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1. Introduction

One approach to increase the specific properties of steel
consists to add large aluminium content, allowing to reduce
density: in that way, a 10% decrease of the density of steel
could be achieved by alloying iron with 10 wt% aluminium,
that is a low cost element, easily produced and which pres-
ents good corrosion and oxidation resistance.1) But these in-
teresting properties are balanced by the improved sensitiv-
ity to environment and in particular hydrogen which weak-
ens the alloy (leading to transgranular cleavage or inter-
granular cracking resulting from the penetration of hydro-
gen into the lattice). We can also mention the low ductility
and impact resistance at low temperature and the low creep
resistance at high temperature. All that points lead to delay
commercial applications of iron aluminides.

In order to increase the intrinsic mechanical properties of
the Fe–Al alloys, manganese and carbon additions seem
promising candidates: on one hand, manganese and carbon
stabilize the austenitic domain allowing to achieve an
alpha/gamma phase transformation in the otherwise totally
ferritic Fe–Al alloy.2) This allows to obtain a /g duplex mi-
crostructure for manganese content less than 10 at%, which
may lead to structural hardening and total stabilization of
the austenite for manganese content above 10 at%, leading
to TWIP or TRIP effects. On the other hand, by the ability
to precipitate new carbides, called kappa, from which it is
believed that structural hardening can be obtained. The
kappa phase is a perovskite-type crystallographic structure
with an ideal stoichiometry: Fe3AlC. But exact composition
of the kappa phase is hard to obtain, as explained by Palm

et al.3): “the solubility of carbon in iron–aluminum melts
decreases rapidly with decreasing temperature leading to
the precipitation of primary graphite . . . Therefore, single-
phase material of the kappa-phase cannot be obtained di-
rectly from the melt.” and: “Even after quenching one has
to make sure that no change in composition and in phases
equilibria take place during cooling to room temperature.
This is especially crucial in case of the kappa phase: its ho-
mogeneity range is markedly shifted to higher C-concentra-
tions with decreasing temperature”. They estimate kappa
composition as Fe4�yAlyCx (0.8<x<1.2 and 0.42<y<0.71).3)

But other authors describe it as Fe3AlCx.
4) Precipitation of

this carbide in quaternary Fe–Al–Mn–C alloys can occur
from austenitic or ferritic matrix depending on the alloying
element contents. Manganese atoms place in substitution on
the iron atoms sites and transforms the stoichiometry of
carbides to (Fe, Mn)3AlCx.

Until now, the main research works on quaternary alloys
concern high manganese content alloys (�20 wt%) which
present austenitic matrix. High manganese austenitic Fe–
Mn–Al–C alloys are considered as strong alternatives to
conventional stainless steels. Most of the studies on these
alloys focus on the mechanical properties improvement by
carbide precipitation5–7) or TWIP/TRIP effect development
by manganese addition.1,8–11)

Ferritic matrix may also be interesting for mechanical
properties if additional elements (C, Mn...) allow to precipi-
tate new phases (g or k) enhancing matrix mechanical
properties. This work concerns low manganese content
quaternary alloys (2 to 10 wt%) which present ferritic ma-
trix. This study aims to obtain multiphase microstructure
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(g /k /a or k /a) and improve the understanding of phase
transformation in this system, by estimating phase transfor-
mation temperature between 0 and 1 550°C and characteriz-
ing the microstructure for several heat treatments between
900 and 1 100°C.

2. Experimental Procedure

Table 1 gives the nominal composition of the alloys used
in this study. The difference between these two alloys is
their manganese contents and they will be referred as “low
Mn” or “high Mn” alloys in the following text. In their re-
ception states, the alloys were homogenised at 1 300°C dur-
ing 45 min, hot rolled between 1 300 and 950°C and water
quenched. Samples were elaborated by Arcelor Research in
form of 150�150�5 mm3 sheets.

Figures 1 and 2 present the microstructure of the alloy in
the reception state. Grains are oriented parallel to the
rolling direction in both cases.

The “low Mn” alloy presents a three phases microstruc-
ture with globular precipitates (Fig. 2(A)) while the “high
Mn” alloy seems to be a two phases microstructure with
lamellar precipitates but consists of three phases (Fig.
2(B)). Transmission electron microscopy (TEM) analysis
revealed that for the “low Mn” alloy, precipitates consist of
kappa thin border and inner austenite while for the “high
Mn” alloy, precipitates consist of austenite containing small
ordered domains with a very thin border of kappa (less than
1 mm) represented by the small needles surrounding the
inner austenite (Fig. 2(B)). Initial phase fractions of precip-
itates were measured: 16% for the “low Mn” alloy and
18% for the “high Mn” alloy.

First, differential thermal analyses (DTA) were per-
formed to estimate phase transformation temperature in the
range 0–1 550°C. These first experiments allowed us to
choose an interesting temperature range to study phase’s
equilibrium by isothermal treatment. These were performed
between 900 and 1 100°C. For DTA, the samples were cut
from the initial sheet as small sticks with rectangular sec-
tion of dimension 2.5�2.5�5 mm3. While for isothermal
treatment, samples were prepared as 10�10�5 mm3 plates.

Differential thermal analysis treatments were performed
on a SETARAM SETSYS 1750 DTA recorder that allows
investigation up to 1 600°C. Each run is performed under
argon gas flow, on a sample of �150 mg placed in an alu-
mina crucible, the reference is constituted of the same mass
of alumina powder placed in another alumina crucible.

Two types of treatments have been achieved, the first one
consists of a 0–1 550–0°C cycle for different heating and
cooling speeds varying between 5 and 25 K/min (Fig. 3),
the second one is a thermal treatment at fixed heat speed of
10 K/min until different maximal temperatures between
1 000 and 1 500°C were reached. Each cycle is performed
twice to verify the data reproducibility. Due to the low 
confidence in the DTA signal for the low temperature do-
main, complementary measurements were performed be-

tween 0–800–0°C in a differential scanning calorimeter
(SETARAM DSC 120) (Fig. 3). Samples were renewed 
between each experiment to maintain in each the same 
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Table 1. Composition of the studied alloys.

Fig. 1. Optical micrographs of samples in their reception state of
the “low Mn” (A) and “high Mn” alloys (B) (Represent-
ing author�V. Rigaud).

Fig. 2. MEB micrographs in secondary electrons which repre-
sent the multiphase microstructure of precipitate for the
“low Mn” alloy (A) and the one phased structure for the
“high Mn” alloy (B) (Representing author�V. Rigaud).



initial state.
Isothermal annealing treatments at 900, 1 000 and

1 100°C, from 15 min to 148 h for 900 and 1 000°C and
from 15 min to 24 h at 1 100°C, followed by salted water
quench were performed, completed by isothermal treatment
at 1 000°C followed by slow furnace cooling under primary
vacuum, with a cooling time of about 6–7 h. Microstructure
observations were carried out by optical microscopy on
Nital 4% etched samples and on a XL30 S-FEG SEM
equipped with an EDX spectro-analyser. In addition, equil-
ibrium phase’s compositions were measured by WDS elec-
tron microprobe CAMECA SX 50. Phase fractions were
measured by image analysis on optical microscopy image,
using Aphélion® software, on modified Lepera etched sam-
ples. This modified etching solution consists of a first etch-
ing of 10 to 20 s with “100 mL water�1 g sodium metabisul-
fide” mixed with “4 g picric acid�100 mL ethanol”, fol-
lowed by a second etching of 10% sodium metabisulfide
for a few seconds. Such etching was needed due to the high
aluminium content of our alloys, leading to a thick alumina
coating which is enough to prevent usual colouring etch so-
lution to lay down sulphur coating on high carbon content
area. Etching with disulfide allows to remove the protective
alumina coating and to colour the sample (Fig. 4).

Transmission electron microscopy (TEM) investigations
were performed in order to identify the phases nature. Elec-
trolytic polishing of thin foils is a quick and reliable tech-
nique for TEM specimen preparation. However, in the case
of Fe–Al–Mn–C steels, electrolytic polishing generates
preferentially thinned ferrite grains and thicker kappa or
austenite grains. To limit this problem, the most practical
solution has consisted in minimising the electrolytic thin-
ning time by reducing the specimen thickness to 20 mm by
dimple grinding double face. The specimen perforation was
performed using electrolytic polishing (solution composed
of: 950 mL acetic acid�50 perchloric acid, voltage: 70 V,
temperature 16 to 18°C). The specimens were further ion
milled (1 mA total current, 3.6 kV accelerating voltage, 10°
incidence) for a maximum of 10 min to remove the surface
oxide layers.

The both kappa and austenite have a FCC structure with
a difference in lattice parameter too weak to be observed in
diffraction patterns. However, in addition to the reflection
spots of austenite, kappa phase exhibits some superlattice
spots produced by the ordered microstructure. The identifi-
cation of the kappa phase is based on the presence of these
superlattice reflexions. Figure 5 gives an example of dif-

fraction pattern corresponding to the kappa phase.

3. Results

3.1. Differential Thermal Analysis: Phase Transforma-
tion Temperature

Characteristic thermal analysis data are presented in Fig.
6. The main events attributed to phase transformations are
reversible; each event occurs in the heating cycle and has its
symmetric in the cooling cycle.

Each event was defined by three temperatures (peak
start/peak maximum/peak end). Here we just give the aver-
age event maximum temperature for all the samples stud-
ied. The start and end temperature of events does not ap-
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Fig. 3. DTA treatment performed between 0–800–0°C (dotted
line) and 0–1550–0°C (full line) (Representing author�
V. Rigaud).

Fig. 4. Optical micrograph of modified Lepera etched sample.
Kappa phase appears in white, while ferrite appears in
dark. Colour shading in matrix is due to the reduced car-
bon content near grain boundary, acting as carbon trap
(Representing author�V. Rigaud).

Fig. 5. Diffraction pattern of the kappa phase: zone axis [110]. A
diffraction pattern of austenite in the same orientation
only exhibits the crosses (Representing author�J.
Drillet).

Fig. 6. Reversibility of DTA events during heating and cooling
for the “low Mn” (A) and the “high Mn” (B) alloys (Rep-
resenting author�V. Rigaud).



pear due to the strong dependence of these temperatures to
the heating and cooling speeds and the definition of the
baseline. Events are defined as part of the curve presenting
at least one slope change more or less pronounced (Figs.
7(A) and 7(B)).

The different reversible events identified are presented in
Table 2 (�10°C). The same events are present in the two
alloys except the event 2, which is only present in the “high
Mn” alloy. The events 1 to 4 are not very intense comparing
to events 5 and 6. One hypothesis to explain this could be
the low corresponding phase fraction of second phase pre-
cipitate and strong spreading over a large range of tempera-
ture, in particular for event 4. Comparing the two alloys
thermograms illustrate the effect of the manganese content
on transformation temperature in solid state. The more the
alloy contains manganese, the more the transformation tem-
peratures are shifted to higher temperatures. Metallographic
analysis should give more information on the different
phase fields.

The continuity between the two types of experiments is
good, as can be seen on observing the event 2 (see Table 2).
The following table gives the corresponding temperature of
the different events identified by differential thermal analy-
sis. Events 5 and 6 were identified as solidus and liquidus
due to their characteristic shape. Temperatures presented in
Table 2 are average temperatures for heating and cooling
cycle.

Table 3 presents average temperatures for solidus and
liquidus for the different cycles. Temperatures are lower for
the cooling cycle due to the microsegregation of slow dif-
fusing elements during solidification step.

To summarize, DTA experiments allowed us to note the
presence of some events for which we associated estimated
temperatures (Table 2). We also determined an average
value for the liquidus and solidus temperature of the two al-
loys.

3.2. Differential Thermal Analysis: Microstructural
Analysis

3.2.1. As Solidified State

Two different microstructures are observed depending on
the manganese content for a cooling speed of 10 K/min
(Fig. 8). For the “low Mn” alloy, the microstructure consists
of two phases with a ferritic matrix and k phase precipi-
tates. These precipitates present a ring-like structure from
which the border of the ring consists of homogeneous
kappa phase while the inner part consists of small globular
kappa precipitates and ferrite with modified alloying ele-
ment contents (Fig. 8(A)).

For the “high Mn” alloy, the microstructure is composed
of three phases: the ferritic matrix, kappa precipitates and
the austenitic phase. In such alloy, the kappa precipitate sur-
rounds as a thin border (from 1 to 5 mm thick) the thick ho-
mogeneous austenitic phase (from 20 to 10 mm thick) (Fig.
8(B)).

In order to determine the solid state transformation path
which leads to the microstructure presented on Fig. 8, and
to identify the events obtained by DTA, we decided to com-
pare the microstructure of our two alloys obtained after one
DTA cycle (melting and solidification). Table 4 gives the
phase fractions of precipitates in the matrix after DTA treat-
ment at 1 550°C. These precipitates were identified as
kappa phase for the “low Mn” alloy and k�g for the “high
Mn” alloy by EDX analysis. The phase fractions indicated
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Table 2. Events identified as phase transformations for the
two alloys by DTA.

Table 3. Average temperature for solidus and liquidus for the
different thermal cycles of the two alloys.

Table 4. Phase fraction constituting precipitates after DTA
treatment at 1 550°C with a heating and cooling rate
of 10 K/min.

Fig. 7. Characteristic DTA (A) and DSC (B) curves for the “low
Mn alloy” and the “high Mn alloy” during heating (Rep-
resenting author�V. Rigaud).

Fig. 8. Optical micrographs of “low Mn alloy” (A) and “high
Mn alloy” (B) after two thermal analysis cycles up to
1 550°C (10 K/min) (Representing author�V. Rigaud).



for kappa in the “high Mn” alloy is not accurate due to the
fact that our image analysis software does not discern the
kappa ring-like structure and the inner globular austenite
precipitates (Fig. 8).

DTA as solidified microstructure analysis shows two dif-
ferent kinds of precipitates depending on the manganese
content of the alloy. “Low Mn” alloy presents about 10% of
kappa globular precipitates, while the “high Mn” alloy
presents about 20% of lamellar precipitates consisting of
austenite with a thin border of kappa phase.

3.2.2. Microstructure after Thermal Cycling

Figure 9 presents the typical microstructure observed in
both alloys, after different 20°C–X°C–20°C DTA runs re-
alised on sample in reception state at a heating and cooling
rate of 10 K/min (with X varying between 1 000 to 1 500°C
by steps of 100°C).

Two distinct microstructures can be observed depending
on the maximum temperature reached during the thermal
treatments:
– When the maximum temperature of the treatment ex-

ceeds 1 200°C, the microstructure obtained is identical to
the as solidified one, previously described (compare 
Fig. 9(A)–(B) and Fig. 8(A)–(B)).

– When the maximum treatment temperature is lower than
1 100°C, a different microstructure is observed. For the
“low Mn” alloy, the microstructure is composed of a�k
phases, with kappa globular precipitates forming aggre-
gates inside the matrix (Fig. 9(C)). For the “high Mn”
alloy, the microstructure is also consisting of two phases,
the kappa phase changes from the thin border structure to
the “ring-like” type presented for the as solidified state.
In this latter case, inner austenitic phase of precipitates
observed at high temperature disappeared (Fig. 9(D)).
To summarize, we obtain the same kind of microstruc-

tures for the two alloys, consisting of ferritic matrix and
kappa precipitates, after different DTA cycling with maxi-
mum temperature under 1 100°C. While the microstructure
are identical to the one observed for each alloy in the as so-
lidified state, after different DTA cycling with maximum
temperature above 1 200°C.

3.3. Thermal Treatment: Microstructure Analysis
3.3.1. Isothermal Holding

Isothermal treatments followed by water quench were
performed from 900 to 1 100°C. First, these treatments al-
lowed us to characterize the microstructures of the alloys at
these temperatures and their formation kinetics represented
by their phase fraction evolution with treatment time. Next,
it gives us information related to phase equilibrium at these
temperatures.

Typical microstructures are presented in Fig. 10, corre-
sponding to 30 min annealing at different temperatures. All
the samples exhibit a ferritic matrix. The “low Mn” alloy
presents kappa precipitates (Fig. 10(A)), while the “high
Mn” alloy presents mainly austenitic precipitates (Fig.
10(B)), as identified via TEM (Figs. 11 and 12).

In Fig. 10(B), we observe mainly austenite in precipitates
but we can suppose the presence of a very thin kappa bor-
der by continuity with previous observations, which were
not characterized precisely.

The analysis of these micrographs illustrates that it ap-
pears an acicular structure during the quench. These struc-
tures correspond to a quench phase. Literature suggests that
it can correspond to three different phases: 18R martensite,
austenite or kappa.6,12–14) 18R martensite can be excluded
from the conceivable precipitating phases due to the fact
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Fig. 9. Optical micrograph of “low Mn alloy” (A and C) and of
“high Mn alloys” (B and D) after two thermal analysis
cycles up to 1 500°C at 10 K/min (Magnification �500).
A and B are representative of treatments performed above
1 200°C, while C and D are representative for treatments
under 1 100°C (Representing author�V. Rigaud).

Fig. 10. Optical micrograph of sample from the two alloys after
isothermal annealing during 30 min at different temper-
atures followed by salted water quench for the “low Mn
alloy” (A) and the “high Mn alloy” (B). Magnifications
are different to make satisfactory observations on each
alloy (Representing author�V. Rigaud).

Fig. 11. Low Mn content. Sample quench after 30 min of hold-
ing at 900°C. TEM micrograph (a) and diffraction pat-
tern (b). Kappa: zone axis [001] (Representing
author�J. Drillet).



that they appear under the form of �100 mm long plates in
samples quenched from above 1 300°C.6,12) The precipita-
tion of this quenched structure enlightens a needle free area
around the precipitates. The precipitates in the two alloys
present high carbon contents, draining all the carbon of the
surrounding matrix, which explains the needle free zone
around them. The reader should imagine the same mi-
crostructures without the needles to have an idea of what
they should look like at high temperature.

Figure 13 presents phase fraction evolution with treat-
ment time. We can conclude that phase fraction decrease
with increasing treatment time at these temperatures. We
consider that equilibrium is achieved when the phase frac-

tion does not change anymore with treatment time. As the
alloy is enough isotropic, we consider that measured sur-
face phase fractions are representative of volume fractions.

Table 5 presents the phase fraction at equilibrium. The
following statements can be made:
– At 900°C, the equilibrium is obtained after 8 h of treat-

ment for the “high Mn” alloy, while the volume fraction
of second phase still decreases after 24 h of treatment for
the “low Mn” alloy. In both cases, the equilibrium struc-
ture is composed of two phases: a and k .

– For treatment performed at 1 000°C, 1 h of annealing
treatment is sufficient to stabilize the “high Mn” alloy in
a a�g microstructure while the “low Mn” alloy equilib-
rium is single phase a after 24 h of annealing.

– At 1 100°C, stabilization of the equilibrium a�g struc-
ture is reached in less than 15 min for the “high Mn”
alloy, as well as the total dissolution of kappa for the
“low Mn” alloy.
The decrease of the austenitic precipitates fraction with

the increase of temperature shows that the equilibrium
should be fully ferritic at temperatures far above 1 100°C.
The manganese content in “high Mn” alloy is responsible
of the austenite phase fraction stabilization at lower temper-
ature (Fig. 13).

We also measured particles size by image analysis at 900
and 1 000°C (Fig. 14). The radius increases with treatment
time, which is characteristic of coarsening mechanisms. But
the chemical composition has no strong effect on it as can
be seen from Fig. 13 and Table 6.

The coarsening kinetics coefficient a of the precipitates,
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Table 5. Precipitate phase fraction at equilibrium between 900 and 1 100°C.

Table 6. Value of the proportionality coefficient a�(3DsNaVm/2RT) as a function of the maximum temperature of
treatment depending on the manganese content.

Fig. 12. High Mn content. Sample quench after 24 h of holding
at 1 000°C. TEM micrograph (a) and diffraction pattern
(b). Austenite: zone axis [110] (Representing author�J.
Drillet).

Fig. 13. Phase fraction evolution with treatment time at different
temperatures (A: 900°C, B: 1 000°C and C: 1 100°C)
(Representing author�V. Rigaud).

Fig. 14. Radius evolution of particles in function of treatment
time (A: 900°C, B: 1 000°C) (Representing author�V.
Rigaud).



determined from the measurements of the volume fractions
in accordance to Greenwood’s law: r3�r0

3�a · t15) is re-
ported in Table 6.

3.3.2. Slow Furnace Cooling

Slow furnace cooled samples from 1 000°C were
analysed in order to investigate the effects of the cooling
rate on the microstructure evolution. The results are pre-
sented in Figs. 15 and 16.

For the “low Mn” alloy, the two samples present an a�k
microstructure with more or less globular precipitates. For
higher cooling speed, precipitates are thicker and the corre-
sponding phase fraction is higher. This observation sug-
gests that this phase is not kappa, but could be austenite.
Kappa is a stoichiometric compound, for which stoichio-
metric deviations are not enough important to cause phase
fraction modifications. Precipitate distribution in the alloy
is more homogeneous for slow cooling speed, the precipi-
tates begin to form aggregates for the higher cooling speed.

For the “high Mn” alloy, precipitates show ring like mi-
crostructure and are homogeneously distributed. For the
slow cooling speed, precipitates consist of inner austenite
with continuous kappa ring around it, which remind the mi-
crostructure observed for high temperature DTA experi-
ments (maximum treatment temperature above 1 200°C).
While it consists of kappa phase lonely for higher cooling
speed. The kappa phase fraction seems identical for the two
cooling speeds but the precipitates size increases, while the
austenite disappeared for faster cooling.

From the same initial state, the same maximum treatment
temperature and the same holding time, increasing cooling
speed increases precipitates size but influence austenite
transformation. Precipitates distribution may also be influ-
enced by the cooling speed.

3.4. Microprobe Analysis

Microprobe analyses were performed to enhance our
knowledge on phase’s equilibrium. Measurements of iron,
aluminium and manganese contents have been performed
by electron probe analysis on the different phases of the al-
loys after 148 h of annealing at 900°C followed by quench
(Fig. 17).

Figure 17 shows horizontal content profiles for all the el-
ements in the different phases. This illustrates the fact that
there is no concentration gradient at the microprobe scale,
but TEM experiments revealed that such gradients exist at
100 nm scale. This means that equilibrium is not com-
pletely reached for this isothermal treatment time at 900°C,
despite the results of the phase fraction analysis. Matrix and
precipitates composition are homogeneous.

For the “low Mn” alloy, the k phase presents an alu-
minium content of about 11.1 wt%, which is far from the
admitted stoichiometric value for k and higher than the ma-
trix one. It also presents higher manganese and calculated
carbons contents than the matrix ones.

Austenitic precipitates of the “high Mn alloy” show alu-
minium content of about 7.5 wt%, which shows that alu-
minium has a strong a-like effect and is essentially present
in the matrix. The manganese and calculated carbon con-
tents of austenitic precipitate are higher than the matrix
ones, which is characteristic of the strong g-like nature of

these elements.
From the aluminium and manganese content profiles, it

can be concluded which is the phase studied, but carbon
content analysis would provide better information on the k
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Fig. 15. Optical micrograph of a sample heated and held 15 min
at 1 000°C and cooled at different speeds (Representing
author�V. Rigaud).

Fig. 16. Optical micrograph of a sample heated and held 15 min
at 1 000°C and cooled at different speeds (Representing
author�V. Rigaud).

Fig. 17. Al and Mn content in wt% for the two alloys after an-
nealing during 148 h at 900°C (A: “low Mn alloy” and
B: “high Mn alloy”) (Representing author�V. Rigaud).



phase’s stoichiometry.
Table 7 gives the equilibrium concentrations calculated

as an average of the elements content for the different
phases of the two alloys. Carbon contents were calculated
by subtracting average iron, aluminium and manganese
contents from 100%, considering that it should be the main
element remaining. It must not be taken as quantitative
value but as information on the variation direction.

These microprobe analyses give us one tie-line of the
quaternary equilibrium phase diagram at 900°C. The man-
ganese and aluminium contents are higher in the kappa
phase than in the ferritic matrix for the “low Mn” alloy. The
manganese content is higher in the austenitic phase than in
the ferritic matrix for the “high Mn” alloy, while the alu-
minium content is lower than the matrix one.

4. Discussion

This section will try to describe which are the solid state
transformation paths involved in the microstructure forma-
tion for the two alloys studied. We will explain the observed
DTA events with our metallographic and phase nature
analyses.

4.1. DTA Analysis
4.1.1. Low Mn

From our heating experiments, the first particle of ferrite
appears in the liquid at �1 540°C. The last droplet of liquid
disappears at �1 460°C, as stated by Table 2. Table 4 repre-
sents phase fraction evolution, it shows that the precipita-
tion occurs between 1 100 and 900°C during cooling. At
this point, we need to make the hypothesis that austenite
should appear in the samples to be in agreement with the
observations made on the initial hot rolled state. Metallo-
graphic observations do not allow concluding on the nature
of the event 4, but considering the previous hypothesis, we
can suppose that it must exist an a�g domain. This can be
related to event 4 of DTA analysis. Equilibrium experi-
ments allow us to note that at 900°C, stable equilibrium
phases are a�k , while above 1 100°C, it is a only. This
kappa precipitation can be related to event 3 observed in
DTA experiments, as confirmed by DRX analysis. The re-
maining event 1 at 300°C, which is more intense during
cooling, and exhibits a lambda-like shape that can be attrib-
uted to the para-/ferro-magnetic transition.1) This transition
is also strongly affected by additional elements.16,17)

4.1.2. High Mn

Starting from liquid state, the first solid ferrite particles
will appear from liquid since 1 520°C and a fully solid state
is reached at 1 435°C. Equilibrium experiments allow us to
note that equilibrium consists of two phases a�g at 900,
1 000 and 1 100°C. The phase fraction of austenite de-

creases with increasing temperature. Comparing this equi-
librium results with the DTA results allow us to assimilate
the event 4, extended between 800 and 1 400°C, with the
formation of austenite which is due to the high manganese
content which stabilizes the corresponding phase field to
lower temperature than the one for the “low Mn” alloy.
DTA event 3 corresponds to kappa precipitation as for “low
Mn” alloy. The shift between the two alloys phase transfor-
mation temperature can be attributed to the grain bound-
aries acting as carbon traps, which leads to out of equilib-
rium structure. Event 2 can be attributed to spinodal de-
composition of austenite into kappa phase, as stated by lit-
erature.18,19) The event 1 should correspond to the magnetic
transition due to the shape of the event.

4.2. Phase Equilibrium

Figure 18 shows a schematic isopleth section of the
quarternary Fe–Al–Mn–C system with carbon and alu-
minium content fixed, in which equilibrium results are rep-
resented in black and in parenthesis the other phase fields
according to the following discussion.

4.2.1. Low Mn

Low temperature stable equilibrium state consists of two
phases a�k (up to 900°C). While it consists only of one
phase a for higher temperatures (more than 1 000°C),
kappa disappears with increasing temperature because
kappa phase is the stable precipitate for low temperature.

The kappa ring-like structure can be attributed to the re-
mains of the reception state which is a non equilibrium
state but comes from thermomechanical treatments (hot
rolling). It presents the same kind of ring-like structure
with inner austenite homogeneous phase. Hot rolling in-
creased the grain boundaries area. Austenite precipitated on
these large grain boundaries, which act as carbon traps,
making austenite precipitation easier. Austenite must have
transformed next into plenty of small globular inner precip-
itates of kappa phase in a modified ferritic matrix during
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Table 7. Equilibrium content of alloying elements in the different phases of our two alloys at 900°C.

Fig. 18. Schematic isopleth section of quaternary Fe–Al–Mn–C
system with C and Al content fixed, in which equilib-
rium results are represented in black and in parenthesis
the other phase fields according to the following discus-
sion (Representing author�V. Rigaud).



isothermal treatment, as observed in our metallographic ex-
periments. At some time, it must have existed a two phase
structure a�g , followed by a three phase structure a�
k�g . This three phase structure should have consisted of a
ferritic matrix, presenting multiphase precipitates. These
precipitates consist of inner austenite embedded by thinner
kappa phase. The inner austenite phase transforms into a
mix of kappa precipitates with depleted/enriched ferritic
matrix during cooling. The corresponding fraction of inner
phase should have been so high that the cooling time was
not enough to allow the remaining kappa precipitates to
coarsen.

From our results, we can suppose that austenite should
appear for temperature between 900 and 1 000°C, leading
to a�k�g and a�g phase fields. These phase fields
should appear just under the identified single phase ferritic
field starting between 1 000 and 1 100°C. The produced
austenite at grain boundaries formed in non equilibrium
conditions.

4.2.2. High Mn

Phase equilibrium consists of two phases a�g between
900 and 1 100°C. On cooling from high temperature, the
austenite, stabilized at high temperature, will start to dis-
solve leading to a three phase structure a�k�g , then lead-
ing to a�k phase field, when decreasing temperature under
800°C.

The evolution of the austenite phase fraction with
isothermal treatment temperature allow us to suppose that
there will be a single phase domain above the a�g phase
field. This domain should appear for temperature above
1 100°C. Experiments showed that the low temperature
austenitic domain stabilisation is linked to the manganese
and carbon contents, which are potent austenite stabilizers
while aluminium content is a ferrite stabilizer.

5. Summary

This study is a step forward to the understanding of solid
state transformation in low manganese content Fe–Al–Mn–
C alloys. Equilibrium phase’s nature was identified at four
temperatures for our two alloys. Equilibrium phase frac-

tions and chemical compositions were determined at
900°C. Thanks to these equilibrium results, we tried to un-
derstand non-equilibrium microstructure observed after dif-
ferent thermal history (DTA cycles, isothermal treatment
followed by quench, reception state) and identify DTA
events in a coherent way. The main role of grain boundaries
in phase precipitation was pointed out and need to be fur-
ther described.

Further experiments should be done into the high tem-
perature domain to determine the limits of the austenite
containing phase fields.
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