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Abstract

In this work, the course of peritectic L + Al Mn(Fe) — a-Al + a-AIMnFeSi transformation taking
place in AIFeMnSi alloys was traced. The specific microstructural effects in the transformed primary
phase areas were revealed and identified. The transformation product situated inside the primary
preperitectic Al ,FeMn phase precipitates was identified as a lamellar mixture of the a-AlFeMnSi and
a-Al phases, balanced volumetrically. The evolution of morphology in a peritectic a-AIMnFeSi phase
observed in the examined specimens was related to the necessary exchange of components at
interfaces, which are the site for nucleation and growth of transformation products. Both direction
and range of the diffusion fluxes of individual components were identified. The distribution of
transition metals between intermetallic phases during the progressing transformation was estimated
and found to be related to both partition coefficient of components and alloy composition.

Keywords: aluminium alloy, intermetallic phase, transition metals, peritectic transformation,
microstructure

Streszczenie

W pracy przedstawiono przebieg przemiany perytektycznej L + AlMn(Fe) — a-Al + a-AlMnFeSi.
Przedstawiono  zidentyfikowane, towarzyszace jej specyficzne efekty mikrostrukturalne
w mikroobszarach przeksztatconej fazy pierwotnej. Produkt przemiany usytuowany w obrebie
pierwotnego wydzielenia fazy Al FeMn stanowi mieszanine faz a-AlFeMnSi i a-Al zbilansowang
objetosciowo. Ewolucja morfologiczna fazy a-AlFeMnSi obserwowana w badanych probkach zo-
stata odniesiona do procesu wymiany sktadnikow miedzy fazami na powierzchniach miedzyfazo-
wych, ktére sq miejscem zarodkowania i wzrostu produktéw przemiany. Zidentyfikowano kierunek
i zakres strumienia dyfuzyjnego pierwiastkow wchodzgcych w skiad faz uczestniczgcych w przemia-
nie. Oszacowano dystrybucje metali przejSciowych pomiedzy fazy miedzymetaliczne powstajgce
w kolejnych stadiach krystalizacji w zalezno$ci od wspodfczynnika podziatu i sktadu stopu.

Stowa kluczowe: stopy aluminium, fazy miedzymetaliczne, metale przejsciowe, przemiana
perytektyczna, mikrostruktura
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Temperature, °C

1. Introduction

The invariant peritectic transformation:

L + Al,Mn — o-AIMnSi + a-Al
Occurring in an AI-Mn-Si system (Fig. 1a) [1] has been identified as a monovariant one in

the quaternary Al-Fe-Mn-Si alloys with 1-3% Si content (Fig. 1b) [2-6].

Both of the involved intermetallic Al MnFe and a-AlMnFeSi phases are considered
to be the solid solutions of Fe in the basic crystals of Al,Mn and a-AIMnSi structures,
respectively.

According to the Al-Fe-Mn-Si equilibrium diagram, when the Si content in AIFe1Mn1Si

alloys exceeds 2 wt.%, the transformation of an Al MnFe phase ought to be completed and
the a-AlMn(Fe)Si phase will be the only stable constituent below 630°C (Fig. 1b).
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Fig. 1. Equilibrium diagrams with concentration field of peritectic L + AlMn(Fe) — a-AlMn(Fe)Si
transformation; a) polythermal section of Al-4%Mn-Si [1], b) polythermal section of
Al-1%Mn1%Fe-Si [4]

Rys. 1. Wykresy rownowagi faz z zaznaczonymi obszarami stezenia pierwiastkow podczas
przemiany perytektycznej L+AlMn(Fe) — a-AlMn(Fe)Si; a) politermiczny przekroj fazy

Al-4%Mn-Si [1], b) politermiczny przekroj fazy Al-1%Mn1%Fe-Si [4]

The process of Al MnFe phase transformation into the a-AlMnFeSi phase precipitates
in technical alloys from the 3xxx series during homogenisation was analysed in detail in
the works of Alexander et al. [7—10]. On the ground of the specific microstructural features,
some similarity in process mechanism to the lamellar eutectoid formation has been

found.

The microstructure evolution effects of an interaction between the two intermetallic
phases of Al MnFe and a-AlMnFeSi with participation of the a-Al liquid solution were not
recognised in full detail, although they have been noticed to run along the crystallisation

path of technical aluminium alloys.

Especially, the morphology characteristics of the peritectic L + Al MnFe — o-AlMnFeSi
+ o-Al transformation products have not been as yet examined in detail, all being non-
identifiable by means of the volumetric analytical methods, e.g. calorimetry or X-ray
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diffractometry. The specific interface morphology and microstructural features inside
the peritectic transformation products can be revealed only by in situ methods, such as
microscopic observations assisted by either EDS or EBSD analysis. In this work, the
microstructural effects of the intermetallic Al MnFe and a-AlMnFeSi phases interaction
taking place on the solidification path of ATMnFeSi alloys have been described and
analysed.

2. Experimental

The examined materials were synthetic AIMnFeSi alloys of composition presented
in Table 1. They were melted from pure components in an induction furnace under the
protective Ar atmosphere, and were poured next into graphite crucibles.

Table 1. Chemical composition of the examined alloys (Al balance), wt. %

Tabela 1. Sktad chemiczny badanych stopdw (Al jako reszta), % wag.

Alloy Si Mn Fe Fe/Mn
AlSi0.5Mn2Fel.5 0.5 2.0 1.5 0.75
AlSi0.5Mn2Fe2.5 0.5 2.0 2.6 1.30
AlSi2.5Mn2Fel.5 2.5 2.0 1.5 0.75
AlSi2.5Mn2Fe2.5 2.5 1.8 2.6 1.41

The microstructure evolution and the solidification path as related to alloy composition
were analysed in the following specimens:
- after continuous cooling in as-cast state (poured to graphite crucible),
- cooled slowly, i.e. at a rate of 5 K/min, from liquid state to 500°C (the programmed

mode in DSC calorimeter).

The specimens of alloys 1 and 3 were also held at a temperature of 630°C for 2 and
4 h to reveal the range of progress in transformation.

Microstructure observations were carried out using both Axio Observer Z1lm
metallographic light microscope and STEREOSCAN 420 scanning electron microscope.

The thermal effects of the processes occurring during solidification were recorded
with a DS Netzsch 402E calorimeter. Local chemical composition of the microstructural
constituents and elements distribution were estimated by means of the EDS microanalysis
with LINK ISIS system. The intermetallic phases were identified in situ by means of the
EBSD method.

In the carried out experiments, the microstructure evolution analysis was limited to
chosen microregions of the peritectic transformation layers, situated in individual complex
precipitates (Fig. 2).
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Fig. 2. Microstructure area under consideration as situated in a specimen of the volumetrically
solidifying alloy

Rys. 2. Badany obszar mikrostruktury zlokalizowany w prébce stopu krzepngcego objeto$ciowo

3. Results and discussion

3.1 Microstructural effects in the transformed primary phase during
continuous cooling

In the examined specimens, solidification starts with precipitation of the primary
Al .Mn(Fe) phase followed by a peritectic process. The transformed areas are situated
within the previous profile of the primary phase. Therefore, final shape of the transformed
constituents reflects that of the primary precipitates formed at the beginning of the proc-
ess (Fig. 3). Progress in the transformation was influenced by Si content. In both as-cast
hypo-peritectic (0.5% Si) and near-peritectic (2.5% Si) alloys, the primary Al Mn(Fe) phase
precipitates coated with transformation products prevailed in the microstructure, although
an important non-equilibrium fraction of the thermodynamically unstable Al MnFe phase
also remained there (Figs. 1a and 3a, 1b and 3 b). In the near-peritectic alfoy, the sepa-
rated a-AIMnFeSi phase polyhedra directly precipitated from the liquid were also present
(Fig. 3b). The eutectic L — o-Al + a-AIMnFeSi + (Si) transformation was the final process
on a solidification path [1].

Fig. 3. Microstructure of AIMnFeSi alloys poured into graphite crucible, LM, 200x, etched with
1% HF; a) alloy 1-hypoperitectic, b) alloy 3-near peritectic (fields of respective Si concentration in
alloy marked by adequate lines in Fig. 1b)

Rys. 3. Mikrostruktura stopéw AIMnFeSi odlewanych do tygla grafitowego, mikroskopia $wietlna,
pow. 200x, trawienie 1%HF, a) stop 1-podperytektyczny, b) stop 3-okofoperytektyczny
(zakresy stezenia Si w stopie oznaczone odpowiednimi liniami na rys. 1b)
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However, in contrast to the layer usually observed during peritectic solidification, the
layer of peritectic products in the examined specimens was composed of the branched
plates, arranged in segments similar to those present in either eutectoid or eutectic
structure (Fig. 4). The lamellar morphology revealed in the specimens after deep etching
(Fig. 4b) was almost identical to that formed after annealing treatment in the solid state,
observed by Alexander [7—10] in the 3xxx series alloys and by Li and Arnberg [11] in the
5xxx series alloys.

The results of the X-ray microanalysis have shown an important difference in the Si
content between monophase centre and two-phase periphery (Fig. 4a) of the complex
massive particles. The EBSD analysis allowed identification of phase components
present in these microregions: the Al,FeMn phase — in the centre, and a mixture of the
a-AlIMn(Fe)Si phase and a-Al solid solution — in the periphery.

Fig. 4. Morphology of the transformed Al ,FeMn particle in alloy 1, as-cast state; a) separated fields of

the peritectic transformation products in a partially transformed Al ,FeMn particle, LM, etched with 1%

HF, 800x, AlFeMn primary precipitates with transformation products, b) morphology on the external
surface of transformation products, SEM, etched with NaOH, 3500x

Rys. 4. Morfologia czgsteczki Al,FeMn po przemianie w stopie 1, stan surowy po odlaniu;

a) poszczegdlne obszary produktow niepetnej przemiany perytektycznej w czagsteczce Al FeMn,

mikroskopia Swietlna, trawienie 1% HF, pow. 800x, wydzielenia pierwotne Al FeMn z produktami

przemiany, b) morfologia zewnetrznej powierzchni produktéw przemiany, SEM, trawienie NaOH,
pow. 3500x
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Fig. 5. Morphology of the a-AlFeMnSi phase as affected by alloy composition, specimens frozen after

annealing at 630°C/2 h, SEM, deep etched with NaOH, a) alloy 1, 200x, b) enlarged microregion

from Fig. 8a, 1200x, c) alloy 2, 800x, d) enlarged microregion from Fig. 8c, 9000x, e) alloy 4, 800x,
f) enlarged microregion from Fig. 8e, 3000x

Rys.5. Morfologia fazy a-AlFeMnSi w zaleznosci od sktadu stopu, probki chtodzone po wyzarzaniu

w temperaturze 630°C/2 h, skaningowa mikroskopia elektronowa, gfebokie trawienie NaOH,

a) stop 1, pow. 200x, b) powiekszony mikroobszar pokazany na rysunku 8a, pow. 1200x, c) stop 2,

pow. 800x, d) powiekszony mikroobszar pokazany na rysunku 8c, pow. 9000x, e) stop 4, pow. 800x,
f) powiekszony mikroobszar pokazany na rysunku 8e, pow. 3000x
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Though the dispersion of two-phase mixture does not allow us to unequivocally
decide about the presence of an a-Al solid solution, some indirect proofs can support this
assumption:

- the Al-Mn-Fe-Si equilibrium diagram [2-5],
- the particle morphology after deep etching in a reagent solving the Al matrix (Figs. 4,

5),

- theresults of EELS analysis of particles produced during transformation accompanying

the heat treatment of 3xxx series alloys [7],

- the chemical balance of components in a unit volume of the transformed material:

3Al,MnFe + 2Si = Al .(MnFe),Si, + 3Al [7].

In an Al-Mn-Fe-Si system, besides the monovariant transformation mentioned in the
introduction, two invariant peritectic reactions can occur:

L + Al,MnFe + Al,Fe — a-Al + a-AlMnFeSi [2]
L + Al,lMnFe — a-Al + Al ,Fe, + a-AIMnSi [5].

Since the presence of the Al ,Fe, phase has not been detected in composed, polyphase
particles observed in the examined specimens, a polyphase microstructure like that visible
in Figs. 3-6 was considered to be a product of monovariant peritectic transformation,
expected according to Al-Mn-Fe-Si equilibrium diagram presented by Phragmen [2]:

L + Al,MnFe — o-Al + a-AlMnFeSi.

The peritectic zones formed in 0.5% Si alloys at the external o-AlMnFeSi/a-Al
interface were enclosed with a homogenous layer of the a-AlIMnFeSi phase of different
thickness (Fig. 6a), while the external filigrees, though sometimes observed, were very
short and slightly branched. This mechanism of microstructure evolution in the external
layer can be attributed to either coalescence or Ostwald ripening [7, 8]. These are the
thermodynamically-driven processes occurring because particles of larger size are more
energetically favoured than the smaller ones. The morphology of a transition zone between
the layers (lamellar two-phase and monolithic) indicates that larger particles continue to
grow at the expense of smaller ones, which would rather suggest Ostwald mode of ripening
(Figs. 6, 10).

Fig. 6. Morphology of the a-AlMn(Fe)Si phase precipitates formed during peritectic transformation;
LM, etched with 1% HF, 1000x, cooling rate of 5 K/min; a) alloy 2, b) alloy 4

Rys. 6. Morfologia wydzielen fazy a-Mn(Fe)Si powstatych podczas przemiany perytektycznej;
mikroskopia $wietlna, trawienie 1% HF, pow. 1000x, szybko$¢ stygnigcia 5 K/min; a) stop 2,
b) stop 4
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The lamellar morphology of two-phase layer is of a rather regular character, espe-
cially in frozen specimens (Figs. 5 a—d), although some fluctuations in either spacing or
orientation are also visible (Figs. 5 e—f, 6). The measured length of peritectic lamellae has
reached value comparable with thickness inside of the the peritectic layer (Figs. 5a—d,
6b).

Instead, the zone of the Chinese script filigrees outside the primary particles pro-
file has very distinct features of the peritectic complex particles produced in 2.5% Si al-
loys. More detailed observations have revealed a close interrelation between the external
a-AlIMnFeSi phase precipitates and some lamellae in a two-phase layer. Their branched
shape can suggest that they started growing in liquid alloy still before the a-Al matrix has
started to solidify (Fig. 5b, 6e—f).

3.2. Model of microstructure evolution during the Al MnFe — a-AIMnFeSi
phase transformation in liquid Al-alloy

3.2.1. Peritectic crystallisation mechanism

The process of peritectic microstructure formation consists of the three main stages

[12-14]:

1. nucleation of peritectic phase at the L/Al MnFe/a interface,

2. peritectic reaction — when the triple-point junction of L/Al MnFe/a-AIMnFeSi exists,

3. peritectic transformation — when the L/Al,MnFe interface becomes covered with
reaction products.

The specific microstructure observed in peritectic alloys is strongly affected by
interactions at the interfaces subordinated to the peritectic mechanism rules.

At the initial stage, at a temperature T , the three phases of Al MnFe, a-AIMnFeSi
and L have to co-exist in the state of equiribrium. With a decrease of temperature, at
T < T, when the system tends to lower its overall energy, the Al MnFe phase starts
dissolving, while the new o-AIMnFeSi phase starts to grow. The driving force for that
process results from the Gibbs potentials difference: AG =G ,,, . = G , sunresi (FI9- 7).

a) peritectic model: Al,+ L — a_+ Al

T=Tp =
Gla A L @ G e N\
| a
T T T 1T Al ‘
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42



b) eutectoid model: Al, — a_+ Al
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Fig. 7. Free energy in AlMnFe-a-AlMnFeSi-a-Al system during
the L + Al,MnFe — a-AlMnFeSi + a-Al transformation, a) peritectic model, b) eutectoid model;
(common G vs CSi relationships simplified for considered transformation)

Rys. 7. Energia swobodna w ukfadzie Al MnFe-a-AlMnFeSi-a-Al podczas przemiany L+Al.MnFe —
a-AIMnFeSi + a-Al; a) model perytektyczny, b) model eutektoidalny
(zwykte wspdtzaleznosci pomiedzy G i CSi uproszczone dla omawianej przemiany)

The Alexander theory of two-phase product formation induces a comparison
between some particular characteristics of both peritectic and eutectoid transformations
[7, 8]. Though phase evolution in alloy caused by both processes, i.e. eutectoid and
Al ,FeMn — a-AIMnFeSi, does have some points in common (Fig. 7), a comparison of the
content of components in a unit volume before and after both transformations makes the
essential difference between them well visible (Fig. 8). During eutectoid transformation
(e.g. perlitic), the average composition in a unit volume is stable and the necessary
transfer of components is limited to an interlamellar distance only (Fig. 8a), while during
the Al,LFeMn — o-AIMnFeSi process, the strong Si deficiency at the transformation front
has to be made up to achieve a concentration level adequate for the o-AlFeMnSi phase
to exist (Fig. 8b). Therefore, a modified approach is needed to identify the course of the
L + Al,MnFe — o-AlMnFeSi + o-Al transformation during alloy solidification.

e O

o

o-A
o-B
x-C
Fig. 8. Mass balance in a unit volume of the two-phase a-AIMnFeSi+a-Al cell; components™ atoms

distribution specific to particular transformation models; a) eutectoid AB — B + A transformation, b)
Al.MnFe + L — a-AlMnFeSi + a-Al (A-Al, B-TM; Fe+Mn, C-Si)

Rys. 8. Bilans masy w jednostkowej objetosci komorki dwufazowej a-AlMnFeSi+a-Al; rozktad
atomow sktadnikéw charakterystyczny dla danego modelu przemiany; a) przemiania eutektoidalna
AB — B + A, b) przemiana AlMnFe + L — a-AIMnFeSi + a-Al (A-Al, B-TM; Fe+Mn, C-Si)
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3.2.2. The a-AIMnFeSi phase nucleation

The results of the present work and of the studies carried out previously [9, 15-17]
have allowed to recognise the Al,FeMn/(L) interface as a favourable substrate for the
peritectic phase nucleation.

Watanabe's results [18] obtained for technical alloys have shown that the activation
energy of a-AIMnFeSi phase nucleation during the solid state AlMnFe — a-AIMnFeSi
transformation is strongly influenced by Si concentration (Table 2).

Fig. 9. The distribution of a-Al(MnFe)Si phase nuclei at the Al.FeMn/(L) interface, LM, 1000x, etched

with 1% HF; a) alloy 4, after annealing at 630°C/1 h, cooled to ambient temperature, the nuclei of

a-Al(MnFe)Si phase uniformly distributed at the Al.FeMn/(L) interface, b) alloy 4 after annealing at

630°C/4 h, the transformed particle with two-phase area formed at one of the primary precipitate

facets, c) alloy 1, cooled 5 K/min, to ambient temperature, the peritectic process has originated in

two separated microregions at the Al FeMn/(L) interface, d) alloy 1 after annealing at 630°C/1 h, the
transformed particle with two-phase areas originating from 4 nuclei

Rys. 9. Rozktad zarodkow fazy a-Al(MnfFe)Si na powierzchni rozdziatu faz Al,FeMn/(L), mikroskopia

Swietlna, pow. 1000x, trawienie 1% HF; a) stop 4 po wyzarzaniu w temperaturze 630°C/1 h, chtodzenie

do temperatury otoczenia, zarodki fazy a-Al(MnFe)Si réwnomiernie roztozone na powierzchni

rozdziatu faz Al.FeMn/(L), b) stop 4 po wyzarzaniu w temperaturze 630°C/4 h, czgsteczka po

przemianie z gtdwnym obszarem dwufazowym utworzonym na jednej z pfaszczyzn wydzielenia,

c) stop 1 po wyzarzaniu w temperaturze 630°C/1 h, d) czgsteczka po przemianie z obszarami
dwufazowymi utworzonymi z 4 zarodkéw
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Table 2. The activation energy for a-AIMnFeSi phase nucleation in 3xxx series alloys (acc. to

Arrhenius formula: (t) = f(1/T) [18,19]

Tabela 2. Energia aktywacji potrzebna dla zarodkowania fazy a-AlIMnFeSi w stopach z serii 3xxx
(wg wzoru Arrheniusa: (t)=f(1/T) [18,19]

Alloy Si0.35Fe0.50Mn1.08 | Si0.21Fe0.55Mn1.07 Si0.18Fe0.5Mn1.06
Activation energy,
9y 60+/-10 67 90
kcal/mole

Similar relationships can be assumed to exist in the process with liquid alloy
participation, all the more that in the examined specimens of 2.5% Si alloys undercooled
to 630°C, the a-AIMnFeSi phase nuclei have been distributed uniformly (Fig. 9a ), while in
the specimens of 0.5% Si alloy only several isolated peritectic zones have been formed on
the surface of the primary precipitates (Figs. 4a, 9c).

The transformed areas developed from these isolated nuclei differed in both spatial
and crystallographic orientation of the o-AIMnFeSi particles (Figs. 9d, 10). This fact
can testify that close crystallographic relationships between the primary and peritectic
intermetallic precipitates have not been formed. Within the whole transformed area, the
a-AlIMnFeSi lamellae regular and of parallel orientation (shown in Fig. 9b) were observed
to occur only incidentally.

Fig. 10. Peritectic transformed zone composed of microregions with different orientations of
the a-AIMnFeSi phase precipitates, alloy 1, LM, etched with 1% HF, 1000x (EBSD patterns situated
at points marked in the micrograph)

Rys. 10. Strefa przemiany perytektycznej sktadajaca sie z mikroobszaréw o réznym ufozeniu
wydzielen fazy a-AlMnFeSi, stop 1, mikroskopia Swietlna, trawienie 1% HF, pow. 1000x (obrazy
EBSD zlokalizowane w punktach zaznaczonych na mikrografii)
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The critical radius of the heterogeneous nucleus is smaller than that of a homogeneous
one, and therefore it can start growing at lower undercooling. The non-uniform distribution
of nuclei observed in the examined alloys can signify constantly high energy barriers in
spite of the actual thermodynamic preference.

According to the nucleation theory, the critical radius of nucleus r

to grow: 2T y
ait = AT AH

[20, 21] capable

crit
r

(where: AH — transformation enthalpy, AT — undercooling) is influenced by the superficial
energy y

Thus, relatively high energy activating the nucleation of peritectic phase results from
the high value of the surface factor y. As both intermetallic phases have different crystal
symmetry and elementary cell size, the significant crystal lattice misfit at the substrate/
nucleus interface can increase the energetic barrier for the formation of a nucleus capable
to grow.

Another distinctive feature of the nucleation course has also been observed. Quite
often, the peritectic transformed areas are situated on the corners of the primary Al MnFe
precipitates (Figs. 4a, 9c—d) while, according to the heterogeneous nucleation theory, the
critical radius of nuclei formed on a convex surface tends to be larger than in the case of
a plane [20, 22]. However, this spatial nucleation preference represents some analogy to
that observed in homogenised solid alloys.

On the other hand, the completely untransformed primary Al.FeMn precipitates,
observed previously in alloy 3004 after long-lasting heat treatment, have not been detected
now, even in hypo-peritectic alloys [9—-10].

3.2.3. The formation of peritectic layer

Simultaneously to the a-AIMnFeSi phase nuclei arising at the Al Mn(Fe)/a-Al interface,
a closely attached microregion of the a-Al solid solution is formed. Though nucleation
priority has not been settled yet, further growth of the peritectic layer is not possible before
a two-phase cell is formed. The relationships between the crystallographic orientations
of a-AIFMnSi and o-Al lamellae within a two-phase layer have not been established until
now, as stated for the a-AIFMnSi dispersoids precipitated directly in the Al matrix [23].
Alexander has revealed the presence of a common continuous orientation of the a-Al solid
solution occurring after solid state transformation in both the transformed lamellae and
surrounding matrix [7, 8].

The range of transformation in specimens frozen in the state below the equilibrium
temperature has beenrather limited. Only due to prolonged holding below the transformation
temperature, an advanced progress as visible in the specimens presented in Figs. 9b and
d has been achieved.

According to the classic theory of peritectic solidification in binary systems [12—14], at
a temperature T_both solid phases co-exist in direct contact and the necessary exchange
of constituents takes place within the liquid phase.

In Figure 11, particular stages of microstructure evolution typical for peritectic
solidification can be identified:

- point n — nucleation of a-AlFeMnSi phase at the L/Al.MnFe interface, the start of
peritectic reaction (Fig. 11a),
- line I — peritectic reaction in progress along the L/Al MnFe interface (Figs. 11a and

b),

- line p — peritectic transformation in progress perpendicular to the L/Al MnFe interface

(Figs. 11a and b),

- point e — the end of peritectic reaction (Fig. 11b).
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b)

Fig. 11. Peritectic layer in the peritectic alloy 4, LM, DIC, etched with 1% HF, 1600x; a) microregion
of the a-AlIFeMnSi phase nuclei formation, b) microregion of the process end, a triple-point junction
visible (point n — the start of the nucleation of a-AlFeMnSi phase at the L/AlMnFe interface, line
| — peritectic reaction in progress along the L/AI6MnFe interface, p — line of the transformation
progress perpendicular to L/Al MnFe interface, point e — the end of peritectic reaction)

Rys. 11. Warstwa perytektyczna w perytektycznym stopie 4, mikroskopia $wietlna, kontrast
Nomarskiego, trawienie 1% HF, pow. 1600x; a) mikroobszar tworzenia zarodkow fazy a-AlFeMnSi,
b) mikroobszar konca procesu; widoczny punkt potréjny (punkt n — poczatek zarodkowania fazy
a-AlFeMnSi na powierzchni rozdziatu faz L/AIMnFe, linia | — przemiana perytektyczna postepujgca
wzdtuz powierzchni rozdziatu faz L/Al,MnFe, p — linia znaczaca przebieg przemiany prostopadfa do
powierzchni rozdziatu faz L/Al,MnFe, punkt e — koniec przemiany perytektycznej)

To describe the formation of a peritectic layer visible in Fig. 11, a lateral model of the
peritectic growth [14] has been adopted (Fig. 12).

From the moment the first nucleus of the new phase is capable to grow (r > r_,),
further development of the peritectic zone will be the resultant of two partial processes,
occurring simultaneously at two interfaces:

1. peritectic reaction:
at the L/Al,MnFe interface: Al MnFe + Si (L) — a-AlFeMnSi + a-Al + L.

The movement of the triple-point L/Al MnFe/o-AlFeMnSi junction is parallel to the
surface of the primary precipitates, where the a-AlFeMnSi phase nuclei are successively
formed, owing to the supply of Si atoms from the liquid alloy, and Fe and Mn atoms from
the superficial Al MnFe phase layer:

This process is controlled by the a-AlFeMnSi phase nucleation:

2. peritectic transformation:
at the a-AlFeMnSi/Al MnFe interface: Al MnFe + Si (S) — a-AlFeMnSi + a-Al.

The movement of the two-phase cell front (a-AlFeMnSi + a-Al) is perpendicular to the
primary Al.MnFe particle surface, where atoms of the transition metals from an Al MnFe
particle are incorporated in situ in the tightly adhering new phase layer, while all the
necessary Si atoms have to be transported across the solid layer of increasing thickness.

This process is controlled by Si atoms transport in the solid phase layer:
at a-AlFeMnSi/L : L* — o—AlFeMnSi + L".

Below the equilibrium temperature, the a-AlFeMnSi phase becomes thermodynami-
cally favoured and can precipitate directly from the liquid alloy, without any contact with the
L/Al,MnFe interface.

This process is controlled by the diffusion transport of either transition metals (Fe and
Mn) or Si atoms in the liquid phase.
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Fig. 12. Microstructural model of peritectic zone formation initiated with triple reaction among
the Al,FeMn, L and a-AlFeMnSi phases (lateral peritectic reaction model [14] adapted to the
considered transformation)

Rys. 12. Model mikrostrukturalny powstawania strefy perytektycznej zapoczgtkowanej przez
potrojng reakcje pomiedzy fazami Al,FeMn, L i a-AlFeMnSi (model boczny reakcji perytektycznej
[14] zaadaptowany do badanej przemiany)

According to Alexander’'s analysis, at temperatures used for the 3xxx alloys
homogenisation, the transformation is controlled by the nucleation rate of a-Al-MnFeSi
phase [8]. However, an increase in the transformed layer thickness due to the specimen
undercooling to 630°C below the equilibrium peritectic temperature has been very small in
both the examined alloy groups. It means that the Si diffusion transport in solid peritectic
layer has limited further progress of transformation at the Al,FeMn/(a-Al(MnFe)Si interface
in a lower temperature range.

3.2.3. The morphology of lamellar microstructure in peritectic zone

The kinetic domination of the newly arising phases has not been observed at
the internal front of growth (Figs. 5, 6, 10, 11), which means that some analogy to the
lamellar coupled growth can be derived [20]. Thus, the growth of a two-phase cell can be
described with the fundamental terms of a discontinuous precipitation theory, assuming
that the components transfer takes place only at an interlamellar distance, parallel to the
transformation front. In the analysed two-phase layer, these conditions can be satisfied
only as regards the transfer of transition metals (Fe and Mn), since they are present in
the primary phase in an amount sufficient for the in situ building of an a-AlFeMnSi phase
plate.

Both peritectic zone thickening and o-AlFeMnSi phase lamellae lengthening can
continue provided that the Si transport to the a-AlFeMnSi/Al MnFe interface will be
sufficient to make up for the concentration deficiency. Therefore, the Si flux perpendicular
to the two-phase front plane is necessary for further progress (Figs. 12, 13).
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Fig. 13. Components distribution between interacting phases: primary and peritectic, during the
AlMnFe — a-AlMnFeSi + a-Al transition (assumptions: in situ process mechanism, mass balance
in the transformed microregion AC = C_,,. ... .= C.ounre transition metals (Fe + Mn) balance

ATM = 0, silicon balance ASi = 6—8 wt.%)

Rys. 13. Rozktad sktadnikow miedzy interaktywnymi fazami: fazg pierwotng i fazg perytektyczng
podczas przemiany AlMnFe — a-AlMnFeSi + a-Al przy nastepujgcych zatozeniach: proces
przebiega wedtug mechanizmu in situ, rownowaga masy w mikroobszarze po przemianie,
AC=C .. rosi+an Cusunse Metale przejsciowe (Fe + Mn) stan rownowagi ATM = 0, stan réwnowagi
krzemu ASi = 6—8 wt.%)

In Zener's theory of the stationary coupled growth, the interlamellar distance A is
influenced by the rate of the two-phase boundary movement [20, 22, 24].

Brandt's solution of this problem is expressed by the following formula:
V=any

(where: V —the rate of the two-phase boundary movement, a — complex material constant,
D — diffusion constant).

The subsequent transformations lead to the following relationship:
4y Tp
= AHAT

A

(where: y — surface energy, AH - transformation enthalpy, AT — undercooling).

Therefore, the actual lamellar spacing observed in peritectic zone can be ascribed to
local undercooling at the front growth.
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Fig. 14. Morphology of the a-AlMnFeSi lamellae, P — in peritectic zone, F — in filigree zone,
AlFe1Mn2Si1 alloy, LM-DIC, etched with 1% HF, a) 1000x, b) enlarged microregion from Fig. 10a,
3000x

Rys. 14. Morfologia ptytek fazy a-AlMnFeSi, P — obszar perytektyki, F — obszar struktury chiriskiego
pisma, stop AlFe1Mn2Si1, mikroskopia $wietlna, kontrast Nomarskiego, trawienie
1% HF; a) pow. 1000x, b) powiekszony mikroobszar z rysunku 10a, pow. 3000x

In the peritectic two-phase layers visible in Figs. 11 and 14, some decrease in lamel-
lar spacing is visible as a distance from the external (a-AlFeMnSi + Al)/a-Al(L) interface
has increased. The A value was two or even three times lower at the internal (a-AlFeMnSi
+ Al)/Al,MnFe front, where the growth was arrested, than it was at the external primary
precipitate profile. The minimum A value in all the examined specimens was nearly the
same (Table 3).

Table 3. Characteristics of a-AlFeMnSi phase lamellae in the examined alloys

Tabela 3. Charakterystyka ptytek fazy a-AlFeMnSi wystepujacej w badanych stopach

Alloys 0.5wt. % Si 25wt. % Si
Spacing, um A Ao A Ao
layer 0.5 15 0.5 2.0
filigrees 5 10 3 8

Jackson and Hunt's principle of the extremum growth [21, 24] allows explaining not
only the changes observed in lamellar spacing but also the reason of kinetic limitations
for the peritectic zone growth. Progress in the transformation front movement is possible
only when A value belongs to the range of A - A, determined by local undercooling and
equilibrium diagram characteristics.

max’
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Fig. 15. Undercooling of the two-phase front as dependent on interlamellar spacing at a constant
growth rate of AT = K AV +% 21]

Rys. 15. Przechfodzenie dwufazowego frontu krzepniecia w zaleznosci od odlegtosci miedzy
plytkami przy statej szybkoSci wzrostu fazy AT = KAV + Lj\z_ [21]

The critical lamellar spacing A, is determined by the thermodynamic driving force
AG =V AGp + Ay, necessary for progress of the process. In the analysed case, the
released volume energy VAGp resulting from replacing of Al FeMn phase by o-AlIMnFeSi
phase is progressively balanced by an increase in surface energy Ay of the a-AlIMnFeSi/
Al interfaces. When the critical A, value is achieved, the peritectic two-phase zone growth
is arrested, though volume increase of the a-AlFeMnSi phase is still thermodynamically
favoured. The maximum value of lamellar spacing A __ is limited by an increase in the
diffusion distance of both Fe and Mn in the solid state.

The filigrees of a-AIMnFeSi phase observed in a-Al matrix, behind the L/a-AlIMnFeSi
profile have seemed to be a prolongation of some lamellae from the peritectic zone (Figs.
5e—f, 6b, 11, 14). No thermal effects that could be ascribed to this process have been
recorded during calorimetric analysis, but a stepwise increase in the lamellar spacing
reflects changes in the process course.

The filigrees formation should take place after the growth of the transformed zone
inside an Al ,FeMn particle has been completed. Otherwise, the Si atoms necessary for
the a-AIMnFeSi phase growth at an internal Al,FeMn/a-AIMnFeSi front would have been
consumed at the external Al.FeMn/L interface. The lamellae branching changing into the
Chinese script is characteristic of the precipitation of this phase in liquid alloy. Therefore,
the filigrees growth occurs in the liquid alloy with kinetic domination of the o-AIMnFeSi
phase over the a-Al solid solution solidification.

If the minimum undercooling criterion [22]:

- (2ma)

A
AT

(where: m — liquidus slope, a,—geometry coefficient)

is applied, then the observed change in the external A spacing can be ascribed to
the decrease of local undercooling due to recalescence (the delivery of latent heat of
transformation) at the front of growth.
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However, the filigrees growth demands not only silicon but also transition metals
transport at the a-AlFeMnSi/a-Al interface from the subsequent zones of liquid alloy.

Though the diffusivity of both Fe and Mn in liquid Al is only slightly faster than that of
Si, their diffusion distance is much longer (Fig. 16). The volume of the liquid phase contain-
ing the number of transition atoms necessary to build one unit volume of the a-AIMnFeSi
phase is about 6 times larger than that of the primary Al.FeMn phase. The A /)\ ratio (Ta-
ble 3) observed in the examined alloys has been estlmated as comprised in a range of
4(Mn + Fe = 4.5%) + 8(Mn + Fe = 3.5%), which can be compared with the concentra-
tion relation: %(Mn + Fe), g, /%(Mn + Fe),, . Thus, the growth of external filigrees of
the a-AlFeMnSi phase occurs in the liquid at the expense of components which have
remained in it after the transformation in a primary particle has ended. The local concentra-
tion of transition metals and of silicon around the peritectically transformed precipitates will

a) Ap

-—

-a E" Tl -é ZMn+Fe__)\ (CuMmFe CAIMn+Fe)
=(ZMn+Fe)

Ale

ZMn+Fe—— A(CO e FCHA

Mn+Fe Mn+Fe)
=(EMn+Fe)

Fig. 16. The formation of filigrees zone and elements content in the microregion of AIMnFeSi lamellae
+ a-Al in both areas: a) peritectic layer V *, and b) filigrees zone V *f, when assumed V =V °F (3Mn
+ Fe - transition metals content in marked microregion), (XMn + Fe),, - transition metals content in
Al,FeMn phase, (Mn+Fe), - transition metals content in liquid solution, Ap - interlamellar distance
in internal peritectic layer, A~ interlamellar distance in external layer(filigrees), C°, . .- transition
metals content in a-AIMnFeSi phase, C* - transition metals content in a-Al solid solution in two-

Mn+F
phase layer, C+A) - transition metals content a-Al solid solution round the precipitate

Mn+Fe

Rys. 16. Powstawanie obszaru struktury chinskiego pisma oraz zawarto$¢ pierwiastkow
w mikroobszarze struktury ptytkowej AIMnFeSi + a-Al w obu strefach: a) warstwa perytektyczna V
i b) obszar struktury chinskiego pisma V *; przy zatozeniu V # = V 2 ZMn+Fe - zawarto$¢ metali
przejsciowych w oznaczonym mikroobszarze, (ZMn + Fe)Al, - zawarto$¢ metali przejsciowych
w fazie Al,FeMn, (XMn + Fe), - zawarto$¢ metali przejSciowych w cieklym roztworze, Ap - odlegfosc
miedzyptytkowa w wewnetrznej warstwie perytektycznej, A.- odlegtos¢ miedzyptytkowa w warstwie
zewnetrznej (obszar struktury chinskiego pisma), C*, ., . - zawarto$¢ metali przejSciowych
w fazie a-AlMnFeSi, CY,, .. - zawarto$¢ metali przejSciowych w statym roztworze a-Al w warstwie
dwufazowej, C-H*) - zawarto$¢ metali przejsciowych w statym roztworze o-Al dookofa
wydzielen)

Mn+Fe
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3.2.4. The diffusion transport of components within peritectic layer

The formation of a concentration gradient of components across the peritectic layer
thickness is usually very limited due to a narrow range of tolerance for the fluctuations in
composition of the intermetallic phase.

As the process occurs in situ and the content of transition metals in both primary and
peritectic phases is well-balanced, the transfer of transition metals is considered to be
limited only to an interlamellar spacing.

Instead, a strong deficiency of Si occurs at the a-AlFeMnSi/Al,FeMn interface.
Depending on the accepted formula of the a-AlFeMnSi phase, the range of ASi is about
6-8 wt.% (Fig. 13).

When the lattice diffusion mechanism is assumed, the Si diffusion driving force is
determined by the concentration gradient between both external and internal boundaries
of the peritectic layer: AC_=C__,* - C,,,..5"

According to the peritectic growth law based on Wagner formula, the growth rate
Ax /t dependence on the Si concentration gradient [12,13] will be expressed by the following
formula:

(Ax)?= 2tyDAC,,.

In the two-phase particles formed during homogenisation examined by Alexander,
no Si gradient was revealed. The size of particles was small compared to the estimated
distance of Si transfer, achieved when the process occurred (e.g. at 600°C/1 h —
150 pm, [10, 11]. Therefore, the A-type lattice diffusion of silicon should be sufficient
transport means for this element to feed and drive the transformation on the whole cross-
section of the primary particle.

all= 345

sil= 22 ' ' '
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a) ‘ b)
Fig. 17. Distribution of components between the primary and peritectic phases in AlIFeSiMn alloy,

a) SEM, etched with 1% HF, 7000x, b) concentration profile of components along the peritectic
layer

Rys. 17. Rozktad sktadnikow pomiedzy fazami pierwotnymi i fazami perytektycznymi w stopie
AlFeSiMn, a) skaningowa mikroskopia elektronowa, trawienie 1% HF, pow. 7000x. b) profil
stezenia sktadnikow wzdtuz warstwy perytektycznej

In the examined specimens, a small Si concentration gradient was observed within
the peritectic layer formed during slow cooling (Fig. 17). The average difference in Si
concentration between the external and internal layer boundaries was in the range of
0.2-0.3 wt.% (the layer thickness of at least 20 um). This result estimated by EDS
microanalysis was statistically proved to be at a 95% confidence level (Fig. 18).

Since the transformed layer thickness observed in the examined specimens has
achieved its maximum value comparable with the one obtained after a homogenisation
process, a similar Si diffusion mechanism could be assumed.
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Rys. 18. Silicon gradient in the peritectic layer (at. %), a) Si0.5, Fe/Mn 0.75, b) Si2.5 Fe/MnO0.75 (left
bar — C at the internal growth front, right bar — CS at the external microregion of a peritectic layer)

Rys. 18. Gradient zawartosci krzemu w warstwie perytektycznej (% at.); a) Si0,5, Fe/Mn 0,75, b) Si2,5
Fe/MnO0,75 (stupek lewy — CS' na wewnetrznym froncie wzrostu, stupek prawy — CS' w zewnetrznych
mikroobszarach warstwy perytektycznej)

3.3. The redistribution of transition metals between intermetallic phases

The stable chemical composition of intermetallic phases is one of their specific
features governed by Hume-Rothery rules. Nevertheless, the chemical composition of
both the Al.FeMn and a-AlFeMnSi phases formed in aluminium alloys as a substitution
solid solution is, in general, strongly influenced by alloy composition.

In particular, it is the Fe/Mn ratio in alloy that governs the thermodynamic stability.
When Fe dissolves in the base phase lattice, an array of the solid solution forms.

In the primary Al Mn phase, an increase in the dissolved Fe content leads to changes
in the crystal space group (from Ccmm (Al ,Mn) to Cmc2, (Al .Fe) [25], and then the phase
loses its thermodynamic stability:

Stable Al,Mn + Fe — Al.FeMn + Fe — metastable Al .Fe

The equilibrium Fe/Mn ratio is considered equal to 1, but some authors have reported
larger Fe < Mn replacements even in the range of about 56% [2].

The possible extent of the Fe < Mn replacement in a regular a-AlFeMnSi phase is
very large (Fe — Mn of about 95%), but if the Fe content exceeds certain concentration
limit, the new hexagonal o-AlFe(Mn)Si phase becomes thermodynamically favoured [5].
This concentration limit in the phase is not exactly determined, but estimated on the ground
of several reference studies as comprised in a range of 0.3-0.5 wt.%.

Figure 19 shows the distribution of transition metals between the precipitates of
intermetallic phases formed at the subsequent stages of peritectic crystallisation, examined
in specimens cooled at a rate of 5 K/min.

The maximum value of Fe/Mn ratio (about 1.3) observed in the Al.FeMn primary
precipitates in both hypo- and near-peritectic phases has been slightly higher than the
level considered equilibrium in this phase but lower than that reported in studies carried
outpreviously on this alloy. It means that the range of Fe <> Mn replacement in the examined
specimens has been wider than that reported previously. At the temperature of the Al FeMn
phase precipitation, two factors, i.e. either higher Fe diffusivity or its lower (compared with
Mn) solubility in liquid alloy, can promote the Fe accumulation in primary particles.
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A small increase in the Mn content has been noticed in the peritectic layer, while
the in situ mechanism of the new phase building is a rather exact copy of the Fe/Mn ratio
in the primary phase. However, a tendency similar to Mn diffusion into the a-AlFeMnSi
phase precipitates has been stated by several authors in the technical alloys after heat
treatment [15, 16]. Though the direct reason of this phenomenon has not be recognised
yet, the expected decrease in Fe/Mn ratio at the Al FeMn/L interface around the primary
precipitates can be considered the driving force for local Mn gradient balance.

A very high Fe concentration in the a-AlFeMnSi phase filigrees, formed at a terminal
stage of the peritectic precipitation has resulted from a very low value of the partition
coefficient at an a-Al/L interface, compared to that of Mn.

25 3
2 /< 2,5
—eo—alloy 2 ——alloy
15
/ —=—Al6 —=— Al
/' 15
1 v acp / acp
/ —>— acf 1 / —>— acf
05 05
0 0
0 0,5 1 1,5 0 0,5 1 1,5
a) b)

Fig. 19. The redistribution of transition metals between intermetallic phases, a) Fe/Mn ratio in alloys
with 0.5 wt.% Si, b) Fe/Mn ratio in alloys with 2.5 wt.% Si

Rys. 19. Ponowny rozktad metali przejsciowych pomiedzy fazami miedzymetalicznymi, a) stosunek
Fe/Mn w stopach z zawartoScig 0,5% wag. Si, b) stosunek Fe/Mn w stopach z zawarto$cig
2,6% wag. Si

Thus, the Fe/Mn ratio in each of the intermetallic phases precipitate has been
influenced by the following factors:
- the Fe/Mn ratio in the alloy,
the limit of the equilibrium Fe/Mn ratio in particular phases,
the evolution in liquid alloy composition during progress in the process.

4. Summary and conclusions

1. The course of the peritectic L + Al Mn(Fe) — a-Al + a-AlMnFeSi transformation,
identified in the examined alloys, was described on the ground of the results obtained
by local methods of investigation. The two-phase a-Al + a-AlMnFeSi lamellar structure
in a peritectic product layer was revealed by observations under the microscope (LM
and SEM) and identified by means of both EBSD and EDS microanalyses.

2. The peritectic formation of the a-AlFeMnSi phase occurs in two microareas:

a) inside the primary Al FeMn phase precipitates
A lamellar two-phase layer grows at the expense of Fe, Mn and Al atoms from the
Al ,FeMn matrix and Si atoms transported from the liquid alloy.
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The Fe, Mn and Al diffusion distance is comparable with the lamellar spacing and
parallel to the growth front at the Al FeMn/a-AlFeMnSi interface.

Silicon is supplied from liquid alloy and its flux is perpendicular to the growth front at
an Al,FeMn/a-AlFeMnSi interface. Though the o-AlFeMnSi/a-Al interfaces seem to be
the favourable diffusion paths, the Si concentration gradient in the transformed layer
can be the source of a driving force of the lattice diffusion. The effectiveness of a given
diffusion mechanism has not been verified because of the lack of data on material
constants.

b) outside the primary Al _[FeMn phase precipitates

The a-AlFeMnSi phase filigrees have been formed in liquid alloy owing to the
consumption of its components. The lamellar distance has been controlled by the Fe
and Mn diffusion efficiency in the liquid. This stage of the process can develop until
a direct a-AlFeMnSi/L contact is maintained.

The nucleation of the a-AlFeMnSi phase has been recognised as a controlling factor
at the stage of peritectic reaction. When the process passes into a transformation
stage, the growth kinetics becomes the predominant control factor.

The distribution of transition metals between both intermetallic phases reflects the
Fe/Mn ratio in the examined alloy. However, the Fe tendency to accumulate in both
Al ,FeMn phase precipitates and external filigrees of the a-AlFeMnSi phase has been
noticed, accompanied by a relative Mn content increase in the two-phase layer. It
can be promoted by differences in either diffusivity or partition coefficient of these
elements in the intermetallic phases involved in the process.
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