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ABSTRACT

Al-rich 94Al–6Mn and 94Al–4Mn–2Fe alloys were suction-cast to evaluate the

feasibility of obtaining bulk quasicrystal-strengthened Al-alloys at intermediate

cooling rates alloyed with non-toxic, easily accessible and affordable additions.

The influence of different cooling rates on the potential formation of a qua-

sicrystalline phase was examined by means of scanning and transmission

electron microscopy, X-ray diffraction and differential scanning calorimetry.

Increased cooling rates in the thinnest castings entailed a change in sample

phase composition. The highest cooling rates turned out to be insufficient to

form an icosahedral quasicrystalline phase (I-phase) in the binary alloy. Instead,

an orthorhombic approximant phase occurred (L-phase). The addition of Fe to

the 94Al–6Mn binary alloy enhanced the formation of a quasicrystalline phase.

At intermediate cooling rates of 102–103 K/s, various metastable phases were

formed, including decagonal and icosahedral quasicrystals and their approxi-

mants. Rods (1 mm in diameter) composed of I-phase particles embedded in Al

matrix exhibited a hardness of 1.5 GPa, much higher than the 1.1 GPa of 94Al–

6Mn.

Introduction

The rapid development of the automotive industry

and associated needs for enhanced material perfor-

mance intensify research on new, high-strength alu-

minium alloys for advanced applications. Among

various strategies, one of the most promising is the

formation of non-periodic (amorphous, quasicrys-

talline) [1–8] and periodic strengthening phases [9] in

the microstructure by casting at high (104–107 K/s)

and intermediate (102–103 K/s) cooling rates. Casting

at high cooling rates always requires additional pro-

cessing routes to obtain bulk materials from rapidly

solidified (RS) feedstock. This also applies to alu-

minium alloys strengthened by a quasicrystalline

phase. These alloys exhibit high room temperature

(RT) strength above 600 MPa [10, 11] and, compared

to amorphous alloys, do not require expensive rare

earth additions. Moreover, bulk forms, prepared by

various consolidation techniques of RS feedstock,
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exhibit very promising properties at elevated tem-

peratures, especially high creep and fatigue resis-

tance [5, 12, 13]. Considering the improved

mechanical properties of Al-based alloys compared

to commercially available equivalents (which is due

to the presence of an I-phase in the microstructure),

efforts are being made to obtain two-phase

microstructure comprised solely of quasicrystalline

particles embedded in an Al matrix, by casting

methods involving less severe cooling conditions

[14–18].

After the discovery of quasicrystals by Shechtman

[19], the solidification of Al–Mn binary alloys was

widely studied, including rapid solidification exper-

iments [20–24], casting at intermediate cooling rates

[25, 26] and reinvestigation of the Al–Mn equilibrium

phase diagram [27, 28]. Based on the previous results,

a metastable icosahedral phase can be obtained in

alloys containing 2.5–21 at.% of Mn [19–26, 29] using

rapid solidification techniques, especially a melt

spinning with cooling rates in the range of 104–

107 K/s [30] and electron beam melting [21, 31]. The

studies performed by Juarez et al. indicate that an

I-phase can be also obtained at intermediate cooling

rates of *150 K/s in an alloy containing 8 and

10 at.% of Mn [25]. According to the Al–Mn phase

diagram reinvestigated by McAlister and Murray at

the Al-rich side containing Mn concentrations up to

22 at.%, several intermetallic phases can be formed in

the vicinity of fcc Al under equilibrium conditions

[27, 28]. These include an orthorhombic Al6Mn phase

and two types of hexagonal approximants with

structures closely related to quasicrystals (due to the

occurrence of the same atomic clusters): l-Al4Mn and

k-Al4Mn. Additionally, a metastable hexagonal Al10-

Mn3 and a monoclinic Al11Mn4 phase can be formed

on cooling.

The effective reduction of cooling rates necessary

for I-phase formation can be obtained by modifica-

tion of the alloy’s chemical composition. Studies on

the influence of different alloying elements on the

potential formation of a quasicrystalline phase in the

Al–Mn system indicated that the addition of Be sig-

nificantly enhances the I-phase volume fraction in the

alloy prepared by conventional casting and casting

into copper moulds [32–36]. The main drawback, in

this case, is the high toxicity of the added element.

Other authors [18, 37] reported Ce as an effective

addition improving the I-phase formation in Al–Mn

alloys under different solidification conditions;

nonetheless, this was more recently disputed by

Coury et al. [38]. The addition of Ce was found to

stabilise the intermetallic phase Al20Mn2Ce with a

cubic structure reported previously in similar alloys

[39]. Jun et al. [40] studied the influence of the addi-

tion of mish-metal on the formation of the I-phase in

94Al–6Mn samples prepared by injection-casting into

copper moulds. The obtained samples were charac-

terised by good mechanical properties. Markoli

observed I-phase formation in Al-rich Al–Mn alloys

containing both Fe and Cu and cast into copper

moulds, which suggests that these elements can

support I-phase nucleation [17]. At the same time,

Shurack et al. [18] found the effect of Fe to be negli-

gible in the case of Al91Mn7Fe2 prepared using a

similar technique.

The aim of this work is to examine both the cooling

rates and the effect of Fe addition on the formation of

a quasicrystalline phase in the vicinity of Al solid

solution in Al-rich alloys. Particular attention is paid

to clarifying the effect of Fe on the potential forma-

tion of an icosahedral phase in the selected 94Al–6Mn

alloy. The formation of a stable decagonal qua-

sicrystalline phase has been reported recently in two

ternary systems, namely Al–Fe–Mn and Al–Fe–Cr

[41, 42], suggesting that Fe stabilises the phase even

under equilibrium solidification conditions. Finally,

the hardness of the obtained materials was measured

to verify the changes in mechanical properties

resulting from the evolution of the microstructure

under varying solidification conditions.

Experimental

Two selected alloys, 94Al–6Mn and 94Al–4Mn–2Fe

(at.%), were prepared by melting a mixture of pure

elements: 99.99% Al, 99.99% Fe, and 99.99% Mn in a

resistance furnace under a protective argon atmo-

sphere. The samples were subsequently cast into a

steel mould with a 20 9 30 9 60 mm cavity. The

resulting chemical composition was confirmed by

energy-dispersive X-ray spectroscopy (EDS) in a

scanning electron microscope (SEM). The obtained

ingots were cut into pieces, re-melted and suction-

cast into copper moulds with diameters of 1, 2, 3 and

4 mm, each with a height of 35 mm. In the suction

process, alloys were melted in a quartz crucible by

induction coil and then ejected into a copper die by a

suction force resulting from the difference between
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the pressure in the crucible (overpressure, 50 kPa)

and the die (underpressure, 51 kPa). The diameters of

the resulting rods were smaller than those of the

moulds, attributable to the solidification shrinkage.

This was manifested in the formation of pores,

mainly in the centre of castings. In the case of 2–4 mm

moulds, the resulting rod diameter was reduced by

about 10–15%, while for the thinnest castings the

shrinkage was in the range of 2–5%. The tendency

observed, i.e. less shrinkage for thinner castings,

correlates well with increasing cooling rates for

smaller moulds. Nevertheless, the nominal diameter

of the mould was retained in the designation of

samples described in the manuscript.

Calibration of the cooling rates was carried out by

analysing the microstructure of a reference 76Fe–

24Ni at.% alloy for each mould diameter. The

microstructure of castings was examined using a

Leica DM IRM Optical microscope, FEI SEM (E-SEM

XL30), and FEI transmission electron microscope

(TEM) Tecnai SuperTWIN G2, operating at 200 keV

and equipped with a field-emission gun (FEG) and

high-angle annular dark field scanning transmission

electron microscopy detector (HAADF-STEM). Phase

compositions were investigated using an X’Pert Phi-

lips PW 1710 X-ray diffractometer, with Cu-K alpha

radiation and in the case of the smallest samples

using synchrotron radiation of 87.1 kV at DESY beam

line P07 (wavelength 0.14235 Å). To collect X-ray

diffraction patterns, a 2D area detector was applied.

Chemical composition measurements were

performed by energy-dispersive X-ray spectroscopy

(EDS), both in SEM and in TEM. The thin foils were

prepared using a Tenupol-5 (Struers) double-jet

electropolisher and electrolyte containing nitric acid

and methanol (1:3 ratio) at a temperature of 243 K

and voltage of 15 V. Calorimetric measurements

were performed using differential scanning

calorimetry with a Netzsch DSC 404 F1 Pegasus. DSC

curves were acquired at a heating rate of 10 K/min.

Results

Cooling rate estimation

Examples of the moulds used, with the correspond-

ing castings, are shown in Fig. 1a. Achievable cooling

rates (K/s) were estimated based on microstructure

analysis of the 76Fe–24Ni at.% reference alloy using

the following formula:

e ¼ k
B6

� ��1
n

ð1Þ

where k is average cell width, and B6 and n are

constants specific for alloy composition. Those cor-

responding to the 76Fe–24Ni at.% alloy are given in

[43–45]. A representative microstructure formed in a

1-mm rod cast from the reference alloy is shown in

Fig. 1b. In the area near the edge of the rod (up to

50 lm), the formation of very fine cells indicates high

cooling rates up to 104 K/s (Fig. 1b). In this zone,

Figure 1 a Copper moulds used in the experiment with resulting castings and b an optical micrograph showing a cross section of a rod Ø

1 mm, of the 76Fe–24Ni at.% reference alloy.
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solidification is always more rapid due to the direct

contact of the solidifying liquid with the walls of the

copper mould. Although it occurs in most of the

obtained samples, it was not considered as repre-

sentative for the particular rod diameter. Instead,

cooling rates estimated based on the measurements

from the central part were taken as characteristic for a

given casting. The results of these calculations are

collected in Table 1. As shown, the cooling rate

increases significantly for smaller rod diameters,

reaching the highest value for castings with Ø 1 mm

(a rate 3 orders of magnitude higher than for castings

with Ø 4 mm).

Microstructure of 94Al–6Mn castings
obtained at different cooling rates

Average chemical composition measured by EDS

confirmed that Mn concentration in the 94Al–6Mn

ingot was 6.3 at.%, close to the nominal value. Based

on the SEM analysis, three phases were identified

within the microstructure: Al matrix (dark phase in

Fig. 2a), needle-shaped particles with stoichiometry

close to Al4Mn, and small particles formed at the

boundaries of Al grains (inset in Fig. 2b) corre-

sponding to the orthorhombic phase Al6Mn where

a = 7.6 Å; b = 6.5 Å; c = 8.9 Å. The Al matrix was

found to dissolve up to 1 at.% of Mn. Further TEM

studies revealed that the observed Al4Mn phase can

be indexed as the hexagonal k-Al4Mn phase with

lattice parameters a = 28.1 Å, c = 12.8 Å, which are

slightly different to those reported by Kreiner et al.

[46] (a = 28.4 Å, c = 12.4 Å). Particles of the inden-

tified hexagonal phase showed some internal inho-

mogeneities (Fig. 2c). A high density of defects was

detected, which affects the obtained electron diffrac-

tion patterns (see Fig. 2d). Many of the observed

particles also contained a thin slab (50 nm in width)

of different structure in the centre (Fig. 2e), probably

being the residue of the peritectic reaction. According

Table 1 Mean values of cooling rate estimated for different mould diameters based on microstructure analysis of reference samples at the

central parts of obtained castings

Rod diameter 4 mm 3 mm 2 mm 1 mm

Cooling rate 40 K/s 1 9 102 K/s 1 9 102 K/s 1 9 103 K/s

Figure 2 a SEM micrograph in back scattered electron mode

(BSE) showing microstructure of the initial 94Al–6Mn ingot cast

into steel mould, TEM/BF micrographs and corresponding

diffraction patterns with visible, b Al6Mn, and c–e Al4Mn

particles formed in the 94Al–6Mn cast ingot.
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to Murray et al. [28], the k-phase can occur as a

metastable phase on cooling according to the

L ? u ? k peritectic reaction, where the u-Al10Mn3

is a hexagonal phase with lattice parameters

a = 7.543, c = 7.898 Å. However, the diffraction pat-

tern obtained from the observed slab is not consistent

with the structure of the u phase, indicating that this

is a metastable product of another peritectic reaction,

which occurred during the cooling process.

In Fig. 3a–c, the cross sections of thin rods obtained

in the suction casting process are presented, with

insets showing their enlarged central parts. As pre-

viously mentioned, the estimated cooling rate was

comparable in rods with Ø 2 and 3 mm (*102 K/s),

and consequently similar microstructures were

formed. Figure 3b shows the microstructure of the

2 mm casting. With decreasing rod diameter, refine-

ment of the microstructure was observed. Addition-

ally, pores formed during solidification can be seen as

black contrast inside the rods.

The microstructure observed in the central part of

the rod with Ø 4 mm (Fig. 3a) consisted of needles of

the k-Al4Mn hexagonal phase (a = 28.4 Å;

c = 12.4 Å) embedded in the Al matrix (Fig. 4a). Two

additional phases were identified in castings with Ø 2

and Ø 3 mm (Fig. 3b): the orthorhombic L-phase

with the lattice parameters a = 12.4 Å, b = 12.6 Å,

c = 30.5 Å and a minor fraction of decagonal qua-

sicrystalline phase (D-phase), with a period of 12.4 Å

(Fig. 4b, c) detected by SEM and TEM techniques. All

three compounds exhibited similar Al concentration:

*83 at.% in k-Al4Mn, *85 and 86 at.% in the

L-phase and D-phase, respectively.

In the Ø 1 mm rod, L-phase particles embedded in

the Al matrix dominate the microstructure (Fig. 5a,

b), while the D-phase was not detected. Thin

(nanometre width—Fig. 5b) L-phase particles with

plate-like morphology were mostly arranged radi-

ally. Similar particles were observed also in the

thicker samples, particularly near the edges of cast-

ings, in the region of the highest cooling rates.

Microstructural studies performed using SEM and

TEM techniques are consistent with the results

obtained by XRD analysis. In both cases, the same set

of phases was identified (Fig. 6). However, the

indexation procedure of the obtained patterns was

difficult due to partial overlapping of the strong

peaks corresponding to the L-phase, k-Al4Mn and the

Al phase (Fig. 6a). Additionally, it was more difficult

to perform XRD over an effective sample volume on

thinner samples. That is why, in the case of the Ø

1 mm rod, synchrotron radiation was employed

(Fig. 6b). Diffraction using a well collimated and

intense beam enhances the signal-to-noise ratio and

greatly increases the spatial resolution. The obtained

results confirmed that the phase composition of the

thinnest rods included a mixture of L-phase particles

and fcc-Al matrix.

Figure 3 SEM (BSE) micrographs of the Al94Mn6, showing cross sections of rods a Ø 4 mm, b Ø 2 mm, and c Ø 1 mm obtained by

suction casting, with insets revealing details of their microstructure.
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Influence of the addition of Fe
on the microstructure of castings prepared
at various cooling rates

In the next step, the binary 94Al–6Mn composition

was modified by addition of 2 at.% of Fe. The aim

was to investigate the effect of iron on phase

formation during casting under the same solidifica-

tion conditions. The performed chemical analysis

confirmed that the concentration of the alloying ele-

ments used in the prepared ingot is similar to the

nominal one: 4.1 (at.%) of Mn and 2.2 (at.%) of Fe.

The microstructure of the initial 94Al–4Mn–2Fe

ternary cast ingot (Fig. 7a) consisted of three phases:

Figure 4 STEM HAADF microstructure of 94Al–6Mn with insets of electron diffraction patterns corresponding to various phases

observed in the castings Ø 1–4 mm particles of a hexagonal k-Al4Mn phase, b decagonal phase (D-phase), c orthorhombic L-phase.

Figure 5 a SEM (BSE) and b TEM (BF) microstructure of the 94Al–6Mn rod Ø 1 mm.
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orthorhombic Al6(Mn, Fe), monoclinic Al3(Mn, Fe)

with lattice parameters a = 15.7 Å, b = 8.0 Å,

c = 12.5 Å, b = 107.6� (Fig. 7b), and fcc-Al matrix.

This is in agreement with the Al–Fe–Mn phase dia-

gram [47].

The cross sections of the obtained rods are pre-

sented in Fig. 8a–f. The microstructure of the thickest

casting, Ø 4 mm (cooling rate *40 K/s), was similar

to that of the initial ingot (Fig. 8a, d). The main phase

observed in the microstructure was identified as an

orthorhombic Al6(Mn, Fe) phase (Fig. 9a) accompa-

nied by fcc-Al matrix, although traces of Al3(Mn, Fe)

could also be detected by SEM. In the thinner sam-

ples (rods Ø 2–3 mm *102 K/s), particles of a

decagonal phase (D-phase) were identified as well as

the orthorhombic Al6(Mn, Fe) (Fig. 8b, e). The size

and morphology of the D-phase (Fig. 9b) were

similar to those observed in the 94Al–6Mn binary

rods of Ø 3 mm (from few to more than a dozen

microns) but the occurrence was more evident [as

could be seen in obtained XRD patterns (Fig. 12)]. In

the thinnest castings, Ø 1 mm, I-phase particles were

found to form in large amount (Fig. 8c, f). Their

structure was confirmed by TEM investigations

based on the collected selected area electron diffrac-

tion patterns (SADP) (Fig. 9c, d). From the edge of the

rods up to a thickness of about 600 lm, (Fig. 8c)

I-phase particles exhibited fivefold symmetry sur-

rounded by fine eutectic (see small inset in Fig. 8f),

which consisted of an I-phase and Al (Fig. 9d).

In the thicker rods, as well as in the central part of the

Ø 1 mm rod, characterised by a coarser microstructure

(Fig. 9f), the presence of additional crystalline phases

was detected. Based on the TEM investigations, these

Figure 6 a XRD diffraction patterns obtained for the cast ingot and 94Al–6Mn rods Ø 2–4 mm, b XRD diffraction patterns obtained

using synchrotron radiation for rod Ø 1 mm.

Figure 7 a SEM (BSE) micrograph of the 94Al–4Mn–2Fe alloy microstructure cast into steel mould, b selected area diffraction pattern

corresponding to the monoclinic Al3(Mn, Fe) phase.
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crystalline phases include an Fe-rich component of

eutectic structure with a(Al) and needle-shaped par-

ticles (Fig. 10 a, b). In the latter, the streaks (Fig. 10b)

and modulations near diffraction spots and along a

certain systematic row (Fig. 10c) suggest the presence

of stacking faults in the crystal structure. Additionally,

at different orientations an aperiodic array of intense

electron diffraction spots (Fig. 10d, e) and the presence

of pseudo-fivefold (Fig. 10d) was revealed. Based on

EDS chemical analysis, the concentration of Al in all

phases exceeds 80 at.% (see Table 2).

The obtained XRD patterns are in agreement with

the SEM and TEM results. They contain unidentified

peaks, which most probably correlate with crystalline

structures formed in the thinner rods (see question

marks in Fig. 11a). Based on the position of the un-

indexed peaks in the recorded XRD patterns, the

observed needle-shaped particles could be assigned

to the hexagonal j-phase reported previously in Al–

Cr–Ni and Al–Fe–Mn alloys [42, 48] (see a simulation

of j-phase characteristic peaks marked with a dotted

line in Fig. 11a). However, the mentioned structure

was not consistent with obtained SADPs. Thus, the

correct structure of the observed particles remained

unclear. Similarly to the binary castings, X-ray

diffraction from the thinnest rods was collected using

synchrotron radiation (Fig. 11b). An I-phase was

found to coexist with Al fcc and the third phase,

presumably the approximant of a quasicrystalline

phase.

Figure 8 a–c SEM (BSE) microstructures of 94Al–4Mn–2Fe rods Ø 1–4 mm together with insets (d–f) of central part magnified.

Figure 9 TEM HAADF micrographs of phases formed in the 94Al–4Mn–2Fe rods Ø 1–4 mm with insets corresponding to their electron

diffraction patterns. Particles of a Al6(Mn, Fe), b D-phase, c I-phase, d eutectic consisting of I-phase ? Al.
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Influence of obtained microstructures
on the hardness of castings

To verify the effect of different cooling rates on the

properties of the samples, hardness tests were per-

formed. Due to observed porosity, other mechanical

tests were not attempted at this stage of the investi-

gation. In the case of 94Al–6Mn binary castings, no

distinct change in hardness values between the pro-

duced samples was observed (Fig. 12) except for a

small increase for the thin rods compared to the ini-

tial ingot. This may be related to the refinement of

microstructural components due to faster cooling

rates (Fig. 3). Relatively small differences may stem

from similarities between formed microstructures

and corresponding phases, particularly the hexago-

nal k-Al4Mn and orthorhombic L-phase, which

exhibit similar composition, morphology, and some

similarities in their internal structure (same lattice

parameter). The microstructure of 94Al–4Mn–2Fe

ternary rods varied more significantly compared to

the binary samples, as did the obtained hardness

(Fig. 12).

The highest values were obtained for the thinnest

rods, where the presence of a fine I-phase and

D-phase particles surrounded by Al solid solution

was detected. In this case, hardness increased to

1.5 GPa, compared to 1.1 GPa obtained for the 94Al–

6Mn rod with the same diameter (please compare

examples of obtained indents in Fig. 12).

Based on the obtained DSC curves (Fig. 13), a sig-

nificant exothermic reaction occurs in Ø 1 mm rods,

connected with a metastable transformation of crys-

talline and quasicrystalline particles in 94Al–6Mn

(Fig. 13a) and 94Al–4Mn–2Fe castings (Fig. 13b),

Figure 10 a–b TEM bright field image of a crystalline approximant phase formed in 94Al–4Mn–2Fe castings with corresponding

electron diffraction patterns (c–e).

Table 2 Average chemical composition of phases observed in

prepared 94Al–4Mn–2Fe castings

Phase Concentration (at.%)

Al Mn Fe Mn/Fe ratio

Al matrix 99.5 0.5 – –

Al6(Mn, Fe) 86 9 5 1.8

D-phase 81 12 7 1.7

I-phase 81 12 7 1.7

I-phase eutectic 82 9 9 1

Crystalline eutectic 85 4 11 0.4

Crystalline phase (needles) 84 12 4 3

Figure 11 a XRD of the 94Al–4Mn–2Fe rods with different diameters, b XRD using synchrotron radiation on rod of Ø 1 mm.
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respectively. In the latter, the I-phase decomposes

around 703 K (Fig. 13b). The peak corresponding to

the Al6Mn phase occurs at 931 K, suggesting that this

is a stable crystalline product of I-phase

transformation.

Discussion

Development of microstructure of samples
during casting at different cooling rates

The suction casting of the 94Al–6Mn alloy into cop-

per moulds, providing cooling rates in the range of

4–103 K/s, revealed changes in the phase composi-

tion of the obtained samples with decreasing rod

diameter. Particularly, the main phase, hexagonal k-

Al4Mn, observed in the cast ingot and rods of Ø

4 mm, was supplanted by an orthorhombic L-phase

in the thinner castings, of Ø 1 mm. These phases are

classified as quasicrystalline approximants of the

decagonal phase. Traces of D-phase were indeed

found in the microstructure of the 2–3 mm rods

where both L- and hexagonal k-Al4Mn phases coex-

isted (Fig. 3b). Moreover, the L-phase, k-Al4Mn, and

D-phase exhibit common lattice spacing 12.4 Å and

similar Al content *86–84 at.%. Similarities between

the observed phases, especially the k-Al4Mn and

L-phases, suggest their competitive growth within

certain ranges of cooling rates. In the case of the

selected alloy composition (94Al–6Mn), higher cool-

ing rates clearly favour the orthorhombic L-phase

Figure 13 DSC curves of a 94Al–6Mn and b 94Al–4Mn–2Fe castings recorded at a heating rate of 10 K/min.

Figure 12 Values of obtained hardness for the 94Al–6Mn and 94Al–4Mn–2Fe castings with insets of SEM micrographs in SE and BSE

mode showing examples of indentation marks obtained in rods of Ø 1 mm.
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formation. Interestingly, this phase does not occur in

the equilibrium or metastable Al–Mn phase diagram

[27, 28]. Nevertheless, it was found to coexist with the

decagonal phase in a number of transition-modified

aluminium alloys (mostly of ternary compositions)

[49–52], including rapidly solidified Al–Mn alloys

with Zn and Ni, as a product of metastable I-phase

decomposition. The occurrence of an L-phase in

binary Al–Mn alloys during casting at intermediate

cooling rates may confirm that nucleation of this

crystalline structure is a common step in the forma-

tion of particles characterised by quasicrystalline

arrangement in Al–TM alloys. Nevertheless, it is

surprising that the formation of the phase in the

binary Al–Mn alloys was not demonstrated earlier.

This is probably because the previously reported

experiments were mostly dedicated to rapid or

equilibrium solidification conditions. Only a few

works study the solidification of Al–Mn alloys at

intermediate cooling rates [25, 26]. Those, however,

did not consider composition (6 at.% of Mn) and

cooling rates (103 K/s) used in this work (conditions

under which the L-phase was observed).

In the alloy modified by the addition of Fe, the

formation of various phases was observed with

increasing cooling rates. Al3(Mn, Fe) primary parti-

cles surrounded by the Al6(Mn, Fe) phase formed as a

product of a peritectic reaction in the cast ingot and Ø

4 mm rod (Figs. 7a, 8). In the thinner samples, of Ø

2–3 mm, quasicrystalline particles including D-phase

and traces of I-phase were detected. Some of these

particles were surrounded by a layer of Al6(Mn, Fe)

(Fig. 14a, b), suggesting that this intermetallic phase

is also a product of a peritectic reaction, while

decagonal and icosahedral phases form directly from

the undercooled liquid as primary particles.

In such a case, the higher cooling rates should

suppress nucleation of the peritectic orthorhombic

phase, resulting in microstructures consisting solely

of a metastable quasicrystalline phase and alu-

minium matrix. Indeed, higher cooling rates of

*103 K/s are sufficient to form the I-phase particles

in the vicinity of the Al solid solution. However, even

in this case, the fraction of crystalline intermetallic

phases was detected in the centre of casting charac-

terised by coarse microstructure. Their structure

could not be identified conclusively based on the

collected electron and X-ray diffraction data. How-

ever, strong diffraction spots in the recorded electron

diffraction patterns show pseudo-fivefold and aperi-

odic distribution characteristic for approximants of

icosahedral and decagonal quasicrystals. Addition-

ally, these strong spots do not lie on dense reciprocal

axes as in the case of the hexagonal k-Al4Mn phase

(Fig. 4a). The amount of Al in the approximant phase

exceeds 80 at.% (see Table 2). So far, only three types

of Al–Mn–Fe ternary phases with Al content above

80 at.% have been reported in the literature including

an orthorhombic Al6(Mn,Fe) compound, a hexagonal

j-phase which was considered earlier (Al81.4Mn15.0-

Fe3.6), and a Z-phase Al81.7Mn9.8Fe8.5 with unknown

structure, found recently by Balentsky et al. [42].

Thus, this system requires further exploration, espe-

cially studies on the dependence of solidification

conditions on the formation of new

metastable phases. The obtained results imply that

the formation of two-phase microstructure: I-pha-

se ? Al-fcc matrix (without intermetallic inclusions)

in the studied alloy requires cooling rates above 103

K/s. The comparison of the obtained results with

data concerning the effect of Be addition reported in

the literature [34, 35] indicates that the promotion of

I-phase formation is stronger in the latter case. Nev-

ertheless, due to alloying with Fe, the quasicrystalline

phase clearly enhances I-phase formation at inter-

mediate cooling rates compared to the binary alloy.

Figure 14 TEM bright field image revealing a D-phase and b I-phase particles surrounded by layer of crystalline intermetallic phase.
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Summary and conclusions

Alloys with two chemical compositions, 94Al–6Mn

and 94Al–4Mn–2Fe, were prepared by suction casting

technique to obtain rods with the following diameters:

1, 2, 3, and 4 mm (achievable cooling rates were in the

range of *103–4 K/s). Based on the performed

investigations, the following conclusions were drawn:

As the rod diameter decreases, the cooling rate

increases, which leads to changes in the sample

phase composition.

The highest applied cooling rate was not sufficient

to form an I-phase in the microstructure of the

binary 94Al–6Mn alloy. Instead, an approximant of

a decagonal phase with orthorhombic structure in

the vicinity of the Al solid solution was observed.

Based on the performed measurements, its pres-

ence in the microstructure did not contribute

significantly to higher hardness in as-cast state.

With the addition of Fe (2 at.%) to the binary alloy,

various metastable phases were formed in rods,

including quasicrystalline particles and an approx-

imant of the decagonal phase. This indicates the

enhanced formation of quasicrystals in the Fe-

modified alloy at intermediate cooling rates.

The thinnest ternary casting, containing I-phase

particles, exhibits much higher hardness compared

to the rods of the binary composition with the same

diameter. The increase in hardness for the ternary

alloy stems from the change in phase composition

(formation of a quasicrystalline phase), as well as

the fine size of formed particles (fine eutectic).

The minimum cooling rate required to obtain two-

phase microstructure (I-phase ? Al matrix) in the

studied 94Al–4Mn–2Fe ternary alloy was estimated

to be at least of *103 K/s. So far, this allows

formation of the desired microstructure in 1-mm-

thick samples cast in copper moulds. The goal is to

obtain I-phase particles in thin-walled products

fabricated by die casting with wall thickness of

1–1.5 mm. Although the cooling rates are lower in

this technique (typically between 50 and 500 K/s

[53]), we anticipate that further studies will lead to

the development of desired microstructure close to

the upper limit of the required range. Currently, die

casting is used to cast Al–Si, Al–Cu, and Al–Mg

components [53], especially using 380 and 413 alloys

with hardness around 0.8 GPa. Although much

higher hardness was obtained in suction-cast rods

(1.5 GPa), comparison between commercial equiva-

lents is hardly possible due to different experimental

conditions and resulting microstructures. However,

the presented preliminary studies lead to interesting

results and seem to indicate a promising research

direction. Additionally, the DSC results indicated

that the alloy exhibits good thermal resistance—the

first exothermic reaction occurs at 673 K. The

obtained results are also valuable concerning

enhanced I-phase formation coupled with the elim-

ination of carcinogenic Be. A significant change in

microstructure (specifically I-phase formation) and

hardness was induced by modification of Al–Mn

alloys with more common and environmental

friendly addition such as Fe, which is often present

in the starting alloy as an impurity.

The development of new Al-alloys strengthened

with a quasicrystalline phase in bulk form produced

at intermediate cooling rates still remains a challenge.

However, this work indicated the possibilities to

enhance the I-phase formation in Al-rich alloys using

non-toxic, easily accessible, and affordable additions.
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