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Using advanced characterization techniques, including optical microscopy, scanning electron microscopy (SEM) with en-
ergy-dispersive spectroscopy (EDS), and differential scanning calorimetry (DSC) combined with Thermo-Calc calculations, the
study demonstrated the relationship between casting conditions, microstructure, and phase formation during high-pressure die
casting (HPDC) and comparative gravity casting in steel and copper molds. We demonstrated how both casting conditions and
changes in the alloy’s chemical composition instigate different heterogeneous equilibria and thus influence the constitution of
the alloys. After equilibrium solidification, the microstructures of the synthesized alloys consist of a4 matrix, AlgMn, and traces
of Al,CuMg, Al;;Mn, and Mg,Si, while nonequilibrium solidification led to the formation of different phases, such as
icosahedral quasicrystalline (IQC) phases, such as icosahedral quasicrystalline (IQC) phases their approximant a-AlMnSi and
B-AIMnSi phase. Finally, we confirmed the presence of different heterogeneous equilibria that existed simultaneously during the
solidification of the investigated alloys.
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Z uporabo sodobnih metod karakterizacije, vklju¢no z opticno mikroskopijo, vrsti¢no elektronsko mikroskopijo (SEM) in
energijsko disperzijsko spektroskopijo (EDS) ter diferencialno vrsti¢no kalorimetrijo (DSC) v kombinaciji s Thermo-Calc
izraCuni, je v Studiji prikazana povezava med pogoji litja, mikrostrukturo in nastankom faz pri visokotlacnem litju (HPDC) ter
primerjalnem gravitacijskem litju v jeklene in bakrene kokile. Pokazano je, da tako pogoji litja kot spremembe kemic¢ne sestave
zlitine sprozijo razli¢na heterogena ravnoteZja in s tem vplivajo na sestavo zlitin. Po ravnoteznem strjevanju so mikrostrukture
sintetiziranih zlitin sestavljene iz prevladujoce matrice aa in AlsMn ter sledov Al,CuMg, Al;»Mn in Mg,Si, medtem ko se med
neravnoteznim strjevanjem formirajo nove faze, kot so ikozaedri¢na kvazikristalna faza (IQC) in njen aproksimant a-AlMnSi in
faza $-AlMnSi. Potrdili smo prisotnost razli¢nih heterogenih ravnoteZij, ki so obstajala hkrati med strjevanjem preiskovanih
zlitin.

Klju¢ne besede Al-zlitine, kvazikristali, ravnoteZje, visokotlacno litje
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1 INTRODUCTION

Alloys capable of forming quasicrystals have been
studied since Shechtman’s discovery of quasicrystals in
Al-Mn alloys in 1986.! Many researchers have shown
that quasicrystals can form in various alloys and at dif-
ferent cooling rates.>'* Recently, significant effort has
focused on making these alloys more practical and appli-
cable. The latest research indicates that both the chemi-
cal composition of alloys and casting conditions are cru-
cial in controlling microstructure evolution during
solidification.'*!> Dubois et al. presented a compendium
summarizing the current state of applications of
quasicrystal-forming alloys, highlighting ongoing gaps
in the research and application, particularly regarding
high pressure die casting (HPDC) of these alloys.®!617
During HDPC and related nonequilibrium solidification
conditions, heterogeneous equilibria occur, leading to the
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solidification of typically multicomponent alloys with
highly complex constitutions. Therefore, to further eluci-
date the solidification behaviour of complex Al-Mn-
based alloys under HPDC conditions, the present study
compares the solidification of complex Al-Mn-based al-
loys under industrial HPDC conditions and controlled
laboratory gravity casting using copper and steel molds.

2 EXPERIMENTAL PART

The alloys were synthesized in a laboratory furnace
and an industrial gas furnace. Technically pure alumi-
num (99.8 w/%), copper (99.9 w/%), silicon (99.9 w/%),
iron (99.8 w/%), chromium (99.8 w/%), and master al-
loys AIMn20, AITil0, AlZr10, AlCa8, AlSr10, AIMg50,
ferrovanadium (V80Fe20), and A1V10 were used for the
synthesis.

First, aluminum was melted in a graphite crucible at
approximately 880 °C, then the other elements were
added in order of decreasing melting point and solubility
in the aluminum melt. The process was accompanied by
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stirring the molten melt and removing the gaseous com-
ponents and oxide layer.

The alloys, which typically form metastable primary
1QC phases during rapid solidification, were cast at tem-
peratures from 880 °C to 950 °C. The cooling rate of a
casting with a diameter of 5.5 mm was calculated using a
one-dimensional transient heat transfer model and was
approximately 500 K/s for all alloys investigated. The
liquidus temperature strongly depends on the manganese
content. A high manganese content in the alloy also
leads to a higher liquidus temperature, according to the
Al-Mn-Si phase diagram.'® The chemical compositions
of the investigated alloys are given in Table 1. All alloys
were cast under laboratory conditions and by an indus-
trial HDPC process.

Table 1: Chemical compositions of the alloys investigated, in wt.%

Alloy Al |[Mn | Si | Cuw/Fe | Mg | V/Ti

BIOI bal | 7.7 | 1.5 | 3(Cu) | 3 /
QC-2 (HPDC) | bal | 4.4 | 1.6 |35 ((g;) 21 |
QC-3 (HPDC) | bal | 5.1 | 0.9 |7 ((g;) 23 1.0 (V)
QC-4 (HPDC) | bal | 62 | 1.0 |20 ((FC;) 15 gf((T‘i’))
QC-7 (HPDC) | bal | 7.4 | 0.5 |37 ((%) 0 |2 ((T\f))

Microstructural investigations were conducted on al-
loys subjected to three different cooling conditions dur-
ing solidification, with the DSC analysis being as the
fourth reference process. A calculated cooling rate of ap-
proximately 500 K/s was achieved by copper mold cast-
ing into a round cavity with a diameter of 5.5 mm. A
cooling rate of approximately 250 K/s was achieved by
gravity die casting into a steel mold with a plate-shaped
cavity measuring 90 mm in length, 40 mm in height, and
3 mm in width. A cooling rate of about 100 K/s was

Figure 1: a) Steel and b) copper molds, and corresponding grav-
ity-cast samples with the alloy compositions listed in Table 1
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achieved by gravity casting into a copper mold with a
round cavity of 15 mm diameter. The gravity casting
molds are shown in Figure 1.

Examination of microstructure evolution during so-
lidification in industrial environments was conducted us-
ing a commercial HPDC setup for serial casting of Al-al-
loys. A NETZSCH Jupiter 449c was used to track the
solidification process (differential scanning calorimetry,
DSC) of the investigated alloys. Experiments were per-
formed in an Ar atmosphere up to 900 °C, with heating
and cooling rates of 10 °C/min. Thermo-Calc software,
based on the CALPHAD approach, was used to model
the thermodynamic properties of the materials and to
forecast the solidification of the investigated alloys. A
ZEISS Axio Imager.Alm microscope equipped with an
Axiocam 208 color digital imaging camera and ZEN
core 3.8 software for image processing and analysis was
used for LOM microstructure analysis. For brightfield
observation, the specimens were ground and polished
with a 0.05 pum silicon oxide suspension for approxi-
mately 2 min in the final preparation stage. In some
cases, the samples were also etched with a NaOH solu-
tion to increase contrast. A Thermo Fisher Quanta 650
scanning electron microscope was used for
microstructure observation and microchemical analysis
(EDS). Microchemical analyses (EDS) were performed
with an Aztec Live Ultim Max SDD 40 mm? detector at
an acceleration voltage of 20 kV.

3 RESULTS AND DISCUSSION

To determine the solidification behavior of the vari-
ous alloys listed in Table 1, we first examined the equi-
librium Thermo-Calc simulations presented in Figure 2.
The diagrams in the figure clearly show that the solidifi-
cation path for the investigated alloy BIO1 depends on
both manganese content and temperature. On the other
hand, we observed that the composition of the investi-
gated alloys is complex and contains numerous phases,
some of which are typical for nonequilibrium solidifica-
tion of Al-based alloys. Based on the chemical composi-
tion of BIO1, Thermo-Calc calculated several phases that
could form during stable or equilibrium solidification.
Primary solidification begins with 8-AlMnSi at 810 °C,
followed by a-AIMnSi, aa, AlsMn, Al,CuMg, Al;,Mn,
and Mg,Si. Stable phase diagrams as a function of tem-
perature and Mn content are shown in Figure 2.

We also performed differential scanning calorimetry
on the BIO1 sample to obtain detailed information about
the thermal processes occurring in a 5.5 mm diameter
casting sample from 900 °C to room temperature. Due to
metastable or nonequilibrium solidification, the phase
composition predicted by the Thermo-Calc software
does not fully correspond to the experimentally observed
phases, as the software is based on thermodynamic data
of stable phases (Figure 3). Nevertheless, we established
that during cooling (Figure 3b), at least four distinct

Materiali in tehnologije / Materials and technology 60 (2026) 3, 437-444



B. DREMELJ et al.: HETEROGENOUS EQUILIBRIA IN Al-Mn QUASICRYSTALLINE ALLOY DURING HIGH-PRESSURE ...

a)
Q) o0s-
3.0/
Eu 0,00
i 2.0/
E
’;'1., g 005
E 1.0 E -u 10 ------ e
a |
o — 430°C
50 100 150 200 250 300 350 400 450 S00 S50 600 650 700 750 800 850 900 4.15_
A Temperature [*C]
b) 50 () = FCC A
") "o 0,20 . . : T
750, ALMNSI_TB+LIQUID T m 300 350 400 450 500
0 A T St oy Temperature °C
il T TR o] = AT
P e ———— b) 01
E"" S M AN
§w R AR Sy
" aso. ISR P G016 P ALISSNMIYALIC G I TALEMISF CC_AToMGISLCT n's T
I ALY, MBS AT MGG ]
b ALSCU 160 B AT G 15 kst 0,41
0 3 i
I e I ! £
A Mole percent Mn E 0,24
. . . & o0
Figure 2: Thermodynamic calculations using Thermo-Calc software: '3 =]
a) predicted phase fraction as a function of temperature, b) solidifica- 1
tion temperatures as a function of Mn content 0.2
. . . -u" T T T T T - T 1
peaks appeared, corresponding to the primary crystalli- 200 300 400 500 600 700 800 90
zation of B-AIMnSi at 770 °C, followed by dominant Temperature °C
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Solidification continued with the formation of heteroge- Figure 3: a) DSC heating curve, b) DSC cooling curve of the BIOT al-

loy

Figure 4: Microstructure of the BIO1 alloy in the central area of the gravity cast samples: a, b) cast in a copper mold with a 5.5 mm diameter
cavity; c, d) cast in a copper mold with a 15 mm diameter cavity; e, f) cast in a plate-shaped steel mold, a casting thickness of 3 mm
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neous structures consisting of a mixture of B-AlMnSi,
a-AlMnSi, and AlsMn phases. The discrepancy between
the heterogeneous equilibria and the resulting constitu-
tion of the investigated alloy as predicted by
Thermo-Calc and the actual constitution established dur-
ing our investigation can be observed.

The presence of the phases described in the previous
section was also confirmed by the LOM of the BIOI1 al-
loy, shown in Figure 4. The IQC phase, with its typical
pentagram or star-like morphology, varies in size from
the contact surface between the melt and the inner sur-
face of the casting cavity toward the interior. The occur-
rence of the long needle-like 3-AIMnSi phase becomes
more frequent as the casting diameter increases from 5.5
mm to 15 mm. The size of a, increases noticeably with
increasing casting diameter, while the heterogeneous
structures between aa dendrites become coarser and
more pronounced due to the reduced solidification rate at
the center of a thicker casting. Thus, during the solidifi-
cation process, the heterogeneous equilibria evolve from
the dominant L—IQC phase and L->0,+IQC into

L+(-AlMnSi—=o-AlMnSi and L+os— Al,Cu+AlgMn
ending with the final L>0a+ALCu+Mg,Si+S-phase.

Figures 5 and 6 illustrate the effect of cooling rate on
microstructural development in the QC-2 alloy, showing
microstructures of the castings produced by gravity cast-
ing in copper and steel molds, as well as by HPDC, with
significant differences observed between the subsurface
and inner regions. In the subsurface region, where cool-
ing and solidification rates are significantly higher (Fig-
ure 5), IQC particles are sparsely distributed, having
star-like morphology, while the remaining constituents
form very fine, uniformly sized particles or dendrites, re-
gardless of the casting method. Most importantly, the
heterogeneous equilibria evolve, leading to the formation
of a new, needle-like morphology of the S-AIMnSi
phase.

Further comprehensive DSC analyses of all investi-
gated alloys enabled us to reconstruct the solidification
process and establish the heterogeneous equilibria that
coexist in the investigated alloys, using a combination of
DSC heating and cooling curves, SEM images, and EDS
results.

Figure 5: Microstructure of the QC-2 alloy near the contact surface of the gravity and HPDC cast samples: a, b) cast in a copper mold with a 5.5
mm diameter cavity; c, d) cast in a copper mold with a 15 mm diameter cavity; e, f) cast in a shaped steel mold with a thickness of 3 mm; g, h)

cast in the HPDC die with a 3 mm thick cavity
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Figure 6: Microstructure of the QC-2 alloy in the central area of the gravity and HPDC cast samples: a, b) cast in a copper mold with a 5.5 mm
diameter cavity; c, d) cast in a copper mold with a 15 mm diameter cavity; e, f) cast in a shaped steel mold with a thickness of 3 mm; g, h) cast in
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In Figure 7, a collection of DSC heating and cooling
curves for all the alloys listed in Table 1 is presented, il-
lustrating the solidification sequence during DSC analy-
ses.

Significant differences were observed in the intensi-
ties of individual DSC peaks. The heating curves showed
a considerably narrower solidus-liquidus interval com-
pared to cooling. No corresponding peak temperatures
were identified when comparing the heating and cooling
curves of the alloys listed in Table 1, except for a single
case in QC-7 at 760.2 °C. In this instance, primary solid-
ification apparently began with the crystallization of IQC
particles exhibiting their characteristic star-like morphol-
ogy, often accompanied by needle-like quasicrystalline

approximants (8-AlMnSi). Differences in size, distribu-
tion, and occurrence frequency of microstructural
constituents are further evident from the LOM images in
Figure 6.

The solidification processes of the alloys listed in Ta-
ble 1 were determined through detailed analyses of DSC
curves, combined with the SEM images from Figure 8.

There is no evidence of IQC particles in any of the
images in Figure 8, which is not surprising, as the forma-
tion of quasicrystalline phases requires higher cooling
rates than those achieved in DSC, as explained in the In-
troduction. The primary phase appears as elongated
lath-like particles or polygonal bulky particles with a
chemical composition close to f-AlIMnSi in alloys QC-2

B-AlMnSi

@
ode | vac ma mag
Al Highvacuum  199x 9.9 mm

Figure 8: SEM images for a) QC-2, b) QC-3, ¢) QC-4, d) QC-7 alloys after cooling at 10 °C/min (DSC)

Table 2: Chemical compositions of distinct phases in the investigated alloys obtained using EDS (at.%)

Alloy Phase Al Si Fe Cu
QC-2 B-AlMnSi 69.0 23.0 6.35 0.7 0.15
QC-2 a-AlMnSi 74.5 16.5 8.50 1.0 0.65
QC-3 B-AlMnSi 70.0 22.5 7.00 1.0 0.15
QC-3 a-AlMnSi 74.0 16.0 8.20 1.5 0.30
QC-4 AlgMn 81.0 15.5 0.37 1.8 0.38
QC-4 a-AlMnSi 73.0 15.2 7.90 1.5 0.70
QC-7 AlgMn 85.0 13.0 0.40 1.6 0.35
QC-7 a-AlMnSi 73.5 16.2 8.05 1.0 1.1
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and QC-3, and is surrounded by an outer shell
peritectically formed with a composition equal to that of
a-AlMnSi. In alloys QC-4 and QC-7, the primary phase
changed from ternary B-AlMnSi into one of binary
phases, most probably AlgMn. This is in accordance with
the EDS results from Table 2. Solidification then contin-
ued in all alloys with the crystallization of a4, followed
by heterogeneous equilibria leading to the formation of
binary or ternary eutectic-like structures consisting of
AleMn, AlL,CuMg, Al;»Mn, and Mg,Si phases, as pre-
dicted by Thermo-Calc simulation (Figure 2). These
phases showed chemical compositions consistent with
the EDS microchemical analyses performed using SEM.
Primarily solidified elongated 3-AlMnSi or bulky
AlgMn particles are surrounded by what appears to be a
peritectically formed a-AlMnSi phase, rich in both man-
ganese and silicon. We observed that, in the case of pri-
mary 1QC particles, the a-AlMnSi phase is also peritect-
ically formed on the edges of the IQC phase, which is
consistent with the findings of others.!® Interdendritic
spaces are filled with heterogeneous structures, some of
which show stronger contrast than others, indicating the
presence of copper as confirmed by EDS. Other struc-
tures that appear darker or with a grayish contrast have
compositions dominated by silicon and/or manganese,
belonging to different heterogeneous structures. This is
typical of all the alloys investigated, although they have
slightly different initial chemical compositions, as shown
in Table 1. Furthermore, the heterogeneous equilibria
leading to the formation of microstructural constituents
differ significantly across the four cooling rates em-
ployed during our investigation, indicating that cooling
rate plays a crucial role in microstructure formation.

4 CONCLUSIONS

Based on the investigation of five different Al-Mn-
based alloys employing various cooling rates and small
compositional variations, it is possible to significantly
influence the course of solidification and, consequently,
the final microstructure. This, in turn, can have a pro-
found effect on the properties of the alloys.

We found that the predicted microstructural composi-
tion closely matches the composition obtained with DSC
analysis. At higher cooling rates, heterogeneous equilib-
ria changed significantly, resulting in the formation of
the primary IQC phase, often accompanied by a crystal-
line approximant based on AIMnSi and other phases typ-
ical of the Al-Mn-Si ternary system, such as AlsMn,
Al;Mn, and others.

The microstructure also showed significant differ-
ences in the size and number of microstructural constitu-
ents when observed from the contact surface toward the
inner regions of the castings. We also observed that the
IQC phase regularly formed as the primary phase when
cooling rates were around 400-500 K/s, but was con-

Materiali in tehnologije / Materials and technology 60 (2026) 3, 437-444

tested by both S-AIMnSi and @-AlMnSi even more dom-
inantly when cooling rates dropped below 300 K/s.

The heterogeneous equilibria established in the inves-
tigated alloys during solidification at different cooling
rates differed significantly from one another and consis-
tently led to very different constitutions in the alloys
studied.
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