures 9(b) through (d) illustrate the internal sections
of various j-pearlite colonies. Figure 9(b) reveals some
straight lamellar j-carbide plates, almost perpendicular
in the BF image. Smaller lamellar M23C6 carbide grains
touch j-carbide plates at approximately 45 degrees
and cross the ferrite matrix. Figure 9(c) shows several

Fig. 9—(a) through (d) BF images of the Fe-C-Mn-Al alloy after the isothermal holding at 898 K.
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near-horizontal j-carbide plates in the ferrite matrix.
Thin lamellar M23C6 carbide grains appear in the ferrite
matrix and are nearly parallel to the j-carbide plates.
The lamellar M23C6 grain in the central area is irregu-
larly thin and long. Note that a thin lamellar grain of
M23C6 carbide even adheres to the j-carbide plate on
the lower-right side of the BF image in Figure 9(c). A
different feature of M23C6 carbide in the lamellae is
illustrated in Figure 9(d). Here, some of the M23C6

carbide precipitates are in the form of small grains and
are located in the ferrite between two separate lamellar
j-carbide grains. Other M23C6 carbide grains are in the
form of lamellar grains connected between two
j-carbide plates. Therefore, the BF images in Figure 9
reveal that the M23C6 carbide precipitates can adopt a
range of morphologies in the j-pearlite. Thus far, no
separate lamellae of ferrite and M23C6 carbide without
surrounding lamellar j-carbide grains have been
observed in TEM. All the M23C6 carbide grains appear
in the j-pearlite. Thus, the M23C6 carbide is precipitated

in the ferrite matrix of the j-pearlite. We investigated
several TEM samples and found that at the beginning of
the formation of pearlite colonies, no M23C6 carbide
precipitates are present in the lamellar ferrite grains of
the lamellae, as shown in Figure 7. When the volume
fraction of the lamellar colonies increases above a
certain critical value, the M23C6 carbide grains begin to
precipitate in the lamellae. It is noteworthy that in the
BF observation of Figure 9(a), it is difficult to determine
whether the j-pearlite is located at the grain boundary
or not. If it is, this might also indicate the initial growth
stage of proeutectoid j-pearlite.
From the above observations, we determine the upper

temperature limit of the eutectoid reaction to produce
lamellae of ferrite, j-carbide, and M23C6 carbide as
lying between 923 K and 898 K (650 �C and 625 �C).
Though we did not acquire sufficient data to obtain the
complete TTT diagram for the eutectoid reaction, it is
still possible to determine the temperature of the nose
region of the TTT curve by isothermal holding of the

Fig. 10—The OMs of the steel after solution heat treatment at 1373 K and holding at different low temperatures for 100 h. The temperatures are
indicated as follows: (a) 898 K, (b) 873 K, (c) 848 K, and (d) 823 K.
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steel at various low temperatures, while maintaining the
same holding time interval of 100 hours, by means of
the OMs shown in Figure 10. The temperatures for the
isothermal holding process in Figures 10(a) through (d)
are (a) 898 K (625 �C), (b) 873 K (600 �C), (c) 848 K
(575 �C), and (d) 823 K (550 �C). The figure shows that
the volume fraction of the j-pearlite is the highest at
848 K (575 �C) (Figure 10(c)). Therefore, we conclude
that the nose temperature of the TTT curve for the
appearance of the pearlite phases in the Fe-C-Mn-Al
alloy is close to 848 K (575 �C).

Various M23C6 grains in the ferrite matrix of
j-pearlite have been investigated at temperatures below
898 K (625 �C). Figure 11 shows the OM and TEM
analyses for the alloy after 100-hour isothermal holding
at 873 K (600 �C). As the OM shows in Figure 11(a),
the j-pearlite colonies occupy a greater volume fraction
in the austenite than those of the alloy treated at 898 K
(625 �C), as shown in Figure 6. The BF images in
Figures 11(b) and (c) show the internal parts of two
different pearlite colonies. The lamellae are composed of

the ferrite matrix, continuous long and thick j-carbide
plates, and a thin layer or small grains of M23C6 carbide.
Figure 11(d) is the corresponding SAD pattern taken
from the thin lamellar l23C6 carbide and its neighboring
ferrite matrix in Figure 11(c). The zone axes of the SAD
pattern from the M23C6 carbide and ferrite are along the
[011]C and [111]a directions, respectively. The same K–S
OR, mentioned before, exists between the FCC M23C6

carbide and BCC ferrite, i.e., [011]C//[111]a and (111)C//
(101)a.
A series of secondary electron images (SEIs) from the

SEM are shown in Figure 12 after the steel has
undergone 100-hour isothermal holding at 873 K
(600 �C). The SEI in Figure 12(a) is at the lowest
magnification and the field shown covers all other SEIs
in Figures 12(b) through (f). Figures 12(b), (c), and (d)
represents one series of SEIs of a given region of
Figure 12(a) at increasing magnifications, and
Figures 12(e) and (f) shows another part of Figure 12(a)
at increasing magnification. The compositions of the
constituent phases shown in the SEIs have also been

Fig. 11—(a) The OM showing large j-pearlite colonies in the austenite. (b) and (c) The BF images revealing the internal portions of various
j-pearlites. (d) The SAD pattern taken at [011] M23C6 carbide and [111] ferrite matrix in (c). The heat treatment of the alloy was the solution
heat treatment at 1373 K and 100-h isothermal holding at 873 K.
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measured by the EDS (which is a standard accessory of
the SEM). Thus, it is not difficult to determine the
constituent phases in the SEI from the compositions,
morphologies, and relative locations of the phases in the
austenite. In Figures 12(d) and (f), we marked the
constituent phases distributed in the j-pearlite for easy
comparison, for example, a for ferrite matrix, j for
j-carbide, and C for M23C6 carbide. Austenite is also
marked as c as the OM in Figure 12(f) covers some
portions of the austenite matrix. The j-pearlite consist-
ing of ferrite, j-carbide, and M23C6 carbide developed in
the austenite. In the j-pearlite, ferrite is the matrix, thick

j-carbide plates run through the matrix, and small
plates or grains of M23C6 carbide are distributed
between the j-carbide plates. After the determination
of the phases in SEIs, it was found that the relative
heights of the constituent phases from the highest to
lowest in the SEI are as follows: M23C6 carbide,
j-carbide, austenite, and ferrite.
Lamellae of ferrite and j-carbide in the proeutectoid

and eutectoid reactions are lamellar pearlite.[9] However,
the M23C6 carbide precipitating in the j-pearlite is,
somehow, not always lamellar. Judging from various
micrographs in the SEM and TEM studies of the M23C6

Fig. 12—(a) through (f) SEIs, with different magnifications from the SEM for the steel after isothermal holding at 873 K for 100 h. (a) is at the
lowest magnification and the field shown covers all other SEIs in (b) to (f). (b), (c), and (d) represent one series of SEIs of a given region in (a)
at increasing magnifications. (e) and (f) show another part in (a) at increasing magnifications. In (d) and (f), thin irregular lamellar and isolated
small grains of M23C6 carbide are between thick lamellar layers of j-carbide (c: austenite; a: ferrite; j: j-carbide; and C: M23C6 carbide.).
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carbide, we might think of the shape of M23C6 carbide in
the lamellae as thin, long rods, not lamellar plates
similar to j-carbide. Thus, if viewing the M23C6 carbide
in different directions, it can occur in the form of thin,
long (lamellar) grains, such as those shown in
Figures 9(c), 11(a), and 12(d), and in the form of small
(non-lamellar) grains, such as those in Figures 9(d) and
12(f).[9] When long, thick lamellar j-carbide grains,
along with ferrite, move forward into the austenite
matrix, M23C6 carbide may or may not precipitate inside
the ferrite matrix. Ferrite may occur with M23C6 carbide
grains in the lamellae. Some thin M23C6 layers in the
ferrite may be nearly parallel to the thick j-carbide
plates. They may be connected between two parallel
j-carbide plates. Thin lamellar M23C6 carbide grains
may contact the j-carbide plates at one end and cross
the ferrite matrix at the other end. Some small separate
M23C6 grains may be located in the ferrite matrix
between lamellar grains of j-carbide. Thus, most thin
lamellar grains and small grains distributed in the ferrite
matrix between thick j-carbide plates are M23C6 carbide
grains. We have seen clusters of M23C6 carbide in the
ferrite matrix, which closely resemble M23C6 pearlite in
Fe-C-Mn-Al alloys.[14,15] However, in the SEM study, it
is quite clearly shown that M23C6 grains in the ferrite
matrix are surrounded by long j-carbide plates, for
example, in the center circled area in Figure 13(f), and
thus, it is not a M23C6 pearlite, but a part of the
j-pearlite.

The study of the j-pearlite colonies at temperatures
below 873 K is shown in Figure 13. Figure 13(a) and (b)
illustrates a TEM study of the steel after 100-hour
isothermal holding at 848 K and 823 K (575 �C and
550 �C), respectively. The BF image in Figure 13(a)
shows the internal section of the j-pearlite of the steel at
848 K. The matrix phase of the lamellae is ferrite, long
and thick lamellar grains are j-carbide, and M23C6

carbide grains are in the form of small lamellar grains
located between j-carbide plates. Figure 13(b) shows a

BF micrograph of the j-pearlite at 823 K (550 �C). The
M23C6 carbide grains are in the form of small separate
grains between j-carbide plates which are located in the
ferrite matrix. Note that the size of the second phases
becomes smaller than those produced at higher temper-
atures, for example, at 898 K (625 �C) as shown in
Figure 9. Thus, the eutectoid product phases of ferrite,
j-carbide, and M23C6 carbide appear in the austenite
matrix at temperatures of 848 K and 823 K (575 �C and
550 �C). When we investigated the constituent phases of
the j-pearlite for the steel isothermally held at 773 K
(500 �C) for 100 hours, only lamellae of ferrite and j-
carbide were discovered. No M23C6 carbide was found.
The lack of M23C6 carbide in the ferrite matrix of the j-
pearlitemight be due to the short isothermal holding time.
All the constituent phases at various temperatures are

summarized in Table I. The compositions of the con-
stituent phases at different temperatures are also sum-
marized in Tables II(a) and (b). According to
Table II(b), we plotted the variations of the Fe, Mn,
and Al compositions of the constituent phases with
temperature in Figure 14. The metallic compositions (at.
pct) of ferrite, j-carbide, and M23C6 carbide are
revealed in Figures 14(a), (b), and (c), respectively.
From Table II and Figure 14, we can see that the Mn
content in ferrite and j-carbide varies with the temper-
ature. Upon decreasing the temperature, the Mn content
of ferrite decreases, while that of j-carbide increases.
The Al contents of all the constituent phases were not
affected by temperature change. The variation of the
metallic compositions of the austenite and M23C6

carbide with temperature is uncertain. Thus, it is
somewhat difficult to determine the eutectoid trough
by tracing the concentration variation of the austenite
with decreasing temperature.
Before discussing the possible growth mechanism of

the eutectoid phases, we must recognize that the
nominal carbon concentrations of the constituent
phases, in descending order, are M23C6 carbide,

Fig. 13—TEM BF observation of the steel after isothermal holding at (a) 848 K and (b) 823 K for 100 h.
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j-carbide, austenite, and ferrite. During the growth of
the proeutectoid j-pearlite in the austenite, prior to the
eutectoid reaction, lamellar ferrite and j-carbide may
grow cooperatively. Ferrite grows to consume the Al
atoms from the austenite and to expel excess Mn and C
solutes to the austenite. Thus, areas adjacent to the
ferrite grains are suitable for the growth of j-carbide
grains with a high Mn and C concentration. During the
j-carbide growth, Al, Mn, and C atoms are depleted
from the neighboring austenite regions. Areas low in Mn
and C solutes are favored sites for the growth of ferrite.
However, both ferrite and j-carbide have higher Al
concentrations than the austenite. For the conservation
of the solute atoms, a net flux of Al atoms must be
supplied from the austenite matrix away from the
reaction front. Thus, Al atoms migrate from the distant
austenite matrix to the growing edge of the lamellar
ferrite and j-carbide. This causes low Al content of the
residual austenite, the composition of which may be
close to the eutectoid composition. After the growth of
the proeutectoid j-pearlite, the composition of the

residual austenite approaches the eutectoid composi-
tion. Retained austenite decomposes into ferrite,
j-carbide, and M23C6 carbide following the eutectoid
reaction. Therefore, the average concentration of the
final product phases must be equal to that of the
retained austenite as the result of the eutectoid reaction.
In accordance with the calculated phase diagrams in

Figure 2, the constituent phases of the Fe-C-Mn-Al alloy
upon cooling from 1073 K are as follows: austen-
ite fi austenite+ ferrite fi austenite+ ferrite+ j-car-
bide fi austenite+ ferrite+ j-carbide+M7C3 car-
bide fi ferrite+ j-carbide+M23C6 carbide. However,
according to Table I, the experimentally determined
phases of the Fe-C-Mn-Al alloy upon decreasing the
isothermal holding temperature below 1023 K (750 �C)
are as follows: austenite fi austenite+ ferrite fi aus-
tenite+ferrite+j-carbide fi austenite+ferrite+j-car-
bide+M23C6 carbide. When the experimentally
determined phases shown in Table I are compared with
those theoretically calculated in Figure 2, the most
significant difference is that no M7C3 carbide was found

Fig. 14—According to Table II(b), the variations of the metallic compositions (at. pct) with temperatures (K) in the constituent phases of the
alloy: (a) ferrite, (b) j-carbide, and (c) M23C6 carbide.
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experimentally. Otherwise, the temperatures for the
appearance of ferrite and (ferrite+ j-carbide) in the
austenite matrix are quite similar, although approxi-
mately 30 K lower for the theoretical calculation. How-
ever, the temperature for the appearance of the M23C6

carbide is much lower in the calculated phase diagram. It
is worth noting that even in the calculated phase diagram
in Figure 2(e), there are sudden jumps in the proportions
of ferrite, j-carbide, and M23C6 carbide because of the
disappearance of the retained austenite, and this might be
the evidence of the eutectoid reaction: austenite fi fer-
rite+ j-carbide+M23C6 carbide. Therefore, the theo-
retical prediction of the eutectoid reaction is coincidently
matched with experimental observation.

IV. CONCLUSIONS

The eutectoid reaction in a quaternary Fe-C-Mn-Al
alloy has been investigated at a composition of Fe-13.5
Mn-6.3 Al-0.78 C (wt pct). The upper temperature limit
for the eutectoid reaction lies between 923 K and 898 K
(650 �C and 625 �C). Lamellae of ferrite, j-carbide, and
M23C6 carbide are involved in the eutectoid reaction
after the retained austenite decomposes as follows:
austenite fi ferrite+ j-carbide+M23C6 carbide. As
the Al content of the steel is higher than that of the
eutectoid composition, ferrite and j-carbide, which
contain higher Al contents than the austenite, appear
in the austenite prior to the eutectoid reaction. There-
fore, ferrite and j-carbide initially play roles as proeu-
tectoid phases to reduce the Al content of the retained
austenite, which decomposes into ferrite, j-carbide, and
M23C6 carbide during the eutectoid reaction at a later
stage. Proeutectoid ferrite and j-carbide appear at the
grain boundaries at temperatures below 1073 K
(800 �C). Separate grains of ferrite and j-carbide exist
in the steel at temperatures between 1073 K and 973 K
(800 �C and 700 �C). Lamellar colonies of ferrite and
j-carbide form at temperatures below 973 K (700 �C) as
j-pearlite. During isothermal holding at temperatures
below the eutectoid temperature, lamellae of ferrite and
j-carbide, i.e., the proeutectoid phases, develop at the
grain boundaries prior to the eutectoid reaction, and
M23C6 carbide appears in the ferrite matrix as either
irregular thin lamellar grains or small isolated grains in
the lamellae after the proeutectoid j-pearlite colonies
grow above a certain volume fraction. Therefore, M23C6

carbide, j-carbide, and ferrite are product phases from
the eutectoid reaction.
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