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This study presents the results of phase composition determination for four alloys in the Al - Mg - Zn - Ca - Cu
system. The analysis was performed using both computational (Thermo-Calc) and experimental (DSC, SEM)
methods. According to cooling curves based on the Scheil model, the studied alloys exhibit similar liquidus tem-
peratures (613-620 °C) but different solidus temperatures, which decrease with increasing copper content.
Conversely, the non-equilibrium solidus temperature increases. These findings align well with DSC results, indicat-
ing that solidus temperature shows significant differences only in copper-containing alloys, with higher values by
20-30 °C. The cast microstructure of all alloys is characterized by a degenerate eutectic nature, with an average
crystal size up to 4 um by Feret, and the calculated volume fraction of secondary phases did not exceed 12 vol.%.
The aluminum matrix was enriched with magnesium, zinc, and copper, while zinc content remained unchanged
with increasing calcium and copper concentrations. As calcium content increased to 1.5%, zinc solubility in the
Al,Ca phase decreased, reaching a minimum at 1.5% Ca and 1% Cu. Copper solubility increased with its content
in the alloy; however, after quenching at 440 °C for 3 hours, zinc and copper solubility in the Al,Ca phase increased.
In copper-containing alloys, two additional copper-containing phases were identified after furnace cooling, besides
(Al,Zn,Cu),Ca and T (AIMgZnCu). At 0.5% Cu, the AICuMg phase was detected, which was absent at 1% Cu;
instead, a ternary compound Al,,Ca;Cu, formed, incorporating up to 6 at.% zinc.
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Introduction

he 5xxx series of wrought alloys (Al — Mg) have

found a wide range of applications in marine [1, 2]

and land transport [3] due to a good combination
of properties such as high strength to weight ratio, good
ductility, excellent corrosion resistance and weldability.
The enhanced strength of these alloys is attributable to
two principal mechanisms: the hardening of the solid so-
lution with magnesium, and strain hardening during the
rolling process. Nevertheless, the yield strength remains at
a comparatively low level. The addition of zinc to Al — Mg
alloys has been shown to result in a substantial enhance-
ment of their mechanical characteristics. The resulting
phases, such as Al,Mg;Zn; or Mg;,(Al,Zn), (T" phase)
and MgZn, (n' phase), play a key role in improving the
mechanical properties. The addition of zinc allows heat
treatment (HT), during which the aluminium solid solu-
tion decomposes, releasing hardening dispersoids of the
metastable phases 7' [4—6] and/or ' [7]. However,
elevated zinc concentrations significantly increase the

density of the alloy, which removes one of the main advan-
tages of alloys from such alloying systems compared with
high-strength 7xxx series alloys and medium-strength
6xxx series alloys.

The addition of calcium, which has a low density
and forms a eutectic type diagram with aluminium, ap-
pears to be a promising option [§—10]. A number of pa-
pers have recently been published on alloys based on the
system Al — Zn — Mg — Ca [11—14]. Concurrently, there
has been a paucity of attention paid to compositions con-
taining less zinc than magnesium and aimed at obtaining
heat-strengthenable alloys. A distinctive feature of joint
alloying with calcium and zinc is the fact that zinc has sig-
nificant solubility in the Al,Ca phase [8]. Indeed, the mass
fraction of zinc may exceed that of calcium. In the case of
alloys with Zn : Mg ratios < 1, this can be an obstacle in
the development of heat-strengthenable alloys.

It was established that both copper and zinc have the
capacity to dissolve within the Al,Ca phase [8, 15, 16].
To date, there has been no published work considering the
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Table 1
Chemical composition of the investigated alloys
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Main alloying elements, wt.%

Al5.5Mg4Zn1Ca 1Ca0Cu

Al5.5Mg4Zn1.5Ca 1.5Ca0Cu Bal.
AI5Mg4Zn1.5Ca0.5Cu 1.5Ca0.5Cu Bal.
Al5Mg4Zn1.5Ca1Cu 1.5Cal1Cu Bal.

Table 2
Calculated phase composition of the investigated alloys
at temperature 25 °C*

Chemical elements, wt.%
Phase Alloy

T I S T

T I N T -
0.3

5.57 3.78 0.85

5.76 3.7 1.69 = 0.19
5.24 3.7 1.63 0.7 0.18
4.81 3.78 1.57 1.22 0.2

of the Al,Ca phase, which have the potential
to exert a deleterious effect on deformation
processing, and an augmented dissolution of
zinc within the Al,Ca phase. Consequently,
the present study was constrained to lower

Al Fe Rest = 40.8 calcium concentrations. Conversely, the ad-
Al,Ca Rest - - 27.1 - - B—— dition of more than 0.5% Cu has been shown
(Al Rest 0.2 <0.01 <0.01 <0.01 <0.01 to enhance both corrosion resistance [20] and
T Rest 30.7 215 - - - strength [21].
AlFe Rest _ _ _ _ 40.8 The alloys were obtained fr(?m pure com-
EVEAN W S N A 15Ca0Cu (GOST 11063.3019), magnesiumgrade g0
.5Ca0Cu — , magnesium grade Mg
— — (GOST 804-93), zinc grade C0 (GOST 3640
- - 94), calcium of 99% purity (TU 20.13.23-
AlFe S T (N I B 001-45034953—2022) and copper grade M1
St oS M = |2l = - (GOST 859—2001). The melting process was
(A1) Rest 0.2 <0.01 <0.01 <0.01 <0.01 1.5Ca0.5Cu conducted within a resistance furnace operated
T#1 Rest 29.8 220 - 3.7 - by the GRAFCARBO company (Italy), utilis-
T#2 Rest 29.3 15.6 = 13.0 - ing graphite crucibles. The sequence of melt-
Al,Fe Rest - - - <0.01 40.8 ing processes involved the following: initial
Al,Ca Rest = = 27.1 - - | 5Ca1C melting of aluminium, melting of copper (for
(Al) Rest 0.3 <001 <001 <0.01 <001 2-attd the production of aluminium alloys), melting
T#1 Rest 28.6 23.8 _ 77 ) of calcium, melting of magnesium and zinc,

*The composition of the alloy 1.5Ca1Cu is given at 50 °C due to the
complexity involved in delineating phase boundaries at lower temperatures.

Al — Zn — Cu — Ca or AlI-Mg — Zn — Cu — Ca systems.
Consequently, the manner in which these elements inte-
ract with each other remains ambiguous. Additionally, the
feasibility of zinc substitution in the Al,Ca phase in the
presence of copper additions remains to be elucidated.
Considering the fact that the release of additional zinc
concentrations for the formation of strengthening disper-
soids is important, it is of interest to study the phase com-
position of alloys of the Al — Mg — Zn — Ca — Cu system.

Research methods

The objects of the study were four alloys of the Al —
Mg — Zn — Ca — Cu system. The actual compositions
and marking of the alloys are given in Table 1. Subsequent
discussion will refer to the alloys according to their mark-
ing. The selection of calcium and copper concentrations
was informed by extant research. In accordance with the
findings of studies [17—19], it can be hypothesised that the
presence of calcium content exceeding 3% will precipitate
two consequences: the genesis of coarse eutectic crystals

and casting into a graphite mould at a tem-
perature of 730 °C without preheating of the
mould. Consequently, flat ingots with dimensions
of 15x30x180 mm were obtained. Subsequent
to this, samples were extracted from the ingots for the pur-
pose of determining the chemical compositions of the al-
loys and for the study of the microstructure. The prepara-
tion of samples for microstructural studies was conducted
through abrasing machining and polishing using adiamond
suspension. Following this, the samples were subjected
to etching in a 0.5% HF solution for a period of 20 se-
conds. The actual compositions were established through
calculations of fragments of state diagrams, which were
used to establish the boundaries of phase regions, deter-
mine the phase composition and critical temperatures of
phase transformations. The implementation of this stage
of the study was performed in the computer programme
Thermo-Calc version TCW35, database TTAIS [22]. The
microstructure and phase composition of the alloys were
analysed in both their cast and heat-treated states. The
analysis was conducted using a scanning electron micro-
scope (JSM-7100F, Oxford Instruments X-Max 50 de-
tector, accelerating voltage in the microscope column of
10kV) and a differential scanning calorimeter (ZCT-B). The
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thermal treatment was carried out in an SNOL 8.2/1100
electric furnace, with a temperature maintenance accura-
cy of £1 °C. Quantitative parameters of the structure were
evaluated using software tools: ImagelJ and Origin Pro 18.

Results and discussion

Thermodynamic calculations

The investigation revealed the following set of phases
to be present in the selected Thermo-Calc database in the
solid state. The alloys of the Al — Mg — Zn — Ca — Cu

MATERIALS SCIENCE

system investigated were found to contain phases of the
following composition, as presented in Table 2.

The nature of crystallization, especially under con-
ditions other than ideal, is best described by the Scheil
non-equilibrium crystallization curves (Figs. 1, a—d).
These curves demonstrate that all selected alloys initi-
ate crystallization with the formation of aluminium solid
solution. Furthermore, the calculation indicates that the
crystallization process of all alloys is analogous, with the
initial formation of Al;Fe crystals, followed by Al,Ca, and

T,°C T,°C T,°C
650 Al 650 620
a
600 -
600 &( Al;Fe 600
o o 580
. S
2 Al,Ca S 550 560 -
: 3 540 |
500 | T-Al,Mg;Zn, ¢ 500
o i ; 520 L
ol | = . a0l Lol i el 500
| | 2 L gl
400 | NB-AlLMg 400F | = BrAl;Mg,
; 3O A i 460 -
phaver
350 = 350 . u L 440
0 0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0
Mole fraction of all solid phases Mole fraction of all solid phases Mole fraction of all solid phases
T,°C T,°C
620 + 700 — gy
600 ‘—T g =l o (. L///‘f |
Al s AljFe 600 ————=& LR P T T —
580 - N so0l— Al HALHAIL | g ™ AhlciAleL
560 |- A|4c3/ < 1 |- .'I AsttAd Aly+Al+AT)
540 - \ 100 F=yonsass [ R R S ——
\ : I : | A
520 ~ \ 300 — : :4‘ os 10==II; 20 25 a0
500 L \ ; A|3+AI4+(A”+T e
- 200 %
480 | -
T-Al,Mg,Zn; ook | 1
460 | t e
440 1 1 1 1 0 il 1 1 1 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1.0 o1 2 3 4 5 6 7 8 9 10
Mole fraction of all solid phases Ca, wt, %
T,°C T,°C
700 - 700 — e
L : A L Hoow Al AL+ {ATL
600 600 — ' A AL A LS
AlHAlL A1 80 e e [ % e
500 - . 500 F . L it IR e e,
Al+Al+(Al) | iR R [ ml A
400 - | 400 [- E_ :_ i| e [ Al AL AT
: i X AI3+AI4+(AI]+L+S+T : ﬂ‘l o5 o l!ll W 25 W0
300 S Al +Al+HAI)+B | 300F | e
- Aly+Al+AI+T Al AT T
n+5+T
200 - +Al+(Al)+ 200 . 2T
Ala Al“. (AI) 4 Al +Al+(Al)+n+T
1004 O\ : r 100 1
Al +Al+(Al)+B+T Al +AlLHAI N+ THIHTH2 g
0 ! ! 1 il "] 0 | : H
0 1 2 3 4 O] 6 0 1 2 3 4 &)
Znwt, % Cuwt, %

Fig. 1. Aligned Scheil curves of equilibrium and non-equilibrium crystallization (a—d) and thermodynamic calculations of Al — Mg — Zn — Ca— Cu
phase diagram fragments (e—g): a—d — combined equilibrium and nonequilibrium crystallization curves for the alloys (¢ — 1Ca0Cu,
b — 1.5Ca0Cu, ¢ — 1.5Ca0.5Cu, d — 1. 5CalCu); e — polythermal cross section at 5.65% Mg, 3.74% Zn, 0.25% Fe; f — polythermal cross
section at 5.76% Mg, 1.69% Ca, 0.19% Fe; g — polythermal cross section at 5% Mg, 1.6%Ca, 3.74% Zn, 0.19%Fe. The dashed line in plots
a—d indicates the equilibrium crystallization curve. The vertical lines in figures e-g denote the position of the alloys. In images e—g, the
abbreviations A3, A4, n, S, B, T'refer to the phases Al;Fe, Al,Ca, MgZn,, Al,CuMg, Al,Mg;Zn;, respectively
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Table 3
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Calculated critical temperatures of phase transformations
in the investigated alloys

Temperature, °C

1Ca0Cu | 1.5Ca0Cu | 1.5Ca0.5Cu 1.5Cai1Cu

(A1) 619.3 613.2 617.0 615.6
Al;Fe 598.8 583.5 583.4 584.6
Al,Ca 548.7 563.9 567.2 565.8
T 459.7 458.2 480.3 483.3
Te 522.4 515.2 508.6 489.3
Ve 392.8 383.8 445.0 448.7
AT 62.7 57.0 28.3 6.0

AT 96.9 98.0 108.4 126.3
ATpgc® 87.9 83.3 90.1 88.7

TEquilibrium solidus temperature

°Non-equilibrium solidus temperature

3The range of processing temperatures at which a solid solution
is obtained

4Equilibrium interval of crystallisation

5Crystallisation interval according to DSC data (Fig. 2)

subsequently Al,Mg,Zn,. It is evident from the data pre-
sented in Table 3 that the liquidus temperatures of the al-
loys are closely spaced. Conversely, the equilibrium solid-
us temperatures of the alloys with copper, as determined
by calculations, were found to be lower. However, the tem-
peratures of the crystallization onset of phase 7 were ob-
served to be higher. Consequently, the processing interval
for these alloys to achieve a solid solution is found to be
constrained, particularly for the 1.5CalCu composition.
This complicates the heat and deformation treatment re-
gime in the long term.

The polythermal cross-section on the calcium side,
when considered in isolation and without regard for the
influence of copper (Fig. 1, €), demonstrates that an aug-
mentation in the calcium fraction results in a reduction in
the liquidus temperature and a constriction of the treat-
ment interval for solid solution obtaining. The polyther-
mal cross-sections at constant magnesium (5.5%) and
calcium (1% and 1.5%) contents are almost indistin-
guishable (see Fig. 1, f, which shows the calculation for

the 1.5Ca0Cu alloy). According to this, alloys contai-
ning up to 2% zinc in the solid state at room temperature
should contain two non-equilibrium phases: Al;Mg, (B)
and Al,Mg,Zn,; and only the Al,Mg,Zn, phase for more
than 2%. In view of the high solubility of zinc in Al,Ca, it
is imperative to ensure zinc levels remain at least 3%. As
illustrated in Fig. 1, g, the polythermal cross section on
the copper side is depicted at constant average concen-
trations of magnesium (5%), calcium (1.65%), and zinc
(3.74%). This demonstrates that the region of existence
of supersaturated solid solution is slightly wider compared
to the values given in Table 2. It is anticipated that with an
increase in copper content beyond 2%, the presence of the
copper-containing §-Al,CuMg phase will become evident
within the cast structure.

Study of phase composition after casting and heat
treatment

Asillustrated in Fig. 2, the DSC heating curves demon-
strate three distinct regions in the cast state: an inflection
point (area A), and endothermic peaks (areas B and C).
The inflection points refer to the solidus temperatures. It
is evident from the data presented in Table 3 that the dis-
crepancy between the experimental and calculated equi-
librium solidus temperatures for alloys devoid of copper
is minimal. However, for alloys containing copper, these
temperatures are significantly higher than the calculated
values (Table 3). The B peak is indicative of the dissolu-
tion of the Al,Ca phase, also known as (Al,Zn),Ca. It is
evident that with an increase in calcium content, there is
a concomitant increase in the intensity of the peak. Peak
C is attributed to the dissolution of (Al), and alloys con-
taining 1.5% Ca demonstrate negligible differences in
this parameter. It seems that due to the small fraction of
non-equilibrium phases, their dissolution could not be de-
tected in the temperature range from 450 to 500 °C. The
calculated crystallization interval for all alloys was found
to be less than 100 °C. This finding indicates a comparable
level of casting properties to the alloy AMg10 [23].

Fig. 3 presents images of microstructures in the cast
state. It is evident that the alloys do not exhibit submi-

cron eutectic structures, a property that is com-
monly observed in alloys containing calcium

Heat flow, W
4
—1Ca0Cu —1.5Ca0Cu —1.5Ca0.5Cu 1.5CalCu
2 5322
ok pemess 534.3

¢ 5271

[8]. Instead, the eutectic exhibits a degenerate
character. With an increase in calcium content,
the eutectic crystal shape transitions from an
elongated (1Ca0Cu) to a partially fragment-
ed (other alloys) morphology. The statistics
of the size distribution of the second phases
are presented in the insets of the correspond-

-14

580.6
582.8
582.4

615.8
622.2

300

350

400

450

500

550

700

Temperature, °C

Fig. 2. Heating curves of the investigated alloys

ing microstructure images. The distribution
of particles differs significantly from that of
normal crystals, with eutectic crystals exhibit-
ing smaller sizes (up to 4 um on average), but
also elongated particles reaching up to 19 um.
Furthermore, calculations demonstrated an
increase in size with rising calcium fraction
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Average Feret size 2.743.1 pm |

Average Feret size 3.8+4.1 pm
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Feret size, um

Fig. 3.
a— 1Ca0Cu; b — 1.5Ca0Cu; ¢ — 1.5Ca0.5Cu; d — 1.5CalCu

and following copper addition. The = Table 4
volume fraction of secondary phases,
as determined by Thermo-Calc data
and Image) software is presented
in Table 4. Preliminary calculations

indicate that magnesium, zinc and

Average Feret size 3.042.5 pm |

Average Feret size 3.844.1 pm

L i ]
012345678 910111213141516171819
Ferel size, um

wobih

SEM microstructures of the investigated alloys in the cast state, combined with the Feret particle size distribution of the secondary phases:

Calculated phase fractions in the investigated alloys

Calculated in Thermo-Calc at 25°C3

't ( : (Al) 77.74(78.55) 73.86 (75.25) 75.70 (76.51) 77.63 (77.86)
c?p%er P aTrm]E.a t}f m ﬂ}:e .iorm?uon AlFe 0.53(0.74)  0.33(0.47) 0.32(0.44) 0.36(0.49)
?ra(I:)tigls’leis t’h::v lellige;i ;vm)c/nigst;(e): le::f Al,Ca 3.72(3.14)  7.34(6.24) 7.14(6.01)  6.92(5.79)
ondary phases. When the calculated T#1 18.01(17.58) 18.46 (18.05) 16.14(16.30) 15.09 (15.85)
data on the volume fractions of Al;Fe T - - 0.71(0.73) -
and Al,Ca are taken into account, as Calculated in ImageJ (cast state)
well as the low diffusive mobility of ~ AlgFe +Al,Ca+ T#1+T#2 554043 9.05+0.45 10.65+0.39 11.97+0.57
calcium and iron in aluminium and Calculated in ImagedJ (quench state)
the stability of the phases formed by Al ,Fe+Al,Ca+T#1+T#2 4.99+0.41 969+091 8.03+0.70 8.92+0.71

them, it can be calculated that the real
fraction of the T phase was between
1.5 vol.% and 4.5 vol.%. It is evident

"Wolume fraction

°Mass fraction

3For the 1.5Ca1Cu alloy, the composition is given at 50°C due to the difficulty
of constructing phase boundaries at lower temperatures.

that the addition of copper increases
the proportion of secondary phases.
The 1Ca0Cu alloy is characterised by the most con-

trasting phase composition (Fig. 4, a). The presence of

three distinct phases is evident in their colour and mor-
phology: light and grey fragments, along with rare light
needle-shaped crystals. Energy dispersive analysis showed
that these phases are (Al,Zn),Ca, Al,Mg,;7Zn, and Al;Fe
(82.3 at.% Al; 9.7 at.% Mg; 0.7 at.% Ca; 1.9 at.% Zn;

5.4 at.% Fe), respectively. The composition of (Al,Zn),,Ca,
Al,Mg,Zn, phases is presented in the graphs in Fig. 5.
With increasing calcium content (Fig. 4, b) and copper
addition (Fig. 4, c, d), it becomes challenging to visually
detect the presence of phases other than (Al,Zn),Ca. In
alloys containing 1.5% Ca, the phases with iron exhibit a
compact form.
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Fig. 4. SEM microstructures and corresponding element distribution maps of the investigated alloys in the cast state:
a— 1Ca0Cu; b — 1.5Ca0Cu; ¢ — 1.5Ca0.5Cu; d — 1.5CalCu
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Asillustrated in the graphsin Fig. 5, a (solid lines), there
is a change in the solid solution composition as a function
of the alloy composition in the cast state. It is noteworthy
that the Zn content in (Al) remains practically unchanged
in all alloys. Concurrently, the Cu content in (Al) rises in
proportion to its concentration, though remains at a low
level. More noticeable changes can be seen in the graphs
showing the dependence of the composition of the Al,Ca
phase on the alloy composition (Fig. 5, b, solid lines). It is
evident that zinc solubility diminishes in proportion to in-
creasing calcium and subsequently copper content within
the alloy. Conversely, the solubility of copper increases
with its increasing content in the alloy. The change in the
composition of the 7 phase is shown in Fig. 5, ¢ (solid
lines). It is evident that the maximum magnesium con-
tent in the phase is observed in alloy 1.5Ca0Cu. Following
this, a decrease in magnesium concentration is evident
due to the addition of copper. It is notable that the zinc
content remains constant at 1.5% Ca, which is 2 times
lower than that at 1% Ca.

Asdemonstrated in Fig. 1, the calculations indicate that
a temperature of 440 °C should be adequate to dissolve the
T-phase in both the 1Ca0Cu and 1.5Ca0Cu alloys. The
presence of copper has been shown to enhance the ther-
mal stability of this phase, and its presence should be dis-
cernible in the other two alloys. Furthermore, the quench-
ing process led to qualitative alterations in the structure at
1% Ca, manifesting as fragmentation and spheroidization
ofthe (Al,Zn),Ca phase crystals (Fig. 6, ). In compositions
other than those examined, no significant changes were
revealed. As demonstrated in Fig. 5, a, the magnesium
content in (Al) increased by 1.5 times due to the dissolu-
tion of non-equilibrium phases. However, an increase in
zinc content in the alloy was only observed in the alloy
with 1% Ca. Conversely, at 1.5% Ca, a slight decrease was
observed. This phenomenon can be attributed to the fact
that, at 1% Ca, the volume fraction of the Al,Ca phase is
minimal, resulting in increased zinc dissolution into the
T phase (Fig. 5, ¢). However, this T phase subsequently
disappears following quenching. Conversely, the graph
in Fig. 5, b (dotted line) demonstrates an enhancement

~0-F --&k-Q -@-5SC=h-SC+Q
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—8-F --k-Q -0-5C=-A-5C+Q

in zinc solubility in Al,Ca following heat treatment, which
accounts for the reduction in its proportion within (Al).

As anticipated, the temperature of 440 °C proved to
be insufficient for complete dissolution of the 7 phase
in alloys with copper. Consequently, grey intermetallides
surrounding the (Al,Zn),Ca phase can be observed in
Fig. 6, c. In the 1.5CalCu alloy (Fig. 6, d), only micron
particles corresponding to phase 7 could be identified.
The changes in the composition of this phase are reflected
in the graph (Fig. 5, ¢, dotted line). However, the interpre-
tation of these changes is hindered by the limited size of
the analysed objects.

In order to achieve a more precise characterisation of
the phase composition of alloys, samples were obtained
and investigated following cooling with the furnace (Fig. 7).
This method has been shown to promote the growth of
phase sizes and facilitate a more complete diffusion flow,
thereby enabling qualitative identification through the
utilisation of SEM. As evidenced by the graphs in Fig. 5, a
(dashed lines), the predominant trends in Mg/Zn/Cu con-
tent in (Al)/Al,Ca are preserved. Concurrently, the phase
composition of the 1Ca0Cu and 1.5Ca0Cu alloys mirrors
that observed post-casting. However, differences appear
in alloys containing copper. According to the calculation,
there should be only one copper-containing phase in the
solid state — T. The calculated concentration of copper
in this phase is 13 wt.% (see Table 2). In the alloy after
slow cooling, its concentration is slightly lower — 11 wt.%.
In addition to the Al;Fe, Al,Ca and Al,Mg,Zn, phases,
the presence of two additional copper-containing phases
is evident. In the alloy 1.5Ca0.5Cu, the presence of light
compact crystals consisting of aluminium (56.5 at.%),
magnesium (27.2 at.%) and copper (10.8 at.%) is evident
on the background of the 7 phase (Fig. 7, ¢). The com-
position of these crystals does not correspond to any of
the compounds that could be in equilibrium according to
the calculated data for the Al — Mg — Zn — Cu system
(Fig. 1). According to [9], the most probable phase in al-
loys based on Al — Mg — Zn may be the AICuMg phase,
which can be in equilibrium with (Al) only in the presence
of zinc. The observed discrepancy between the identified

-o-F -&-Q -®-5C
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Fig. 5. Dependences of Mg, Zn, Ca and Cu content in phases:

1Ca0Cu  1.5Ca0Cu 1.5Ca0.5Cu 1.5CalCu

. . . E 12
1Ca0Cu  1.5Ca0Cu 1.5Ca0.5Cu 1.5CalCu

a— (Al); b— Al,Ca; ¢ — T-Al,Mg,;Zn,. In the graphs, abbreviations F, O, SC, SC + Qrefer to the cast state, quenched state, furnace cooling

and quenching after furnace cooling, respectively
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compound’s stoichiometry and the reference data can be
attributed to its proximity to the 7 phase, where the ‘il-
lumination’ of elements causes a distortion of the analysis
results. With the increase of copper concentration up to
1.22%, the supposed AlICuMg phase is absent. Instead,
the presence of large crystals of amorphous form or veins
consisting of aluminium (64.8 at.%), calcium (8.4 at.%)
and copper (18.4 at.%) is revealed, along with magnesium
(2.8 at.%), iron (2.6 at.%) and zinc (6.1 at.%). In con-
sideration of the extant literature pertaining to the Al —
Ca — Cu system, it can be posited that the observed phase
is designated as Al,,Ca,;Cu,. The presence of this phase
in the alloy does not contradict the assumed distribution
of phase regions in the solid state [16]. The presence of
this phase is consistent with the observed smaller propor-
tion of zinc in the (Al,Zn),Ca phase in the 1.5Ca0.5Cu
alloy, given its distribution between the three phases:
(Al,Zn),Ca, T and Al,,Ca,Cu,. No compound with the
assumed formula Al,(Mg,Ca) has been identified in the
course of studies [17—19].

In addition, the alloy samples were subjected to
quenching following cooling with the furnace, a process
analogous to that employed for the samples after cas-
ting. The solid solution composition (Fig. 5, a, dashed-
dotted lines) was found to be similar in magnesium and
copper content to that after casting and quenching (dot-
ted lines in Fig. 5, a). However, significant discrepancies
were observed in the zinc content of (Al). The nature of
the changes in the copper-free alloys is analogous to that
for the quenched state following casting. Concurrently,
in copper-containing alloys, its content was equivalent
to the cast state, though higher in comparison with the
values directly subsequent to cooling with the furnace. In
the Al,Ca phase of the copper-containing alloys, the zinc
fraction remained virtually unaltered (Fig. 5, b, dashed-
dotted lines), and the general character of the curve is
analogous to the quench condition after casting (Fig. 5, b,
dotted lines). However, given the results obtained by SEM,
it cannot be unequivocally stated whether zinc solubility
in the Al,Ca phase is enhanced, and a broader study to
investigate this aspect is necessary.

Conclusion

1. The present study has utilised both computational
and experimental methods of analysis to comprehensively
investigate the phase composition of alloys within the
Al — Mg — Zn — Ca — Cu system. The calculated data
on the temperatures of the beginning and end of crystal-
lization exhibited high convergence with practical results.

2. It was determined that the zinc content in the solid
solution in the cast state is independent of the calcium
and copper content in the alloy within the investigated
compositions, and is at the level of 2 wt.%. (0.8 at.%). It
is noted that zinc solubility in the Al,Ca phase decreases
with increasing calcium content.

3. The investigation of the phase composition subse-
quent to quenching at 440 °C for 3 h demonstrated that
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an enhancement in the solubility of zinc in (Al) is exclu-
sively observed in the presence of 1% Ca, attributable to
the dissolution of the non-equilibrium phase 7. In the
other alloys, the values of this parameter remained at the
level of the cast state. The primary cause of this phenom-
enon was identified as the enhancement of zinc solubility
within the Al,Ca phase in alloys containing 1.5% Ca. An
enhancement of zinc solubility in (Al) up to 2.5 wt.% was
attained. In other alloys, an increase in zinc content with-
in the Al,Ca phase was observed subsequent to quenching,
which was identified as the primary cause.

4. In the samples obtained by cooling with the fur-
nace, it was revealed that the addition of 0.5% Cu leads
to the formation of an additional copper-bearing phase,
the composition of which corresponds to the compound
S-Al,CuMg. These crystals exhibit compact dimensions
and are concentrated in proximity to the T-Al,Mg,Zn,
phase. Furthermore, an increase in the copper content to
1% results in the formation of a ternary compound cor-
responding to the Al,,Ca,Cu, phase, superseding the §
phase. In addition to calcium and copper, magnesium,
zinc and iron have been identified in the compound.

The study was carried out using the funds of the Russian
Science Foundation grant No. 23-79-01055 (scanning
microscopy, differential scanning calorimetry) and the
Sfunds of the P.L. Kapitsa grant of the Moscow Polytechnic
University, implemented within the Priority 2030 pro-
gramme (melting and casting, heat treatment). The struc-
ture study was carried out using the scientific equipment of
the CKP NRC “Kurchatov Institute - IREA”.
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