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In the last few decades the steelmaking industry has been focusing on lightweight steel
development and the Fe-Mn-Al-C system has been put under the spotlight. In fact, this
quaternary alloy has been shown to be able to lower common steel density by more than
20 wt.%. In addition, these steels may also be suitable for cryogenic applications, corrosion
and high-temperature oxidation resistance and wear resistance. Austenite plays an impor-
tant role in Fe-Mn-Al-C steels because of its possible evolutions. Each configuration derived
from v reaction has its own specific properties and/or drawbacks, which need to be mas-
tered in order to develop valuable products. The aim of this paper is to study the different
austenite decomposition reactions at different temperatures for different chemical compo-
sitions: the microstructures obtained have been characterized by means of optical and SEM
microscopy with the support of Vickers macro-hardness tests, SEM-EDS and phase volume
fraction diagrams. Results have made it possible to characterize four different y transforma-
tions. Limiting conditions for triggering each reaction have been established, in terms of the
chemical composition driving force, thermal energy input and thermodynamic stability of
austenite. Discontinuous precipitation occurred at 600 °C and in a medium Mn, high Al and
high C combination. Cellular transformation developed at 800 °C annealing between 9-12%
Al For 1% C spinodal decomposition was triggered at the expense of cellular transformation,
as far as austenite stability is influenced by the k-carbide driving force as well.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

minium and Ti/Ni/Cr-alloys [1-4]. High Strength Steels have
already been industrialised with success and research has
been improving their properties [5-9] constantly. A lot of steel

The steelmaking industry is making large efforts to develop
lightweight steels, since they have been identified as one
of the best compromises between costs, weight saving and
structural properties in order to compete with expensive alu-
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grades have been developed and over the years and, nowa-
days, advanced high strength steels, such as Dual Phase, TRIP,
TWIP, Q&P, are widely used in the steel industry thanks to
their improved strength-ductility combinations. These prop-
erties are obtained by special alloying and thermo-mechanical
processing [10,11]. On the other hand, Fe-Mn-Al-C steels
are very promising since they make it possible to achieve
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Fig. 1 - Discontinuous precipitation in 600 °C tempered alloys 9A1-10Mn-0.4C (a) and in 9A1-10Mn- 1C (b).

more than 20% density reduction by alloying at least 16 wt.%
of aluminium. In the beginning, the Fe-Al system was tar-
geted as the best candidate, but it showed some important
issues. Aluminium is an a-phase former, its solubility in y-
phase is low and fully ferritic steels often show low ductility.
Aluminium plays the most important role in density reduc-
tion [1,9,12]. Moreover, aluminium enhances microstructure
ordering, which often leads to embrittlement problems. The
breakthrough idea has been to add austenite stabilizers, like
Mn and C, in order to improve microstructures and mechanical
properties [13]. Different microstructural configurations are
obtainable by varying composition and process parameters. A
wide range of constituents and mechanisms can be involved
during processing of this quaternary system [1,12,14-21].
Fe-Mn-Al-C lightweight alloys at Troom are characterized by
the presence of 5 main phases: d/a-ferrite, y-austenite, k-
carbide, MxCy carbides, and B-Manganese. Other phases can
form such as o'/s-martensite, B-bainite and SROs K-state
[1,19,22]. For this reason low-density Fe-Mn-Al-C alloys have
been considered as the most appealing for the future, not only
due to their light weight, but also for the achievable proper-
ties and the possibility of controlling them. These lightweight
steels feature an extended variety of microstructures, that is
why Fe-Mn-Al-C lightweight steels are being developed for
various applications. As first, they were mainly aimed at the
automotive/military/transportation industry [14,16,20,23,24].
They also show good properties for high temperature oxidiz-
ingenvironments [21,22,24] and cryogenic applications [12,25].
Corrosion resistance in aqueous environments is compara-
ble to HSS [1,12] and can be improved with alloying elements
such as Cr and Ni, and in some cases, they reach an oxidation
rate comparable to stainless steels [23]. On the other hand,
this variety comes with very complex metallurgy. Many differ-
ent transformations at different levels are involved: austenite
transformations, ferrite ordering reactions, x-carbide and B-
Mn formation. Moreover, the microstructural evolution is so
sensitive to process parameters and chemical composition
that a significant part of the breakthroughs already gained still
need to be certified by further investigations.

Austenite plays an important role in Fe-Mn-Al-C low-
density steels, not only because of its excellent mechanical
properties, but also because of its possible various evolu-
tions. Understanding of the behaviour of austenite within
these lightweight steels is fundamental. k-Carbides are always

Table 1 - Chemical composition ranges of the tested
Fe-Mn-Al-C grades.

Alloying element Composition (wt%)

Al 9-12

Mn 10-20-30
@ 0.4-1

Fe Bal.

Table 2 - Example of hardening effects of discontinuous
precipitation.

Composition (wWt%) Hardness [HV]

Hot-rolled 600 °C — Tempered

9Al-10Mn-1C 273 439

involved in these transformations, increasing the complex-
ity and variety of microstructures. Each configuration derived
from the vy reaction has its own specific properties and/or
drawbacks, which need to be mastered in order to develop
valuable products. In this study, various microstructure mor-
phologies have been characterized as a function of different
austenite transformations: discontinuous precipitation (y —
Yo + k), precipitation transformation (y — o + k), cellular
transformation (y - o + k Or y — a + k + yp) and spinodal
decomposition (y — yo + v — vo + L1y — vyo + L'1o/E2;).
Discontinuous precipitation is a reaction involving the grain
boundary migration and does not affect the non-transformed
parent phase composition [26]. Cellular transformation, on
the other hand, could be explained as an eutectoid reaction
featuring grain boundary migration [27]. The product phases
of both discontinuous precipitation and cellular transforma-
tion mechanisms are lamellar structures, which usually start
to develop from the grain boundaries. In Fe-Mn-Al-C alloys
such transformations produce intergranular k-carbides that
can form as discrete or continuous/fine or coarse particles
[12,27-29]. If the aging time is extended, such k-carbides form
first on y/y grain boundaries and then they grow towards the
adjacent y-grains [29,30]. Due to their morphology and distri-
bution along boundaries/phase interfaces these intergranular
k-carbides induce serious brittleness. They affect material
structural stability, strength and ductility both during hot-
working, cold-working and under nominal loading conditions
at room temperature [14,31-36].
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Fig. 3 - Heat treatment at 600 °C: (a) 2Al-10Mn-0.4C and (b) 12Al-10Mn-1C.

(b)

Spinodal decomposition, however, generates intragranu-
lar nano-sized cube-shaped k-carbides within the y-phase
[1,37-40], and they are usually associated with strength-
ening effects [1,37]. This transformation has been found
to start from when Al and C additions are made, form-
ing carbon-rich y-phase and carbon-lean y-phase. Then, the
carbon-enriched region evolves into a short-range ordered
SRO-L1; structure. L1, is an ordered y-phase with aluminium
atoms at the corners of the cube and iron/manganese at
the faces. After that, L1, undergoes further ordering of C
atoms, which settle at the octahedral site of the cube lat-
tice, resulting in the formation of E2; and L'l, structures
[1,30,39,41]. Aging is the most common process that trig-
gers spinodal decomposition of austenite [28,30,37,42-46].
Various studies have given different results showing that
alloys featuring different compositions and aging parame-
ters do not behave in the same way. Carbon and aluminium
concentrations mainly affect k-carbide formation [1,38-41].
Al and C amounts influence the chemical driving force
and the coherency strain energy between k-carbides and
v, which are essential for y decomposition [37,43]. As a
matter of fact, some works have also reported spinodal
decomposition occurring during quenching [40,41,43,46]. The
degree of carbon supersaturation in austenite has been
suspected of playing a crucial role in triggering the for-
mation of intragranular k-carbides during fast cooling [43].
Other experiments have revealed fine-k-carbides homoge-
neously dispersed in austenite grains. These are thought to
have formed during quenching, implying a further precipi-

tation on vy/y boundaries during subsequent aging treatment
[30,39,40,44].

2. Experimental procedure

The different alloyed steels were produced by casting using a
100 kW vacuum induction furnace, resulting in 0,5 kg ingots
(Table 1). The ingots were hot-rolled at 1150 °C, obtaining 5
mm flat-products, followed by water quenching. Samples were
heat treated at 600 °C and 800 °C for 30 min, followed by water
quenching.

Through-thickness embedding, grinding and polishing
were performed separately for hot-rolled and heat-treated
samples. All the alloys, at the different processing condi-
tions (hot-rolling and tempering), were analysed using optical
microscopy. An SEM analysis was been performed only on
the selected microstructures. Secondary Electron Images (SEI)
and Energy Dispersive X-rays (EDX) were acquired in order to
analyse the phase morphologies and chemical compositions.
EDX-spectroscopy (EDS) was done to provide qualitative infor-
mation on the local phase composition.

Macro-hardness tests were performed using the Vickers
method. A 5 kg load was applied for all the indentations. 5
indentations per sample were made to perform a powerful
statistical analysis.

Minitab18® software was used to verify the consistency
of the data acquired. Outliers were excluded from the inves-
tigation. Data was plotted in order to highlight chemical
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Table 3 - EDS for Al and Mn in 9Al-10Mn-1C tempered at 600 °C.

wt% Al Mn
B v K vy nano-k B v k vy nano-k
Min 7.8 7.6 8.0 7.8 9.7 9.9 10.2 13.2
Mean 8.2 7.8 8.2 8.0 9.9 10.3 10.4 13.4
Max 8.7 8.0 8.3 8.1 10.0 10.7 10.5 13.6

composition and process effects, by associating them to the
micrographs.

3. Results

3.1.  Discontinuous precipitation

Discontinuous precipitation occurred in alloys treated at 600
°C for lower Mn contents enhancing the hardness of the grades
(Table 2, Fig. 1). Austenite evolved through discontinuous pre-
cipitation into y + k lamellar structures. At 9Al-10Mn-0.4C,
v grains underwent only partial discontinuous precipitation
(Fig. 1(a)), whereas at 9Al-10Mn-1C almost all the austenite
volume was transformed into the above-mentioned lamel-
lar structure, where it might be possible that some a-phase
is also present. Only a few y-band-shaped regions survived
the transformation in the last-mentioned microstructure
(Fig. 1(b)).

Higher magnifications show that at 9Al-10Mn-0.4C dis-
continuous precipitation starts from the grain boundaries
(Fig. 2(a)). Whereas, at 9A1-10Mn-1C most of the austenite is
transformed through the discontinuous precipitation reaction
(Fig. 2(b)). In both cases vy + k-carbide fine lamellae were pro-
duced. Moreover, in the 9A1-10Mn-1C, the non-discontinuous
precipitated austenite seems to have featured nano-sized «-
carbide precipitation, as suggested by EDS (Table 3). This EDS
analysis did not give clear and defined results, but a reason-
able interpretation was given in accordance with the related
microscopy observations.

At 12% Al the reactions involved the whole y volume
(Fig. 3(a)). For example, at 12Al-10Mn-0.4C vy precipitation
produced a multifaceted microstructure. A similar austenite
transformation was also triggered at 12Al-10Mn-1C dur-
ing tempering at 600 °C (Fig. 3(b)). Moreover, it did not
develop y + k-carbide lamellar structures, but an austen-
ite matrix only featured by carbon-depleted vy regions with
globular k-carbides. This austenite transformation was also
accompanied by strong k-carbide precipitation along /vy
boundaries and poor precipitation of «-carbides within
ferrite.
3.2.  Precipitation transformation
In medium Mn with a high Al content of 12% (Fig. 4) tem-
pered at 600 °C, y passed through a more complex random-like
transformation, not as ordered and defined as discontinuous
precipitation, and in this case it was been linked to slight hard-
ening effects (Table 4). As a matter of fact, this transformation
was labelled generic precipitation transformation. Not only vy
+ k lamellae, but also alternated bands of what seem to be two
different austenite grades are observable. Probably, carbon-

100 um

=

Fig. 4 - Precipitation transformation in 600 °C tempered
alloys 12A1-10Mn-1C.

Table 4 - Example of hardening effects of precipitation
transformation on 12A1-10Mn-1C.

Hardness [HV]

Hot-Rolled 600 °C — Tempered

401 420

depleted austenite is one of those two variants of the y-phase,
since also globular k-carbides precipitated in it and not in the
other vy-grade.

3.3. Cellular transformation and spinodal
decomposition

Only the alloys tempered at 800 °C underwent cellular trans-
formation and/or spinodal decomposition. For high Al and C
with medium Mn, austenite underwent both spinodal decom-
position and cellular transformation. This microstructure is
therefore characterised by wide-spread « + a + vy lamel-
lar structures, derived from v cellular transformation, thin
band-shaped &-ferrite grains and scattered regions of spin-
odal decomposed v (Fig. 5(a)), followed by a significant increase
in hardness (Table 5). Then, for higher Al the microstructure
features scattered thin-band-shaped 3-ferrite grains within
a matrix of a + k-carbide lamellae, derived from complete
austenite cellular transformation (Fig. 5(b)). In this case hard-
ness enhancement seems to depend on lamellae dimension
and spacing (Table 5). Increased manganese concentration to
medium-high levels leads to similar phases, but they show
less developed transformation if compared to the previous
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Fig. 5 — Cellular transformation in (a) 9Al-10Mn-1GC; (b) 12A1-10Mn-1G; (c) 12Al-20Mn-1C; and spinodal decomposition in (d)
12A1-30Mn-1C (800 °C tempered alloys). Up: optical microscope micrographies; down: secondary electron images

micrographies.

20kV  X1,000 10pm

20KV '/ X5,000 5pm

(c)

20kV | X5,000 5um

Fig. 6 - 9A1-10Mn-1C at 800 °C. y Transformations: spinodal decomposition in y + nano-sized k-carbides (a, b) and cellular
transformation in k-carbides + a + residual y lamellar structure (c, d).

one. As a matter of fact, y grains present only early cellu-
lar transformed a + k-carbide lamellae at their boundaries
(Fig. 5(b)). At higher C, for high Al and medium-high Mn
grades, their microstructures feature the same phases and
morphologies as the previous alloy, except for the fact that
some austenite grains have developed spinodal decompo-
sition, instead of cellular transformation (Fig. 5(c)). Then,
increasing manganese to high content the austenite grains

were fully spinodal decomposed (Fig. 5(d)). In these cases,
spinodal decomposition contributes to increasing the hard-
ness level of the alloy (Table 5).

Along with the microstructure developed in 9Al-10Mn-1C
at 600 °C, the microstructure obtained at 800 °C for the same
alloy gained outstanding hardness values among the alloys
featuring 9% aluminium. For this reason, a detailed SEM anal-
ysis is shown in Fig. 6 and Table 6.



J MATER RES TECHNOL.2020;9(3):4604-4616

4609

Table 5 - Example of hardening effects of cellular
transformation and spinodal decomposition.

Table 7 - EDS for Al and Mn in 12A1-20Mn-1C tempered
at 800 °C.

Composition (wWt%) Hardness [HV] wt% Al Mn

Hot-rolled 800 °C — Tempered ) v k B v k
9Al-10Mn-1C 273 356 Min 11.0 5.7 10.3 15.2 20.3 21.9
12A1-10Mn-1C 401 399 Mean 11.9 7.8 10.8 17.9 23.6 239
12Al1-20Mn-1C 357 404 max 13.6 9.9 11.9 20.8 27.6 25.5
12A1-30Mn1C 324 352

Fig. 7 — o + k Lamellae in 12A1-20Mn-1C at 800 °C.

A different microstructure characterised the 800 °C tem-
pered 12A1-20Mn-1C alloy (Fig. 5(c)), with similar features to
9Al-10Mn-1C (Figs. 5(a) and 6). These conditions gave rise to
full austenitic decomposition. y Grains followed cellular trans-
formation in k-carbide + o + residual-y lamellar structures,
along with spinodal decomposition. Anyway, these k-carbides
were different, since they consisted of wide, thick lath-like
lamellae (Fig. 7). Due to that, EDS analysis was also more accu-
rate (Table 7). At 12% aluminium the «-carbide lath-like strips
look wider and thicker than at 9% Al In these cases, even
though the inter-lamellar spacingis high the hardening effects
were consistent as shown in Table 5.

Higher magnification, of the detected spinodal decomposi-
tions, makes it possible to analyse the nano-sized k-carbides.
Actually, they assumed slightly different morphologies in the
three different cases:

e In 9A1-10Mn-1C, k-carbides agglomerated into thin acicular
morphologies in a relatively medium-dense grid (Fig. 8(a),

(®))-

e In 12Al-20Mn-1C, k-carbides presented the densest and
thickest configuration with proper cuboidal morphology
(Fig. 8(c), (d)-

e In 12Al1-30Mn-1C, k-carbides agglomerated again into
acicular-like precipitates, but with the finest and less dense
configuration (Fig. 8(e), (f)).

4. Discussion

In order to trigger austenite decomposition a sufficient driving
force and reaction velocity are needed, and this can be ensured
by a specific combination of chemical composition, thermal
energy input and thermodynamic stability of the concerned
phase. As a matter of fact, y reactions occurred for faster reac-
tion kinetics, thanks to the higher energy supply provided by
the 600 °C and 800 °C heat treatments.

e The energy introduced during tempering accelerated the
reaction kinetics.

e The tempering established thermodynamic changes for vy
stability with respect to the hot-rolled conditions.

Qualitative inferences of the entity of these thermody-
namic gradients can be made by looking at the y phase
volume fractions at different temperatures. For example, the
9Al-10Mn-0.4C alloy underwent austenite decomposition dur-
ing tempering at 600 °C (Fig. 1(a)), but not at 800 °C even
though kinetics should have been faster. However, this is
not incoherent. In fact, the non-transforming behaviour of
austenite reflects the respective phase volume fraction dia-
gram (Fig. 9(a)). The austenite fraction along the red line does
not decrease at 800 °C compared to 1150 °C.

This could be considered to be a qualitative indication
of a possible vy transformation. Indicative and qualitative,
since alloy hot-rolled conditions at Tyoom (before thermal
treatments) are not the same during hot rolling at 1150 °C. Dis-
continuous precipitation took place in 9AI-10Mn-0.4C at 600 °C
(Fig. 1(a)). Actually, in its phase diagram the drop of y volume
fraction from 1150 °C to 600 °C (Fig. 9(a)) was pointed out. More-

Table 6 - EDS for Al and Mn in 9Al-10Mn-1C tempered at 800 °C.

wt% Al Mn

B v k B v k
Min 8.1 6.8 8.6 7.4 11.1 10.1
Mean 8.4 7.4 9.4 8.3 11.4 12.3
Max 8.7 8.7 10.0 9.1 12.3 13.8
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Fig. 8 - Different nano-sizedk-carbides: (a, b) agglomerated nano-sized k-carbides from spinodal decomposition
9A1-10Mn-1GC at 800 °G; (c, d) cuboidal nano-sized k-carbides from spinodal decomposition in 12A1-20Mn-1C at 800 °G; (e, f)
agglomerated k-carbides from spinodal decomposition in 12A1-30Mn-1C at 800 °C.

over, the vy fraction gradient was also detected in 9Al-10Mn-1C
at 600 °C and 800 °C (Fig. 9(b)). In these cases, the austen-
ite decompositions were triggered. These conditions mean
that not only tempering plays an important role in austenite
decompositions. As a matter of fact, the chemical composi-
tion is also fundamental, since it provides not only the Al-C
driving force for k-carbide precipitation, but it also imposes
the phase equilibria among which tempering can operate.
During the discontinuous precipitation, a lower driv-
ing force, caused by a lower annealing temperature at

600 °C allowed grain boundary migration of the forming
lamellar phase rather than completing lamellae separa-
tion.

The manganese and carbon concentrations were not high
enough to stabilize the vy phase against its own transforma-
tion. This austenite evolution was granted by the following
boundary conditions:

e 10% of manganese.
e Thermal energy introduced at 600 °C.



J MATER RES TECHNOL.2020;9(3):4604-4616

4611

1.05 — BCCA2
1.00 FCC_A1
KAPPA_E21

8 os0 BCC_A2

€ 045 /

3

3 040

£ FCC_A1

< 035 /

KAPPA_E21
0.10 = {
L e <y |
¥ —
0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300
A Temperature [°C]

(b)

025 KAPPA_E21

0.15
0.10
0.05

0.00
! 0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300

Temperature [°C]

Fig. 9 — Example of the presence of thermodynamic gradients for austenite stability from phase volume fraction diagrams.

(a) 9A1-10Mn-0.4; (b) 9A1-10Mn-1C.

(b)

Fig. 10 - y Grain striations and vy/y precipitates: (a) 9A1-20Mn-1C; (b) 9A1-30Mn-1C at 600 °C.

In these cases, the carbon concentration seems to have
played a threshold role.

At an 800 °C annealing temperature, different equilibrium
states are identified. Such boundary conditions developed at
9Al-10Mn-1C cellular transformation for most of the austen-
ite fraction and spinodal decomposition for the remainder.
Cellular transformation generated « + « + residual-y lamellar
phases (Fig. 6, Table 6). The residual austenite was detected as
the portions of k-carbide lamellae, suggesting a non-complete
reaction.

Therefore, the following situations were been ensured:

e Fast reaction kinetics due to 800 °C tempering.
¢ Medium-high AI-C driving force.
e Medium-low austenite stability.

This microstructure, along with the one developed in
9Al-10Mn-1C at 600 °C, gained outstanding hardness values
among the alloys featuring 9% aluminium. Similar hardening,
even if lower, was revealed for 9A1-20Mn-1C and 9A1-30Mn-1C
at 600 °C (Table 8). Anyway, such cases need to be investi-
gated further since no austenite transformation was detected.
A hypothesis could be the solid solution strengthening effect
of carbon and/or very fine nano «-carbides. Only the secondary
phases along grain boundaries were detected.

Table 8 - A comparison among the hardening effects in
9Al-xMn-1C at 600 °C and 800 °C tempering.

Composition (wWt%) Hardness [HV]

Hot-rolled600 °C — Tempered800 °C — Tempered

9Al-10Mn-1C 273 439 356
9Al-20Mn-1C 233 359 249
9Al-30Mn-1C 216 330 238

They are probably « + a in 9A1-20Mn-1C (since there seems
to be a continuity with 8 grains) (Fig. 10(a) and 11 ) and only
k-carbides in 9A1-30Mn-1C (Fig. 10(b)). It is interesting that in
both cases the austenite featured parallel striations with dif-
ferent directions in each grain (Fig. 10). A deeper investigation
is also needed to understand the nature of this morphology.

In the 12% aluminium alloys, the thermodynamic gradi-
ents between the hot-rolling and the tempering equilibria
seem to have been further increased by the higher amount
of aluminium. As a matter of fact, the phase volume frac-
tion diagrams show that the f.c.c. field lines moved to the
right (towards higher temperatures) and away from the tem-
pering temperatures. Even at 800 °C, austenite stability seems
to have been significantly affected. For example, for the 9Al-
20/30Mn-1C composition, the austenite fraction is higher
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20kV

X5,000 5pum

Fig. 11 - « and/or k-Carbides along v grain boundaries in
9A1-20Mn-1GC at 600 °C. Evidence of the continuity with &
grain.

(which may indicate more stability) at 800 °C than 1150 °C
(Fig. 12(a), (b)). On the contrary, for 12A1-20/30Mn-01C the sit-
uation was reversed (Fig. 12(c), (d)). This behaviour would
justify the y phase propensity to transform during temper-
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ing in 12Al alloys. Reactions which involved the austenite
volume were detected for 12Al-10Mn-1C during 600 °C heat
treatment (Fig. 4) and during tempering at 800 °C for 12Al-
10Mn-1C (Fig. 5(b)), 12A1-20Mn-1C (Fig. 5(c)) and 12A1-30Mn-1C
(Fig. 5(d)).

Reaction kinetic acceleration caused by tempering played
an important role:

e Tempering at 800 °C provided the maximum acceleration of
the reaction kinetics, allowing strong transformations even
for short 30 min tempering.

e Temperingat 600 °C allowed slighter or non-fully-developed
reactions.

This situation may have led austenite to uncontrolled
reactions. Making a comparison, in the corresponding heat-
treated alloy with 9% aluminium (Fig. 1(a)) austenite grains
partially transformed, while at 12% Al the reactions involved
the whole y volume. That is coherent with the enhanced
driving force ensured by the higher aluminium content.
The nature of these transformations is also different as
shown in Fig. 3. y + k-carbide lamellar structures were not
detected and only globular k-carbides are embedded in the
matrix. The absence of “random” lamellar phases ensured
a more solid microstructure configuration. These complex
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Fig. 12 - Phase volume fraction diagrams: (a) 9A1-20Mn-1G; (b) 9A1-30Mn-1G; (c) 12A1-20Mn-1GC; (d) 12A1-30Mn-1C.
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Table 9 - Hardening effect and inter-lamellar spacing.

Composition (wt%)

Hardness

Hot-rolled [HV]

Temperature [°C]|

Tempered [HV] Inter-lamellar spacing

12A1-10Mn-1C
9Al-10Mn-1C

401
273

800
600

399
439

Wide
Narrow

(b)

(c)

Fig. 13 - Spinodal decomposition and cellular transformation share in: (a) 9A1-10Mn-1G; (b) 12A1-20Mn-1G; (c) 12A1-30Mn-1C

after tempering at 800 °C.

10pm

(a)

20kV.  X2,500

Fig. 14 - a-Ferrite branches within spinodal decomposed v grains in 12A1-20Mn-1C at 800 °C.

evolutions derived from the interaction between carbon and
manganese.

The combination of the thermal energy of the heat treat-
ment and the composition created the following effects:

e Accelerated but not fast reaction kinetics.
e Not outstanding austenite stability.
o Increased Al-C driving force for k-carbide formation.

Within the 12Al group, tempering at 800 °C also
caused outstanding austenite reactions. At 12Al-10Mn-1C
austenite underwent full cellular transformation into o + k-
carbide coarse lamellae, featuring high inter-lamellar spacing
(Fig. 5(b)

For common pearlite this characteristic is known to be
detrimental since it causes strength and ductility losses.
The same behaviour might be hypothesized for Fe-Mn-Al-C
steels, since the two last-mentioned microstructures kept the
same hardness of their respective hot-rolled variants, instead
of being strengthened by the high amount of k-carbides
(Fig. 10). As a matter of fact, on the contrary, 9Al-10Mn-1C
alloys treated at 600 °C, with fine lamellae featuring short
inter-lamellar spacing (Fig. 2(b)) showed significant hardening
effects (Table 9).

The 12A1-20Mn-1C alloy tempered at 800 °C (Fig. 7) shows
similar features to 9Al-10Mn-1C (Figs. 5(a) and 6). In these
cases the Mn-vy-stabilization was balanced by the Al-C driving
force for k-carbide formation. Fully austenitic decomposition
occurs through cellular transformation along with spinodal
decomposition. The resulting k-carbides have wide and thick
lath-like lamellae.

It is worth noting that at 800 °C the evolution of
phase transformations seems to be relatively clear. As the
austenite stability increased as the manganese concentra-
tion increases, the spinodal decomposition is more significant
and occurred at the expense of cellular transformation. So,
it is possible to hypothesize that spinodal decomposition
requires:

o Fast reaction kinetics.
o Afairbalancebetween austenite stability and Al-C chemical
driving force.

That would be consistent with the phenomenon imply-
ing that cellular transformed fractions were predominant over
the spinodal decomposed ones, due to lower Mn%-vy stabil-
ity, at 9A1-10Mn-1C (Fig. 13(a)) and 12Al-20Mn-1C (Fig. 13(b))
grades; instead, at 12Al-30Mn-1C only spinodal decomposi-
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tion has involved the entire austenitic volume (Fig. 13(c)). In
12A1-20Mn-1C tempered at 800 °C (Fig. 5(e)) it is interesting
to note that some grains feature a mixed structure: a fer-
rite branches (linked to a + k-carbide lamellar grains) are
extended inside spinodal decomposed vy grains (Fig. 14). This
phenomenon requires further studies in order to be properly
understood.

This microstructure coupled with the k-carbide morphol-
ogy should be the reason for the high hardness of this chemical
composition. Higher hardness is related to higher tensile prop-
erties, on the other hand, these thick precipitates formed from
spinodal decomposition, are associated to brittleness [33]. At
any rate, the best microstructure seems to be the one obtained
for the 9A1-10Mn-1C at 600 °C, in this condition the carbides
have been obtained by discontinuous precipitation and they
have narrow inter-lamellar spacing. This leads the highest
value of hardness (Table 2) and the literature also suggest the
better tensile ductility.

5. Conclusions

Different austenite transformations have been detected and
characterised. Special attention was focused on pointing out
both general and specific boundary conditions for each type
of reaction.

Tempering at 600 °C triggered slight/incipient transfor-
mations: discontinuous precipitation and precipitation
transformation. Differently, tempering at 800 °C trig-
gered complete and widespread transformations like
cellular transformation coupled with spinodal decompo-
sition.

On one hand discontinuous precipitation developed vy +
k-carbide fine lamellae, on the other hand precipitation trans-
formation produced microstructures featuring fine/coarse vy +
k-carbide lamellae and carbon-depleted y-bands + k-carbide-
nodules.

Cellular transformation developed a + k lamellar structures
and two different morphologies were detected: wide-inter-
spaced thick lath-like «-carbide strips within a ferrite
matrix and o + k wide lamellae with high inter-lamellar
spacing that does not affect the improvement of hard-
ness.

Spinodal decomposition produced different nano-k-
carbides within y. Moreover, a more precise distinction can
be performed for spinodal decomposition as a function of the
carbides formed:

e Spinodal decomposition + cellular transformation and
medium dense and thin needle-like k-carbides for the
chemical composition featuring 12% Al + 20% Mn.

e Spinodal decomposition + cellular transformation featuring
the most dense and thickest nano-sized cuboidal k-carbides
and continuity between cellular transformed-a lamellae
and spinodal decomposed-y + « grains for the chemical
composition featuring 12% Al + 30% Mn.
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