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Introduction. Aluminum alloys of the A/-Cu-Mn system, alloyed with 23% copper and 1-2% manganese
(ALTEK), are distinguished by heat resistance and high mechanical properties due to the formation of nano-dispersed
particles of the A7,,Cu,Mn, phase. When exposed to high temperatures (up to 400°C), the particles block the processes
of polygonization and recovery, hindering the movement of grain boundaries. A promising direction for improving
these alloys is the modification of the cast structure with transition metals (7Ms). An insufficient content of 7Ms does
not provide a modifying effect, while an excessive amount leads to a reduction in strength due to the formation of
a large number of coarse intermetallic particles. The subject of this work a ALTEK alloys alloyed with Mg, Zr, Sc,
and Hf. The purpose of the work is to determine the optimal concentrations of scandium, hafnium, and zirconium
required for effective modification of the cast structure of ALTEK alloys during complex alloying. The effect of
complex additions of transition metals (Zr, Sc, Hf) on the formation of the cast structure of Base0. 15Zr0.05Sc0.05Hf,
Base0.1Zr0.14Sc0.16Hf, Base0.1Zr0.28c0.16Hf, and Base0.1Zr0.255c0.16Hf alloys is investigated in comparison to
the base alloy. The research methods were optical and scanning electron microscopy, and X-ray diffraction analysis.
Results and discussion. Modification of the grain structure in alloys with a scandium content of less than 0.20% is
not observed, and the average grain structure size is 350 um. The addition of scandium in the amount of 0.20% and
0.25% leads to a decrease in the average grain diameter to 41.8 um and 29.7 pm, respectively. Scanning electron
microscopy showed that particles of the A/, Mn and Al,CuMg phases are present in all the alloys studied. Particles
of the Al,(Sc,Hf,Zr) phase are found in the Base(.1Zr0.25c0.16Hf and Base(.1Zr(.255c0.16Hf compositions. X-ray
diffraction analysis revealed the A/, ,Cu,Mn;, phase and small amounts of A/ Mn and Al,CuMg in the base alloy and in
the Base(.1Zr(0.25Sc0.16Hf alloy. The structural modification is explained by the precipitation of primary 4/;(Sc, Zr;
Hf) particles. Application of the results. The obtained results are promising for the development of new materials
for the manufacture of aerospace products. Conclusions. The addition of 0.20-0.25% scandium with a zirconium
content of 0.1% and hafnium of 0.16% is the most effective.

For citation: Levagina A.A., Aryshenskii E.V., Konovalov S.V., Rasposienko D.Yu. Effect of Zr, Sc, and Hf additions on the microstructure
formation of cast ALTEK alloys. Obrabotka metallov (tekhnologiya, oborudovanie, instrumenty) = Metal Working and Material Science, 2025,
vol. 27, no. 4, pp. 272-286. DOI: 10.17212/1994-6309-2025-27.4-272-286. (In Russian).

Introduction

The combination of low density and high corrosion resistance makes aluminum a high-demand material.
Its alloys, modified with alloying elements and thermomechanical treatment, provide excellent mechanical
and performance characteristics, making them indispensable in the aerospace, automotive, and power

generation industries [1, 2].

ALTEK alloys of the AI-Cu-Mn system, which possess above-average thermal stability, are of particular
scientific and practical interest. Such alloys are characterized by a low copper content (1-3 %) compared
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to industrial alloys, and the manganese content varies within the 1-2 % range. A two-phase structure,
consisting of an aluminum solid solution and a thermally stable 4/:0Cu:Mns phase, is formed in these
alloys [3—5]. Nanosized A/20Cu:Mn; particles effectively suppress recrystallization and recovery processes
at temperatures up to 400 °C during prolonged exposure (at least 3 hours) [6—8]. One method for improving
the structural and functional properties of ALTEK alloys is to modify their as-cast microstructure.

Fine-grained structures exhibit enhanced plasticity and strength and are less prone to low-temperature
brittleness. In contrast, coarse-grained structures degrade the performance and service properties of rolled
sheets due to non-uniform deformation and increase the rejection rate [9]. Fine-grain structure formation
is facilitated by high cooling rates, physical effects (e.g., ultrasound), the introduction of modifying
additives, and thermomechanical treatment parameters. However, crystallization at high cooling rates and
the application of physical effects are not always feasible in production. Therefore, the use of modifying
agents is the most practical method for grain refinement during casting [10].

Transition metals (7Ms) are the most commonly used modifying agents [11-17]. Scandium (Sc), as the
most effective modifying agent, forms primary A/:Sc particles that act as crystallization nuclei. However, the
high cost of Sc necessitates alternative solutions. It has been experimentally established that the combined
addition of Zr and Hf allows for a reduction in Sc content while enhancing the modifying effect [11].
The aspect of combined Zr, Sc, and Hf addition has been insufficiently studied for ALTEK system alloys.
Existing studies have addressed the effects of Zr [6, 18] and Zr and Sc (with Cr addition) [7]; however, the
effect of Hf addition has not been investigated.

Studies [6, 19, 20] mention the effect of zirconium addition on the properties of ALTEK alloys. Typically,
zirconium content varies within the 0.22—-0.59 Zr range (compositions: 1.97% Cu-1.92% Mn-0.22% Zr,
1.48% Cu-1.53% Mn-0.41% Zr; 1.11% Cu-0.95% Mn-0.59% Zr [6, 19]; 1.6% Cu-1.37% Mn-0.5% Zr
[18]). However, unlike the base compositions, zirconium had a negligible effect on the as-cast structure in
the above alloys, as it was fully dissolved in the aluminum solid solution in the as-cast state. Study [21]
examined an alloy with Sc addition (1.74% Cu-1.57% Mn-0.25% Zr-0.1% 1Sc). This alloy exhibits an
as-cast structure similar to that of ternary A/-Cu-Mn alloys. Al;Cr particles were identified in [7] for an Al-
Cu-Mn-(Sc, Cr) alloy (1.6% Cu—1.8% Mn—0.4% Zr—0.15% Cr). The grain structure consists of two zones:
columnar and equiaxed crystals, which may also be associated with crystallization in a small-diameter
(40 mm) graphite mold. It should be noted that in all the studied compositions, the selection of rare earth
metals was aimed at preventing the formation of primary intermetallic compounds; therefore, the TMs
did not significantly affect the as-cast structure. Primary A/:Sc- and Al3Zr-type intermetallic compounds,
in turn, have a dual function: on one hand, they act as modifying agents, refining the grain structure and
thereby improving strength properties according to the Hall-Petch relationship [22]; on the other hand, such
intermetallic compounds act as stress concentrators, often leading to a reduction in plasticity in the alloys
containing them. For this reason, in practical applications, efforts are made to select transition element
concentrations that, on one hand, ensure as-cast structure refinement and, on the other hand, do not cause
the formation of large amounts of primary intermetallic compounds. However, such studies have not been
conducted for ALTEK alloys.

Thus, the objective of this study is to determine the optimal Sc, Hf, and Zr concentrations required for
effective as-cast structure modification during complex alloying of ALTEK alloys. The following tasks will
be addressed to achieve this objective:

1. Comparative analysis of grain structures.

2. Identification of intermetallic compounds formed in the studied ALTEK alloys using scanning electron
microscopy and X-ray diffraction analysis.

Methods

It is known that for effective grain structure modification of aluminum alloys, the combined amount of
Sc and Zr should not exceed 0.11-0.15 % [16], and Hf addition is effective if its maximum content is 0.2 %
[11]. These guidelines were observed to select the transition metal contents.
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The phase composition was analyzed using computational methods with the Thermo-Calc software and
the TTALS database. The alloy phase composition was simulated at temperatures of 200 and 400 °C.

Casting

Five alloys with the chemical compositions listed in Table 1 were cast in a steel chill mold to investigate
the effect of the 7M complex.

Table 1
Chemical composition of model alloys
Content, %
No.

Cu Mn Mg Zr Sc Hf
1 2 2 1.5 - - -
2 2 2 1.5 0.15 0.05 0.05
3 2 2 1.5 0.1 0.14 0.16
4 2 2 1.5 0.1 0.20 0.16
5 2 2 1.5 0.1 0.25 0.16

The following designations were introduced for convenience:

e Base — base alloy 2% Cu-2% Mn-1.5% Mg

e Base0.15Zr0.055c0.05Hf

e Base0.1Zr0.14Sc0.16Hf

e Base0.1Zr0.25c0.16Hf

e Base0.1Zr0.255¢c0.16Hf

The numbers preceding the chemical symbols indicate their concentration in weight percent (wt.%).

The ingots were produced by melting in an induction furnace and casting into a steel chill mold. The
melting procedure was performed as described in a previous study [14]. The following materials were used
as charge: 485 grade aluminum, Mg90 magnesium, M1 copper, Al-Sc2, Al-Zr5, Al-Hf2 master alloys, and
Mn90A110 alloying pellets.

The chemical composition of the produced alloys was determined according to [15]. The sampling for
analysis was performed at 730 °C.

Microstructure examination

Optical microscopy was used to assess the efficiency of the selected ratio and concentration of the
modifying agents. The microstructure was examined on a smooth, cleaned surface. For metallographic
preparation, the samples were mounted in epoxy resin, and the surfaces were ground using a Forcipol
2 dual-disk grinder/polisher with abrasive papers of varying grit sizes (P400, P600, P800, P1000,
P1500, and P2000). Final polishing was achieved using a felt cloth and Goya paste. The grain structure
was revealed by etching in a 15% NaOH solution and subsequently treated with a special reagent for
visualization. The reagent composition was as follows: 400 ml hydrochloric acid, 220 ml nitric acid, 50
g copper filings, and 300 ml water. For each sample, two images were captured at magnifications of x50
and %200 (or lower, if necessary). The average grain size was measured using the linear intercept method
according to GOST 21073.2. Microstructure images were obtained using an OLYMPUS GX-51 optical
microscope.

For the examination of AlsMn, Al>=CuMg, and Als(Sc,Zr, Hf) particles, the sample surfaces were prepared
by grinding and polishing after mounting in epoxy resin. The samples were then removed from the resin
for further examination using a scanning electron microscope. The particles were examined using a KYKY
EM6900 scanning electron microscope, with 10 images captured per sample. For particle identification,
EDS analysis data were compared with published data [9, 17, 24-27].

Vol. 27 No. 4 2025 %
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X-ray diffraction analysis

X-ray diffraction analysis was performed using a BRUKER D8 ADVANCE diffractometer with CuKo
radiation (A =0.15418 nm) over a 26 angular range of 20° to 60°, with an exposure time of 10 seconds per
point. The data were processed using DIFFRAC.EVA 4.0 and DIFFRAC.TOPAS 5.0 software [23].

The phase composition of the samples was determined via X-ray phase analysis. Interplanar distances,
calculated from the diffraction peak positions, were compared with the PDF-2/12(2 database.

Transmission electron microscopy (TEM)

The Base0.1Zr0.25c0.16Hf alloy was used for A/20Cu-Mn;s phase identification via TEM. The samples
were prepared by mechanical thinning followed by electrolytic thinning. 3 mm diameter disks were punched
using an Ultratonic Disk Cutter. Electropolishing was performed in an 42 electrolyte using a Struers
Tenupol unit. A PIPS II ion polishing system was used to remove carbon contamination. Grain structure and
phase analyses were performed using standard techniques, including bright-field (BF) and dark-field (DF)
imaging and electron microdiffraction. Phases were identified by correlating their interplanar distances with
reference data from the JCPDS-ICDD database, followed by chemical analysis. The interplanar distances
were calculated based on additional reflections in the electron diffraction patterns.

Results and Discussion

Based on optical microscopy data (Fig. 1), the alloy without 7M additions exhibits a dendritic grain
structure with a grain size of approximately 350 pm. No significant grain refinement was observed in the
Base0.15Zr0.055c0.05Hf alloy with a low TM content. The average grain diameter was 239 um. An initial
modifying effect was observed in the Base0.1Zr0.14Sc0.16Hf alloy, where individual fine grains (up to
35 um in diameter) appeared against a predominantly coarse-grained as-cast structure, reducing the average
grain size to 118 pm.

d e

Fig. 1. Microstructure of AI-Cu-Mn-Mg (Zr, Sc, Hf) alloys:
Base (a), Base0.15Zr0.05Sc0.05Hf (b), Base0.1Zr0.14Sc0.16Hf (c), Base0.1Zr0.2Sc0.16Hf (d), Base0.1Zr0.255c0.16Hf (e)

CM Vol 27No. 42025



MATERIAL SCIENCE OBRABOTKA METALLOV %

Qualitative changes in the microstructure occurred in the Base0.1Zr0.2S5c0.16Hf and
Base0.1Zr0.25S8c0.16Hf alloys, where effective grain refinement and the formation of an equiaxed grain
structure were achieved, likely due to the precipitation of primary Al3(Zr,Sc, Hf) particles. An increase in
scandium content from 0.14 to 0.25 % led to a gradual reduction in grain size from 41.8 um (0.2% Sc alloy)
t0 29.7 um (0.25% Sc alloy).

According to scanning electron microscopy (SEM) data, the A/sMn phase was present in all studied alloys
(Figs. 2 and 3). A typical EDS spectrum from such an inclusion is shown in Fig. 3, a. However, the inclusions
exhibited significantly different sizes: their length in the base alloy does not exceed 15 um (Fig. 2, a), while
the largest inclusions, with lengths exceeding 45 um, were identified in the Base0.15Zr0.055¢c0.05Hf alloy
(Fig. 2, b). Inclusion sizes in the Base0.1Zr0.14Sc0.16Hf (Fig. 2, ¢) and Base0.1Zr0.255¢c0.16Hf (Fig. 2, f)
alloys are comparable and do not exceed 20-25 um. Individual large particles up to 40 um in length were
detected in the Base0.1Zr0.2Sc0.16Hf alloy (Fig. 2, d). The presence of the A/sMn phase in the Base and
Base0.1Zr0.25¢c0.16Hf alloys was also confirmed by X-ray diffraction analysis (Figs. 4, 5).

All alloys contained A/-2CuMg inclusions, with a typical EDS spectrum shown in Fig. 3, 5. Particularly
large inclusions, up to 45—60 um in length, were found in the Base0.15Zr0.05Sc0.05Hf (Fig. 2, b) and
Base0.1Zr0.25¢c0.16Hf (Fig. 2, e) alloys. In the Base0.1Zr0.255c0.16Hf alloy, these phase inclusions were
smaller, up to 20 um (Fig. 2, £, 2). In the Base (Fig. 2, a) and Base0.1Zr0.25c0.16Hf (Fig. 2, ) alloys, the

a b c
d e f
g

Fig. 2. Microstructure of alloys (SEM data):

Base (a); Base0.15Zr0.055¢0.05Hf (b); Base0.1Zr0.14Sc0.16Hf (¢); Base0.1Zr0.25c0.16Hf (d, e);
Base0.1Zr0.255¢0.16Hf (f, )

Vol. 27 No. 4 2025 %
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c

Fig. 3. Spectrograms of particles in alloys (EDS analysis):
Al Mn (a), AL,CuMg (b), AL,(Sc, Zr, Hf) (c)

inclusion size did not exceed 5—-10 pm. The presence of these phases was confirmed by XRD analysis of the
studied alloys (Figs. 4, 5).

Primary intermetallic compounds A/3(Sc,Zr, Hf), with a near-equiaxed shape and diameters up to 4 pm
(Fig. 2, e, g), were observed in alloys containing 0.2—0.25% Sc. A typical EDS spectrum from such an
inclusion is presented in Fig. 3, c. It can be assumed that grain structure refinement is initiated precisely by
these primary particles.

According to XRD results (Figs. 4, 5), the (4/) matrix and A/20Cu-Mn; phase are predominant in the Base
and Base0.1Zr0.25¢c0.16Hf alloys. Minor amounts of the A/>CuMg and AlsMn phases were also detected.

The results of phase composition modeling are presented in Fig. 6 and Table 2.

CM Vol 27No. 42025
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Fig. 4. Section of diffraction pattern of Base composition

Fig. 5. Section of diffraction pattern of composition Base0.1Zr0.2S5c0.16Hf

a b

Fig. 6. Isothermal sections of the Base(.1Zr0.14Sc0.16Hf alloy:
at 200°C (a), at 400°C ()

Vol. 27 No. 4 2025 %
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Table 2
Chemical composition of the alloys (Thermo-Calc)
No Chemical Phase composition
composition at 20°C at 200°C at 400°C

1 2% Cu-2% Mn Al Cu,Mn ,+A1,Cu+(A4l) AL Cu,Mn ,+ Al,Cu+(A4l) AL, Cu,Mn +(A4l)
AL Cu,Mn +Al Mn + AL, Cu,Mn +A4l Mn+

2 Base + ALCuMg-+(Al) T ALCuMg+ (A1) AlyyCuMn+(4)
AL Cu,Mn ,+Al Mn + AL ,Cu,Mn,+Al,CuMg + AL, Cu,Mn +

3| Base0.152r0.058¢0.03Hf |, ALCuMg Al M _L1+(Al) +Al Mn+ALM L1+ (Al) +ALM L1, +(4l)
AL Cu,Mn +A4l Mn+ AL Cu,Mn +A41,CuMg+ Al Cu,Mn +

4| BaseOIZrO-I4SCOI6HS 1\ 41 Cubdg +AIM L1+ (A) | +ALMn+ ALM L1 +(AD +ALM L1, +(A]

Modeling demonstrated that ingots of the base alloy have a phase composition consisting of an aluminum
solid solution (4/), as well as Al20Cu-Mns, Al:CuMg, and AlsMn phases. Ingots produced from alloys with
TM additions (Base0.15Zr0.055¢c0.05Hf, Base0.1Zr0.14Sc0.16Hf) contained the A/sM L12 phase (where
M = Sc, Zr, Hf). Thus, the addition of Mg to the 2% Cu—2% Mn alloy leads to the formation of 4/>2CuMg
and AlsMn phases, while the addition of transition metals (7M) leads to the formation of a phase with an
L1:(AM LI12) crystal lattice.

Table 3 lists the particles identified in the model alloys and the methods used for their identification.
The letter ‘M indicates that the phase presence was verified by modeling using the Thermo-Calc software.

The addition of Mg reduced the grain size. This effect is related to the ability of Mg to reduce the
interfacial tension in the liquid phase, thereby contributing to an increase in the density of crystallization

Table 3
Particles in the model alloys and methods of their identification
Alloys Identified particles Methods
Al Mn SEM, X-ray diffraction analysis, M
Base AlL,CuMg SEM, X- ray diffraction analysis, M
AL, Cu,Mn, X-ray diffraction analysis, M
Al Mn
Base0.157r0.05Sc0.05Hf Al,CuMg SEM, M
AL, Cu,Mn,
Al Mn
Base0.1Zr0.14Sc0.16Hf AlL,CuMg SEM
AlL,,Cu,Mn,
Al Mn
AlL,CuMg
Base0.1Zr0.25¢0.16Hf SEM
AlL,,Cu,Mn,
Al 3(Sc,Zr,Hﬁ
AlMn SEM, X-ray diffraction analysis, M
Al,CuM;
Base0.12r0.255¢0. 16Hf UM | SEM,M
AL, Cu,Mn, X-ray diffraction analysis, M
Al(Se, Zr,Hf) SEM, M

CM Vol 27No. 42025
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nuclei. Consequently, the average grain size decreased from 3 mm (in 2% Cu—2% Mn) to 350 pm (in 2%
Cu—2% Mn—1.5% Mg), confirming the influence of Mg on the crystallization process.

As noted above, a small 7M addition (Base0.15Zr0.055¢c0.05Hf) has an insignificant effect on grain
morphology, and the average grain diameter decreases only to 239 um, while the grains retain an irregular,
elongated shape. The Base0.1Zr0.14Sc0.16Hf composition was characterized by a preserved dendritic
structure with an average grain diameter of 118 pm. A transition to a modified, refined structure occurs in
alloys with Sc contents of 0.20-0.25%, with average grain sizes of 41.8 and 29.7 um, respectively.

The addition of magnesium in this study led to the formation of A-:CuMg and AlsMn inclusions (e.g., in the
Base0.15Zr0.058¢c0.05Hf composition): magnesium, dissolved in the solid solution, displaces manganese,
facilitating the formation of AlsMn particles. Al-oCu-Mns phase particles were not detected by SEM, likely
due to their small size. TEM analysis was employed for their identification in the Base0.1Zr0.25c0.16Hf
alloy (Fig. 7). The identified particles had an elongated, axis-symmetric shape and a length of approximately
200 nm.

Fig. 7. Al,,Cu,Mn, particle:
particle image (TEM) (a), electron diffraction pattern (zone axis [7-2—-6]) (b)

It should be noted that in the ALTEK alloys, phases other than the AlLwCu:Mns type are present in
insignificant amounts. The diffraction peak intensities of the 42CuMg and AlsMn phases are comparable
to the background, indicating their low concentration. However, the combined application of EDS analysis
and Thermo-Calc computations confirmed the presence of these phases in all studied alloys; therefore, they
are marked on the diffraction patterns (Figs. 4, 5).

Als(Sc,Zr, Hf) particles were not detected by XRD analysis, which is explained by the extremely low Sc
content, making their detection and identification particularly difficult.

Conclusion

1. The effect of complex transition metal (7M) additions was investigated for the following alloys: 2%
Cu-2% Mn-1.5% Mg (Base), Base0.15Zr0.05S5c0.05Hf, Base0.1Zr0.14Sc0.16Hf, Base0.1Zr0.25c0.16Hf,
and Base0.1Zr0.255¢c0.16Hf. 1t was established that significant grain refinement does not occur at Sc
contents of 0.05-0.14 %. In alloys containing 0.20 and 0.25 % Sc, an equiaxed grain structure was formed
with average grain diameters of 41.8 um and 29.7 um, respectively.

Vol. 27 No. 4 2025 %
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2. AlsMn and Al:CuMg phase inclusions were identified by scanning electron microscopy (SEM) in all
studied alloys. Furthermore, this method enabled the detection of primary A/5(Sc,Zr, Hf) particles in alloys
containing 0.20-0.25 % Sc, which were not resolvable by X-ray diffraction (XRD) analysis due to their low
concentration and volume fraction.
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