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Abstract: The majority of industrial aluminum casting alloys exhibit low thermal conductivity, which is insufficient for
effective heat transfer in electronic devices. The objective of this investigation was to develop new aluminum casting
alloys with high thermal conductivity. The impact of alloying elements on the thermal conductivity of pure aluminum
was examined, and the relationships among microstructure, thermal conductivity, and the mechanical and corrosion
properties of Al-Zn—Ca—(Cu,Mg) alloys were explored. The findings indicate that in the as-cast state, the structure of
the alloys consists of a-Al and a eutectic containing the (Al,Zn)sCa phase. Following the solution heat treatment, the
(AL, Zn)4Ca phase is spheroidised, and thermal conductivity of the alloys increases, reaching over 75% that of pure
aluminum. However, the heat-treated alloys exhibit low mechanical properties: tensile yield strength <60 MPa, ultimate
tensile strength <160 MPa, and elongation at fracture >15%. The alloys demonstrate satisfactory fluidity and low hot
tearing susceptibility. With the exception of the alloy containing copper, the alloys exhibit low corrosion rates, estimated
at approximately 0.02 mm/a.

Key words: aluminum alloys; thermal conductivity; phase composition; fluidity; hot tearing susceptibility; corrosion
rate

thermal conductivity are promising candidates for
producing parts that require heat transition or
dissipation.

Currently, most aluminum alloys with high
thermal conductivity are wrought alloys, which

1 Introduction

Aluminum alloys are widely used in
electronics and mechanical engineering due to the

unique combination of performance properties: low
density, good tensile strength, and high corrosion
resistance [1,2]. However, there is currently a need
for high thermal conductivity alloys to ensure
efficient heat removal from electric vehicle batteries
and LED panels. Aluminum alloys with high

limits the geometry of future products [3]. As a
result, heat sinks for LED lights are often produced
by die casting due to the large number of thin fins
[4—6]. The Al-Si alloys are the most commonly
used aluminum alloys for die casting. However,
alloys like ADC12, which have excellent castability
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and mechanical properties, exhibit very low thermal
conductivity, approximately half that of pure
aluminum. The primary reason for the low thermal
conductivity of casting alloys is the significant
amount of dissolved alloying elements in a-Al,
which hinders the free movement of electrons
and phonons [7-10]. Additionally, the thermal
conductivity of aluminum alloys is affected by the
type and fraction of the second phases [11]. For
instance, in Al-Si alloys, Si has low solubility,
which only slightly distorts the Al lattice [12].
However, in binary Al-Si alloys, Si
significantly reduces the thermal conductivity of
aluminum [13]. Therefore, searching for new
alloying systems for development of a highly
thermally conductive casting alloys is important.

A reasonable choice of alloy composition is
the key to developing a new aluminum alloy with
high thermal conductivity and good -castability.
Therefore, studying the influence of alloying
elements on the thermal conductivity of aluminum
alloys is needed. Previous studies have shown how
certain elements such as Si, Mg, Cu, Zn, Cr, V, Mn,
Fe, Ti and Zr can affect the thermal conductivity of
aluminum alloys [13,14]. The development of a
highly thermally conductive casting alloy relies
heavily on the use of a eutectic-forming element
that is practically insoluble in aluminum [15—18].
However, the influence of many eutectic-forming
metals on thermal conductivity remains unclear.

In this work, 14 groups of binary alloys were
investigated, including Al-Mg, Al-Ca, Al-Tij,
Al-Mn, Al—Cu, Al-Zn, Al-Y, Al-Zr, Al-Si, Al-La,
Al-Gd, Al-Cr, Al-Ni, and Al-Fe. The clements
selected for this study can be divided into two
categories: (1) those with significant maximum
solid solubility in a-Al, such as Mg, Ti, Mn, Cu, Zn,
Si, Zr, and Cr; (2) those with negligible solubility in
o-Al, such as Ca, Y, Gd, La, Ni, and Fe.

The Al—Ca system is a promising alternative
to Al-Si for achieving high castability due to its
short freezing range and high volume fractions of
eutectic [19,20]. Previous studies [13,14] have
shown that Zn, Cu and Mg have a less negative
impact on the thermal conductivity of aluminum.
Moreover, these elements are known to have a
strengthening effect on a-Al [21-23]. In addition,
alloys of the Al—-Ca—Zn system are capable of
superplasticity and have high corrosion resistance

cven

[24—26]. At the same time, alloys with eutectic
AlsCa phase can demonstrate good mechanical
properties. For example, alloys with the composition
Al—(3—4)Ca—(9—11)Zn—3.5Mg(wt.%) demonstrated
a hardness of at least HB 200 after aging [27,28].
Therefore, the Al-Zn—Ca alloy system was chosen
for study.

The objective of this study is to investigate
new promising Al-Zn—Ca aluminum alloys that
combine high thermal conductivity with good
castability. A comprehensive investigation was
conducted to elucidate the relationship among
microstructure, thermal conductivity, mechanical
and corrosion properties in both the cast and
heat-treated states.

2 Experimental

To choose the alloys for investigation, the
phase compositions and the freezing ranges of the
Al-Zn—Ca—X alloys (X=Cu and Mg) were
calculated using Thermo-Calc Software [29] with
version 4 of the TCAI4 aluminum-based alloy
database [30]. The solidus temperatures of binary
Al alloys were also calculated via Thermo-Calc
software.

In order to determine the effect of different
alloying elements on the thermal conductivity of Al,
ingots (100 g) of aluminum-based binary alloys
with Mg, Ca, Ti, Mn, Cu, Zn, Y, Zr, Si, La, Gd, Cr,
Ni and Fe were prepared. The alloys were melted in
a clay—graphite crucible using a high-frequency
induction furnace. Prepared melt was poured into
the steel mold preheated to 150 °C.

The following high purity raw materials were
used for the preparation of alloys: Al (99.99 wt.%),
Zn (99.98 wt.%), Mg (99.95 wt.%), Cu (99.96 wt.%),
and La (99.8 wt.%). Also, the following master
alloys were used: Al-8wt.%Ca, Al-11wt.%Mn, Al—-
Swt.%Ti, Al-12wt.%Y, Al-5wt.%Zr, Al-13wt.%Gd,
Al-10wt.%Cr, Al-4wt.%Ni, and Al-10wt.%Fe. The
master alloys were prepared by melting in a
clay—graphite crucible using a high-frequency
induction furnace.

To facilitate the maximal dissolution of the
alloying elements in the aluminum solid solution
(a-Al), solid solution heat treatment (SSHT) was
conducted for 100 h at 20—50 °C lower than the
solidus temperature of the alloys calculated via
Thermo-Calc software. Subsequently, the samples
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were sectioned from the ingots and ground. The
electrical conductivity was measured using an eddy
current conductivity meter VE—27NC “Sigma” with
a measurement range of 5.0-37.0 MS/m, and the
thermal conductivity was calculated. In addition,
the metallographic sections were prepared, and the
element contents in a-Al were measured by
energy-dispersive X-ray spectroscopy (EDS).

The thermal conductivity (1) was calculated
from the electrical conductivity (o) measurements
using the linear empirical relationship as [31,32]

J=ALyTo+B (1)

where Lo is the Lorenz number (2.45x107% W-Q-K™2
[31]), T is the thermodynamic temperature, and 4
and B are empirical constants.

Figure 1 shows the relationship between the
thermal conductivity and electrical conductivity of
aluminum alloys. The linear relationship (blue line)
is obtained from the thermal and electrical conductivity
data for 140 wrought and casting commercial
aluminum alloys and pure Al from previous
reports [33]. The linear relationship between
thermal conductivity and electrical conductivity
reported by ZHENG et al [31] (4 and B was 0.909
and 10.5 W/(m-K), respectively) is close to those
found, especially for alloys with low thermal
conductivity. The following equation was obtained:

2=0.816LoTo+17.94 )
250
200
g 1501
<
3
1=0.816L,To+17.94
100 R>=0.98
—&— Ref. [33]
Ref. [31]
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o/(MS+m™)

Fig. 1 Linear relationship between thermal and electrical
conductivities of commercial aluminum alloys

Seven Al-Zn—Ca—X alloys, where X=Cu and
Mg, were prepared by melting in a clay—graphite
crucible using an induction furnace. The charge for
each alloy was 5 kg. Prior to casting, the melt was

degassed with hexachloroethane and held for
10 min. The pouring temperature of the probes and
samples used for further investigations was 720 °C.
The heat treatment was performed based on the T4
heat-treatment mode, consisting of a SSHT at
500 °C for 5h and 550 °C for 5h followed by
quenching in water.

The microstructures of the alloys and the
compositions of the phases were investigated using
energy-dispersive X-ray spectroscopy (EDS) on a
Tescan Vega SBH3 scanning electron microscope
with an Oxford EDS detector. The as-cast and heat-
treated alloy samples were ground and polished
for metallographic observations. The chemical
compositions of the prepared alloys were
determined using EDS on three areas with
dimensions of 1 mm X 1 mm and presented in
Table 1.

Table 1 Chemical compositions of alloy samples (wt.%)

S%I:fle Designation Zn Ca Cu Mg Al
1 AlZn1Ca2 .1 21 - — Bal
2 AlZn3Ca2 31 21 - — Bal
3 AlZn5Ca2 51 20 - — Bal
4 AlZn3Ca3 32 32 - — Bal
5 AlZn3Ca4 3.1 42 - — Bal
6 AlZn3Ca2Cul 3.1 2.0 1.0 - Bal
7  AlZn3Ca2Mgl 3.0 19 - 1.1 Bal

The alloy phase compositions in the as-cast
state were studied via X-ray diffractometry (XRD)
with a Bruker D8 ADVANCE (Karlsruhe,
Germany) diffractometer under monochromatic
Cu K, radiation on powder alloy samples.

The fluidity of the alloys was determined using
spiral probe at a melt pouring temperature of
720 °C. For testing, green sand molds were made.
The fluidity of each alloy was the average length of
the spiral probe. Three spiral probe castings were
made for each alloy. The probe and mould
dimensions, and test scheme can be found
elsewhere [34]. Hot tearing resistance was
determined using the dog-bone test [18]. The
measure of hot tearing resistance is hot tearing
criterion that is the maximum length of the branch
without cracks. The higher hot tearing criterion
corresponds to higher hot tearing resistance. The
maximum length of the branch that can be obtained
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using this probe is 80 mm. Three probes for each
alloy were poured.

In order to approve the thermal conductivity
measurements based on electrical conductivity,
another method of thermal conductivity
determining was used for one of the alloys. The
relationship of temperature, density (p), thermal
diffusivity (a), and specific heat capacity (C,) was
characterized wusing third-order polynomials.
Thermal conductivity (1) was determined using

Eq. (3):
A=apC, (3)

Density at room temperature (25 °C) was
measured using hydrostatic weighing. The variation
of density with temperature was derived through the
thermal expansion coefficient, which was
ascertained using a NETZSCH DIL 402 C
(Germany) dilatometer (DIL). The Ilaser flash
method (LFA) was used to measure the thermal
diffusivity with the NETZSCH LFA 447 (Germany).
The temperature dependence of specific heat
capacity of aluminum was calculated using NIST
JANAF equations [35].

For tensile mechanical test, the ingots with
dimensions of 32 mm x 340 mm x 50 mm were
poured into a graphite mold [18]. After that,
cylindrical tensile samples with gauge diameter and
length of 5 and 50 mm respectively were machined
from the resulting ingot. Tensile tests were carried
out on an Instron 5569 (USA) universal testing
machine with advanced video extensometer (AVE).

To assess the hardness and electrical
conductivity for each alloy, the cylindrical ingots
with diameter of 35 mm and length of 150 mm
were cast into a steel mold. Further, discs with
10 mm in height were cut out from the central part
of the ingot by a band-saw. To measure the hardness
and electrical conductivity, one of the surfaces of
each disc was ground. After the samples were
subjected to heat treatment, the hardness and
electrical conductivity were also measured. Brinell
hardness was studied on an INNOVATEST Nemesis
9001 (Netherlands) universal hardness tester. Test
parameters: indenter (a ball with a diameter of
2.5 mm), load 613 N, and holding time 10 s under
load.

Immersion corrosion testing was carried out on
rectangular specimens of 15 mm X 15 mm x 15 mm
in size (surface area ~13.5 cm?). For each alloy in

as-cast condition and after SSHT, four samples
were cut. Next, the samples were ground using 320
grit abrasive SiC paper and weighed on the balance
of HR—-202i model (AND, Japan). During the
immersion test, the samples were immersed in a
400 mL solution of 5.7% NaCl + 0.3% H>0O, in
distilled water at 25 °C for 15 d [36]. This solution
and immersion test procedure is intended to
evaluate the development of corrosion in wrought
and casting aluminum alloys as a production control
test. The peroxide was introduced immediately
before the start of the test and was added again
every 5 d due to its decomposition in the aqueous
environment. Once test was finished, the samples
were extracted and dried. The corrosion products
were removed by dipping samples into concentrated
HNO; for 1 min to avoid reactions that may result
in excessive removal of base metal [37]. Next,
specimens were washed with distilled water. The
etching operation was continued until the mass loss
of the samples was +0.001 g. The samples were
then re-weighed to determine the mass gain per unit
surface area. Finally, the average corrosion rate was
calculated according to the ASTM standard [37].

The electrochemical investigations were
conducted in a 5.7% NaCl + 0.3% H»O, aqueous
solution at 25 °C using the IPC Pro MF potentiostat/
galvanostat/FRA with the three-electrode corrosion
system. The alloy samples were used as the
working electrodes, with an approximate area of
~1.3 cm? Platinum and saturated silver/silver
chloride (Ag/AgCl) electrodes were used as the
counter and reference electrodes, respectively.
Before electrochemical analysis, the alloy samples
were ground and washed in distilled water.
Potentiodynamic polarization tests were performed
from cathodic region (at —1.6 V) to anodic region
(at —0.4V) with a scan rate of 1 mV/s. The
corrosion current density and corrosion potential
were derived through Tafel fitting, and then the
corrosion rate was calculated from the data
obtained [38].

To evaluate the potential application of the
developed alloys, the properties of the Al-Zn—Ca
alloys investigated were compared with the widely
used commercial A356 aluminum casting alloy
prepared in the same manner. The heat treatment
followed the T4 heat-treatment mode, which
involved a SSHT at 535°C for 5h followed by
quenching in water.
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3 Results

3.1 Effect of Mg, Ca, Ti, Mn, Cu, Zn, Y, Zr,
Si, La, Gd, Cr, Ni and Fe on thermal
conductivity of Al
For choosing the alloying elements and their

maximal concentration in developed alloy, the

effect of Mg, Ca, Ti, Mn, Cu, Zn, Y, Zr, Si, La, Gd,

Cr, Ni and Fe on thermal conductivity of Al was

studied. Figure 2 shows the dependence of thermal

conductivity (1), calculated by measured electrical
conductivity using Eq.(2), for different binary
aluminum alloys containing Mg, Ca, Ti, Mn, Cu,

Zn, Y, Zr, Si, La, Gd, Cr, Ni and Fe, and their

content in a-Al (Table 2). Figure 2(a) shows the

thermal conductivity of binary alloys with
meaningful solubility of elements in a-Al. The
results show that Zn exhibits the smallest reduction
in thermal conductivity of Al. The thermal
conductivity of the alloy with 10 wt.% Zn decreases
from 235 to ~180 W/(m-K). Therefore, Zn was
chosen as the main alloying element. Mg and Cu
reduce thermal conductivity more than Zn, but
when their content is up to 1 wt.%, the thermal

conductivity of binary alloys is ~213 W/(m-K).

Hence, it is possible to use Mg and Cu but only in

small amount. Ti, Cr, Zr, Si and Mn greatly

decrease the thermal conductivity of Al, even at low
levels. As regards elements with low solubility in
the solid a-Al, RE only slightly reduces the thermal
conductivity of Al (Fig. 2(b)). This is due to the fact
that the atomic radius of RE differs significantly
from Al. RE actively interacts with Al, forming
dispersoids of the AIz;RE-type during annealing in

2501 Pure Al Mg —*—Si (a)
Mn —*— Cr
o " Cu Ti

0 2 4 6 8 10 12
Element content in a-Al/wt.%

3599

the a-Al solid solution. Forming these particles, in
turn, can lead to noticeable strengthening of the
alloy [39,40]. However, using RE in commercial
alloys is challenging due to the high cost. At the
same time, the addition of Ca to Al only slightly
reduces its thermal conductivity. Notably, the
thermal conductivity of the binary alloy with
4 wt.% Ca was about 200 W/(m-K). Binary alloys
with Fe and Ni, on the other hand, rapidly reduced
the thermal conductivity of Al at low contents. The
thermal conductivity of the binary alloys confirms
that the Al-Zn—Ca—(Cu,Mg) system is promising
for developing an alloy that exhibits high thermal
conductivity.

3.2 Phase composition of Al-Zn—Ca—(Cu,Mg)

alloys

Figure 3 shows the polythermal sections of the
Al-Zn—Ca—(Cu,Mg) phase diagrams that were
calculated using the Thermo-Calc program. The
liquidus and solidus lines are marked in red and
blue, respectively. According to the calculation
results, after solidification of the Al-Zn—Ca alloys,
the Zn content up to 5 wt.% and Ca content up to
4 wt.%, the following phases are presented: a-Al,
AlsCa, and CaZn;;. After alloying the Al-Zn—Ca
alloys by Cu or Mg, AlLCu or MgZn, and
AlMgs:Zn; phases may precipitate. With an
increase in the content of Zn and Cu, the liquidus
temperature remained almost constant. An increase
in the amount of Ca and Mg leads to a decrease in
the liquidus temperature. Solidus temperatures also
decrease as the amount of added alloying elements
increases. For example, at 4 wt.% Cu, solidus
temperature was 525 °C.

250 1 Pure Al c (b)
—_—— a

~ 200} . - 1%:
* v— Ni
D 175 ¢ 240 Pure Al
g =235 .
g 1501 ¥ 2301 ——
< s 25t :

125 < »o}

BT 345 6
100 - Element content in alloy/wt.%
75 L . A . .
0 2 4 6 8

Element content in alloy/wt.%

Fig. 2 (a) Effect of element content dissolved in a-Al on thermal conductivity of alloys; (b) Thermal conductivity of

binary aluminum alloys with components having negligible solid solubility in a-Al



3600

A. A. LYSKOVICH, et al/Trans. Nonferrous Met. Soc. China 35(2025) 3595-3616

Table 2 Chemical compositions, electrical conductivity and thermal conductivity of binary aluminum alloy samples at

different SSHT temperatures

Content/wt.% Electrical Thermal
SSHT 270 - ..
Element o - - conductivity/ conductivity/
temperature/°C In alloy In a-Al solid solution (MS'm™) (W-m K1)
450 5.0 5.0 18.9 130.2
Mg
450 10.6 10.6 12.3 91.2
550 3.7 <0.1 30.3 198.5
Ca
550 7.0 0.5 23.2 156.0
T 600 0.3 0.5 28.2 185.9
i
600 0.7 0.5 27.4 181.2
600 0.9 0.4 18.3 127.0
Mn
600 0.4 0.2 24.6 164.6
500 4.5 4.0 24.4 163.2
Cu
500 2.0 1.9 29.7 195.0
600 5.5 5.3 31.0 202.7
Zn
600 11.0 9.7 26.4 175.4
v 600 1.8 <0.1 35.2 227.6
600 3.6 <0.1 34.6 2243
Zr 600 0.2 0.2 31.7 206.6
S 550 0.9 1.0 29.2 191.6
i
550 0.5 0.5 32.7 212.8
La 600 4.8 <0.1 33.9 220.1
600 4.7 <0.1 35.1 227.2
Gd
600 2.2 <0.1 35.7 230.8
Cr 600 0.3 0.3 253 168.7
Ni 600 0.1 <0.1 36.1 233.2
i
600 0.4 <0.1 35.0 226.6
. 600 0.1 <0.1 353 228.1
e
600 0.6 <0.1 349 226.1

Figure 4 shows the solidification pathways
calculated using the Sheil-Gulliver model for the
alloys presented in Table 1. These alloys were
chosen to determine the effect of the alloying
element content on the phase composition and the
freezing range of the Al-Zn—Ca—(Cu,Mg) alloys
under non-equilibrium solidification conditions. It
was known that the rapid cooling occurred during
alloy solidification in cast parts is better
characterized by the Scheil—Gulliver solidification
model. All Al-Zn—Ca ternary alloys have an
identical solidification pathway. In this regard,
solidification pathways shown only for AlZn3Ca2

alloy, and for other alloys are not presented. At the
first stage, primary a-Al crystals are formed. Next,
AlsCa is precipitated according to the eutectic
reaction. In the case of Cu alloying, in addition
to the binary eutectic reaction L—oa-Al+AlsCa, a
ternary eutectic reaction occurs with precipitation of
the Al,Cu phase (Fig. 4(b)). Similar changes occur
when alloying with Mg. The alloy with 1 wt.% Mg
has the ternary eutectic reaction such as L—
o-Al+Al,Ca+AlbMgsZn; (Fig. 4(c)). As a result,
alloying with 1 wt.% Cu or 1 wt.% Mg leads to an
increase in the non-equilibrium freezing range from
112 °C (AlZn3Ca2) to 161 and 170 °C, respectively.
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Fig. 3 Polythermal sections of Al-Zn—Ca—(Cu,Mg) phase diagrams: (a) Al-2%Ca—(0—5)%Zn; (b) Al-2%Ca—
1%Cu—(0-5)%Zn; (c) Al-2%Ca—1%Mg—(0—5)%Zn; (d) Al-3%Zn—(0—4)%Ca; (¢) Al-3%Zn—2%Ca—(0—5)%Cu;

(f) AI-3%Zn—2%Ca—(0-5)%Mg

It is well known that a long freezing range is
undesirable and may increase the tendency of
shrinkage porosity and hot tear formation in the
castings [41,42].

3.3 Microstructures
alloys
The microstructures of the Al-Zn—Ca—(Cu,Mg)
alloys in the as-cast and SSHT conditions are

of Al-Zn—Ca—(Cu,Mg)

shown in Fig. 5. The microstructure of alloys
consists of a-Al primary crystals and a-Al+AlsCa
eutectic. In the as-cast state, the eutectic had the
form of lamellas of Al4Ca in solid solution a-Al
matrix. After heat treatment, the AlsCa eutectic was
fragmented and spheroidized with subsequent
growth of fragments up to ~3.0 um (AlZn3Ca2).
The main difference in structure for the prepared
alloys is the eutectic fraction. With an increase in
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Fig. 4 Scheil-Gulliver model solidification pathway of Al-Zn—Ca—(Cu,Mg) alloys calculated using Thermo-Calc:
(a) AlZn3Ca2; (b) AlZn3Ca2Cul; (c) AlZn3Ca2Mgl

Fig. 5 Microstructures of Al-Zn—Ca—(Cu,Mg) alloys in as-cast and SSHT conditions: (a) AlZn1Ca2; (b) AlZn3Ca2;
(c) AlZn5Ca2; (d) AlZn3Ca3; (e) AlZn3Ca4; (f) AlZn3Ca2Cul; (g) AlZn3Ca2Mgl

the amount of Zn in the as-cast alloys from 1 to and the fraction of eutectic in the alloys increases
5 wt.%, the fraction of eutectic increases from 23.4 from 25.4 to 59.0 vol.%. The alloying of 1 wt.% Cu
to 29.6 vol.% (Fig. 6(a)). A similar dependence is or Mg leads to a decrease of the eutectic from 25.4
observed as Ca content increases from 2 to 4 wt.% (AlZn3Ca2) to 22.9 and 15.5 vol.%, respectively.
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The data are fully consistent with the EDS
analysis results presented in Fig. 7 and Table 3. The
findings indicate that the majority of Zn is present
in the eutectic, although a portion remains in the
a-Al solid solution. Conversely, Ca is concentrated

60
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Hi

Volume fraction of eutectic/%

Alloy No.

3603

exclusively in the eutectic. This indicates that
phases based on it are formed in the alloys.
According to Figs. 7(d, h), and Table 3, Mg is
evenly dissolved in a-Al and eutectic region, while
Cu is concentrated in the eutectic mostly.
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Fig. 6 (a) Volume fraction of eutectic in as-cast alloys; (b) Zn, Cu and Mg contents in a-Al solid solution in as-cast and

SSHT states

Fig. 7 SEM images of AlZn3Ca2Cul (a) and AlZn3Ca2Mgl (e) alloys in as-cast state, and EDS maps of Zn (b), Ca (c)
and Cu (d) in AlZn3Ca2Cul alloy and Zn (f), Ca (g) and Mg (h) in AlZn3Ca2Mg] alloy

Table 3 Average composition of a-Al solid solution (A) and eutectic (B) regions in as-cast alloys determined by EDS

Content/at.% (wt.%)

Alloy Region

Zn Ca Cu Mg Al
A 0.7(1.7) <0.1(<0.1) 0.2(0.5) - Bal.

AlZn3Ca2Cul
B 4.3(9.2) 7.9(10.3) 1.6(3.2) - Bal.
A 0.6(1.5) <0.1(<0.1) - 0.7(0.6) Bal.

AlZn3Ca2Mgl
B 4.7(10.1) 7.4(9.8) - 1.2(1.0) Bal.
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The elemental composition of the a-Al solid
solution of as-cast and heat-treated Al-Zn—Ca—
(Cu,Mg) alloys obtained by EDS is shown in
Fig. 6(b). With an increase in the Zn content in
as-cast alloys from 1 to 5 wt.%, the amount of Zn in
a-Al solid solution increased from 0.5 to 2.9 wt.%.
This is directly related to the high solubility of Zn
in Al. The Ca content is lower than detection limit
of EDS analysis. The Cu and Mg contents in a-Al
are two times less than the amount of these
elements in the alloy (1.0 and 1.1 wt.%, Table 1)
and are equal to 0.5 and 0.6 wt.%, respectively. The
contents of Zn, Ca and Mg in the o-Al solid
solution remain almost unchanged after SSHT.
Concurrently, the amount of Mg in a-Al solid
solution increases from 0.6 to 1.0 wt.%. After
SSHT, the Mg content in the a-Al solid solution
was equal to its content in the alloy.

The XRD  patterns of  AlZn3Ca2,
AlZn3Ca2Cul and AlZn3Ca2Mgl alloys in as-cast
conditions are shown in Fig. 8. All alloys consist of
a solid solution of a-Al and an intermediate phase,
with diffraction peaks between the AlsCa and
Al,CaZn, phases. KONO et al [43] reported that Zn
can dissolve in significant quantities of Al4Ca phase,
thereby changing its composition to AlzZnCa. Later,
PANI et al [44] reported a wide homogeneity range
of intermediate phase composition from AlsCa to
Al ssCaZn; 12 at 550 °C. The general formula of this
phase was proposed as Ca(Zn;,Al)s (x=0.47—1.00
at 550 °C) with an Al4Ba-type structure [44], which
is consistent with ternary compound Al,CaZn, [45].
The phase boundaries between AlsCa and Al;CaZn
as well as AlzCaZn and Al,CaZn, are not clearly
identified in the literature [43—45]. For convenience,
this phase will be referred as (Al,Zn)4Ca throughout
the remaining of the work. Addition of 1 wt.% Cu
or 1 wt.% Mg to AlZn3Ca2 alloy did not promote

the formation of new phases. However, when
1 wt.% Cu was added to AlZn3Ca2 alloy, the
(Al,Zn)4Ca phase peaks are shifted to higher angles
that clearly can be seen on the enlarged part of the
XRD pattern. Thus, Cu dissolved in (Al,Zn)sCa
phase. At the same time the Mg addition does not
change the position of (AL, Zn)sCa peaks, but little
changes the peaks of a-Al, because it dissolves in it
mostly. These results are in accordance with the
analyses of EDS maps of alloys (Fig. 7).

3.4 Fluidity and hot tearing criterion of

Al-Zn—Ca—(Cu,Mg) alloys

Figure 9(a) shows the fluidity of the
Al-Zn—Ca—(Cu,Mg) alloys. The lengths of the
spiral test probes vary from 182 to 317 mm. The
lowest fluidity is typical for the AlZnl1Ca2 alloy,
which contains the lowest amount of alloying
elements and, as a result, low fraction of eutectic in
its structure. The increase in the amount of Ca
and Zn over 3 wt.% led to a decrease in fluidity.
Additions of 1wt.% Cu and Mg significantly
reduced the fluidity of the obtained alloys from 307
to 265 and 252 mm, respectively. The reason for
this is the decrease in the fraction of eutectics and
the long freezing range. After pouring samples into
green sand molds, a gray layer was found on the
surface of the spirals, which was formed during the
interaction of the melt with water from the mold.
According to the XRD pattern, the surface layer
consists of CaO and Al (OH)s'H>O, as shown in
Fig. 10(a). For the alloy with the highest amount of
eutectic (AlZn3Ca4), a spiral test was carried out
using a furan resin bonded sand mold. The fluidity
probe of the AlZn3Ca4 alloy in green sand mold
and sand mold with a furan binder is shown in
Figs. 10(b, c). It has been found that in the absence
of contact between the melt and moisture, the

— AlZn3Ca2 L
— AlZn3Ca2Cul
— AlZn3Ca2Mgl

e a-Al
¢ (AL,Zn),Ca

20 30 40 50

20/(°)

60 70 80 90

Fig. 8 XRD patterns of AlZn3Ca2, AlZn3Ca2Cul and AlZn3Ca2Mg] alloys in as-cast condition
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fluidity of AlZn3Ca4 increased from 260 to
450 mm.

To evaluate the fluidity of the resulting alloys,
the results were compared with that of the
commercial A356 alloy. The fluidity of A356 when
cast into resin (furan) bonded sand mold at a
pouring temperature of 740 °C is 710 mm [34]. The
resulting fluidity of investigated alloys is lower than
that of A356. However, considering the difference
in pouring temperature, the fluidity of the alloy
does not differ critically. Moreover, for the high
pressure die casting method for which the alloys are
developed, the less demanding requirements for the
alloy fluidity.

The hot tearing criterion of the Al-Zn—Ca—
(Cu,Mg) alloys, i.e., the maximum length of the
dog-bone branch without tears, is shown in
Fig. 9(b). The results of the hot tearing test show
that the ternary Al-Zn—Ca alloys without Cu and
Mg exhibit the highly hot tearing criterion of
~80 mm and are not susceptible for hot tearing.
AlZn3Ca2Cul and AlZn3Ca2Mgl alloys have
higher hot tearing susceptibility, especially the latter

one. The hot tearing criterion for these alloys are 61
and 25 mm, respectively. The main reason of
increasing hot tearing tendency is the long freezing
range of these four-component alloys and low
fraction of eutectic. In general, most of investigated
ternary alloys have a high resistance to hot tearing.

3.5 Thermal conductivity of AlI-Zn—Ca—(Cu,Mg)

alloys

Figure 11 shows the thermal conductivities (1)
of as-cast and SSHT Al-Zn—Ca—(Cu,Mg) alloys
calculated using Eq. (2). The thermal conductivity
of the as-cast alloys with different Ca contents of 2,
3, and 4 wt.% are 204, 195, and 183 W/(m-'K),
respectively. Increasing the Zn content from 1 to
5 wt.% also reduces the thermal conductivity of the
alloys from 206 to 196 W/(m-K). The thermal
conductivity of the AlZn3Ca2 alloy decreases after
alloying with Cu and Mg from 204 to 195 and to
175 W/(m-K), respectively. However, all alloys
have a thermal conductivity of at least 75% that of
pure Al. After heat treatment, a slight increase in
thermal conductivity was observed, particularly in
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Fig. 9 Fluidity (a) and hot tearing criterion (b) of Al-Zn—Ca alloys
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Fig. 10 XRD pattern of surface layer of AlZn3Ca4 alloy (a), and fluidity test spirals cast into green sand mold (b) and

sand mold with furan binder (c)
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Fig. 11 Thermal conductivity (1) of Al-Zn—Ca—(Cu,Mg)
alloys calculated using Eq. (2)

AlZn1Ca2 and AlZn3Ca4 alloys, which showed an
increase of approximately 6 W/(m-K). The increase
in thermal conductivity of alloys is likely due to the
homogenization of the a-Al solid solution and the
change in the morphology of the eutectic phases.
Furthermore, heat-treated alloys exhibit a thermal
conductivity that is 25%—52% higher than that of
the commercial A356 alloy in T4 condition.
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The Smith and Palmer equation (Eq. (2)) is an
express method for calculating thermal conductivity,
but it still has a significant margin of error.
Therefore, the thermal conductivity (4) of the
AlZn3Ca3 alloy was also calculated using Eq. (3)
based on the results of density (p), specific heat
capacity (C,), and thermal diffusivity (a)
measurements. The thermal characteristics of the
AlZn3Ca3 alloy in the SSHT state are presented in
Fig. 12. The data indicate that with increasing
temperature, the density and thermal diffusivity
decrease while the specific heat capacity increases.
The thermal conductivity shows a slight increase
from 182.5 W/(m'K) at room temperature to
183.1 W/(m-K) at 139 °C, followed by a rapid
decrease to 178.0 W/(m-K) at 300 °C.

3.6 Mechanical properties of Al-Zn—Ca—(Cu,Mg)
alloys

The hardness of as-cast alloys increases from

HB 33.9 to HB 54.6 as the content of Ca and Zn in

the alloys increases, as shown in Fig. 13. Alloying

the AlZn3Ca2 alloy with Cu and Mg resulted in an

increase in hardness of the as-cast samples from
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Fig. 12 Thermal properties of AlZn3Ca3 alloy in SSHT state: (a) Thermal diffusivity; (b) Specific heat capacity;

(¢) Density; (d) Thermal conductivity
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Fig. 13 Hardness of Al-Zn—Ca—(Cu,Mg) alloys

HB 38.5 to HB 47.4 and to HB 53.2, respectively.
This is likely due to the dissolution of Cu and Mg in
the a-Al solid solution. The heat treatment resulted
in a reduction in the hardness of the majority of
alloys by HB3—-14. The exception was the
AlZn3Ca2Mgl alloy whose hardness remained the
same.

Figure 14 shows the engineering stress—strain
curves, ultimate tensile strength (UTS), yield
strength (YS), and elongation at fracture (El) of
SSHT alloys. The UTS increases from 94 to
114 MPa with an increase of Zn from 1 to 5 wt.%.
Similarly, an increase of Ca from 2 to 4 wt.%
results in an increase in UTS from 101 to 126 MPa.
Additionally, alloying with 1 wt.% of Cu and Mg
promotes an increase in UTS from 101 to 135 and
160 MPa, respectively. The YS varies similarly to
the tensile strength, depending on the type and
content of alloying elements, ranging from 40 to
60 MPa. According to Fig. 14(c), the presented
group of alloys has a high El of 13%—-27%. Since
heat treatment did not increase the hardness of the
alloys, it can be assumed that strengths of alloys in
the as-cast state are approximately the same as
those after SSHT.

3.7 Corrosion resistance of Al-Zn—Ca—(Cu,Mg)

alloys

Corrosion rates of the Al-Zn—Ca—(Cu,Mg)
alloys in the as-cast and SSHT conditions via
immersion corrosion test in 5.7% NaCl + 0.3%
H,O, with distilled water solution are shown in
Fig. 15. Due to the small corrosion rates (CR) and a
small number of samples, the error bars are large
especially for as-cast samples. It can be concluded
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Fig. 14 Mechanical properties of Al-Zn—Ca—(Cu,Mg)
alloys in SSHT condition

that all alloys except AlZn3Ca2Cul have a very
high corrosion resistance. The CR of most as-cast
alloys is 0.006—0.021 mm/a, and the CR of
heat-treated alloys is 0.004—0.015 mm/a. Increasing
Zn in the as-cast alloys leads to a slight decrease in
the CR, while at the same time, an increase in Ca
leaves the CR practically unchanged. The CR for an
alloy with the addition of Cu in the as-cast and
heat-treated state is 1.84 and 1.21 mm/a,
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respectively. For all alloys except AlZn3Ca2Cul,
heat treatment contributed to a decrease in the
intensity of corrosion process. The CR of A356
alloy in a similar medium is 1.88 mm/a. Thus,
although the corrosion rate of AlZn3Ca2Cul is
higher than that of other alloys, it is still
approximately equal to A356 alloy.

Figure 16 shows the panoramic cross-sectional
images of AlZn3Ca2, AlZn3Ca2Cul and A356
alloys in SSHT condition after immersion corrosion
tests. The surface of AlZn3Ca2Cul showed that the
highest CR, after the corrosion test was covered
with deep corrosion cavities up to ~360 um (as-cast)
and up to ~270 um (SSHT state) in size. At the
same time, the result obtained is not inferior to the
industrial alloy A356 (SSHT state), whose
corrosion cavities are ~320 um. The depth of
corrosion cavities of other alloys did not exceed
~130 pm in as-cast condition and ~170 um after
SSHT. At the same time, if AlZn3Ca2Cul and
A356 alloys are characterized by multiple corrosion
cavities of the entire surface, then in other alloys,
corrosion cavities are rare and are found in small
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Fig. 15 Corrosion rate of Al-Zn—Ca—(Cu,Mg) alloys by
immersion corrosion test

6 A356

quantities. Moreover, for most of the studied
alloys and A356, micro galvanic corrosion proceeds
along the eutectic phase, which in this case is acting
as anode with respect of o-Al. According to
Figs. 16(d—f), for the AlZn3Ca2Cul alloy, the
eutectic phase became the cathode with respect to
a-Al due to the copper presence in the eutectic
phase; therefore, corrosion was localized in the Al
solid solution [46].

Typical polarization curves obtained in
5.7% NaCl + 0.3% H,O, aqueous solution for the
Al-Zn—Ca—(Cu,Mg) alloys in as-cast state and after
T4 SSHT are shown in Fig. 17. The corrosion
characteristics of alloys, including corrosion current
density (Jeorr), corrosion potential (@cor) and
corrosion rate (CR) were calculated using Tafel
fitting. The results of electrochemical corrosion
tests are presented in Table 4. The anodic branch of
the polarization curve exhibits typical resistive
behavior due to the formation of a layer of
corrosion products, while the cathodic branch of the
polarization curve exhibits typical and expected
diffusion control behavior for all alloys except
AlZn3Ca2Cul. It can be seen that @cor Of ternary
alloys in the as-cast state varies from —1.0 to —1.1 V.
The addition of Mg has practically no effect on the
corrosion potential, while Cu leads to the positive
shift pcor by more than 0.3 V. In the as-cast state,
Jeor and CR decrease with increasing Zn, and
conversely, an increase in Ca contributes to an
increase in Jeorr. Mg has practically no effect on Jeor,
while Cu increases it by more than an order of
magnitude. After heat treatment, gcor of most alloys
remained almost unchanged. However, for some
ternary alloys it began to reach —1.2 V (AlZn1Ca2
and AlZn3Ca4). After SSHT, Jcorr and CR increased
as the Zn and Ca content increased. Simultaneously,
Jeorr of nUmerous alloys shows a significant increase

Fig. 16 Panoramic cross-sectional images (a—c) and cross-sectional microstructures (d—f) of SSHT samples:
(a, d) AlZn3Ca2; (b, e) AlZn3Ca2Cul; (c, f) A356 alloy after immersion corrosion
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in comparison to that for as-cast alloys. As a result,
CR of SSHT alloys is greater than that of as-cast
alloys.

4 Discussion

Multicomponent aluminum alloys may contain
alloying elements in two states: solutions and/or

precipitated compounds. It is believed that elements
dissolved in the a-Al matrix have a more negative
effect on the alloys conductivity than those out of
solution [13,47-49]. The study shows that the
thermal conductivity of binary alloys is less
affected by the addition of elements that are
practically insoluble in Al solid solution, such as
Ca, Y, Gd, La, Ni, and Fe, compared to the effect of
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Table 4 Electrochemical corrosion test data obtained for
as-cast and T4 heat-treated Al-Zn—Ca—(Cu,Mg) alloys in
5.7% NaCl + 0.3% H>O, aqueous solution corrosion

media
o (vs Ag/ Jeor/ Corrosion
Alloy AgCh/V (WA-cm?)  rate/(mm-a’')
As-cast SSHT  As-cast SSHT As-cast SSHT
1 -1.11  -1.17 435 342 0.049 0.038
2 -0.99 -0.98 1.71 6.65 0.019 0.075
3 -1.06 -1.05 096 7.27 0.011 0.082
4 -0.96 -1.13 147 652 0.017 0.074
5 -1.12 -1.16 11.22  8.09 0.130 0.093
6 -0.65 -0.67 56.45 191.12 0.635 2.149
7 -0.94 -1.05 1.30  2.01 0.015 0.023

adding Mg, Ti, Mn, Cu, Zn, Si, Zr, and Cr. Thus,
the purity of a-Al is a crucial factor in the heat
transfer efficiency of an aluminum alloy.
Additionally, RE had minimal impact on the
thermal conductivity of aluminum because these
elements are typically found in the form of
compounds, which helps maintain the high purity of
0-Al and does not impede the movement of
electrons and phonons [8,13,48,50]. It is important
to note that although there is a small region of
calcium solubility in a-Al, the atomic radius of this
element differs from that of aluminum by
approximately 40%, while the atomic radii of the
other elements studied do not differ as much (about
10%) [51]. Thus, the Al-Ca binary alloy exhibited
superior conductivity compared to Al-Fe or AlI-Ni.
The Al-Zn—Ca—(Cu,Mg) alloys in their as-cast
state consist of a-Al dendrites and a lamellar
cutectic of a-Al+(Al,Zn)sCa. Zn, Mg and Cu are
presented both in a-Al and (Al,Zn)4sCa phases, but
in (Al,Zn)4Ca the content of Zn, Mg and Cu is high.
Cu and Mg decrease thermal conductivity of a-Al
with great extent due to the higher lattice mismatch
parameters for AlI-Cu(—13.2%) and Al-Mg(10.8%)
solid solutions compared to Al-Zn(—3.2%) [52].
However, increasing the Ca content of alloys leads
to a decrease in conductivity, despite the fact that
this element is almost insoluble in aluminum solid
solution. This reduction in thermal conductivity
corresponds to a change in the fraction of eutectic
in the alloys, as shown in Fig. 6(a). This correlation
can be attributed to the increase in second phase
content and the creation of additional phase

boundaries, which leads to lattice distortion and
hinder the free movement of electrons and phonons
[11,53].

After SSHT, the lamellas of (Al,Zn)sCa
acquire a more compact shape and increase in size.
The coarsening and spheroidization of the
(Al,Zn)sCa phase are associated with a decrease
in the total a-Al/(Al,Zn)sCa interfacial area [54].
During the SSHT, Ca or Zn atoms begin to diffuse
from positions with large curvatures (tips) to flat
interfaces. This process causes the tips to dissolve,
resulting in the gradual blunting of the edges of the
(Al,Zn)4Ca particles. Apparently, these structural
changes resulted in an increase in thermal
conductivity of alloys. Previous studies [55-57]
have demonstrated that altering the shape of
eutectic silicon from lamellar and/or acicular to
fibrous can enhance the thermal conductivity of
Al-Si alloys. CHEN et al [9] found that alloys
with closely distributed fine plate-shaped silicon
precipitates have lower thermal conductivity than
those with larger distances between precipitates.
Thus, the increase in thermal conductivity of
Al-Zn—Ca alloys was achieved by spheroidization
and growth of (AlLZn)4sCa particles providing
sufficient distance between the precipitates,
allowing for free movement of electrons. However,
during heat treatment, increasing the Mg content of
a-Al by approximately two times is observed (see
Fig. 6(b)). Thus, the thermal conductivity of
containing-Mg alloy remained unchanged after
SSHT.

The thermal conductivity of the AlZn3Ca3
alloy firstly slightly increased and then decreased as
the temperature increased. This phenomenon for
aluminum alloys has been previously noted in
studies [58,59]. It is noteworthy that the slight
increase in thermal conductivity of the AlZn3Ca3
alloy in the range from room temperature to
approximately 140 °C  corresponds to the
dependence observed for pure Al [59]. The thermal
conductivity of the AlZn3Ca3 alloy was calculated
using the Smith and Palmer equation to be
approximately 194.0 W/(m-K), which is 6% higher
than that obtained using LFA and DIL data
(~182.6 W/(m-K)). This minor difference confirms
the reliability of the results.

The increasing of Ca and Zn up to 3 wt.%
leads to an increase of the fluidity of alloys. This
phenomenon is directly related to the increase of
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the eutectic amount in the alloys structure. It is a
well-known fact that the fluidity of ternary alloys
increases as the freezing range decreases and
approaches the eutectic point of the phase diagram
[60]. However, in alloys with Zn and Ca content
higher than 3 wt.%, the fluidity is decreased.
According to calculations in the Thermo-Calc
program, the decrease of fluidity in the AlZn5Ca2
alloy may be due to a slight increase in the freezing
range from 49 to 55°C in comparison with the
AlZn3Ca2 alloy. When Ca is in large quantities in
alloy, and mold contains large amount of moisture,
the Ca-rich oxide film composed of CaO and
Al(OH)¢H,O is observed. However, when the
spiral probes were poured into furan resin sand
molds with low moisture, the resulting castings had
a metallic sheen and this type of mold provided
high fluidity. This is because the Ca-rich oxide film
hindered the movement of the melt in the mold
cavity. Dense oxide films are known to impede the
filling of mold spaces, particularly narrow channels,
and reduce the fluidity of alloys [60,61].
Additionally, green sand molds have a higher
cooling capacity than furan resin sand molds [62].
The addition of copper and magnesium increase the
freezing range and decrease the fraction of eutectic.
These changes have a negative impact on the
fluidity and hot tearing resistance of the
investigated alloys.

The main mechanisms of strengthening of
casting  aluminum alloys are  dispersion
strengthening and solid solution strengthening
[63—66]. The solid solution strengthening is
contributed by the Zn, Cu, and Mg contents in the
studied alloys. The main effect of strengthening is
achieved due to the difference in atomic size and/or
shear modulus between the alloying elements and
the Al matrix [67]. Increasing the amount of Zn, Cu,
and Mg in a-Al leads to increase of hardness in the
alloys. It is worth noting that the increase in
hardness with the addition of Mg and Cu is greater
than that with the addition of Zn. This is probably
due to the greater deviation of the atomic radii of
Cu (1.28 A) and Mg (1.60 A) from Al (1.43 A) than
that of Zn(1.34 A) [68]. Additionally, an increase in
hardness was observed with increasing Ca, likely
due to an increase in the amount of the (Al,Zn)sCa
phase. After SSHT, hardness of most alloys was
decreased. This is attributed the the microstructural
changes described earlier.

The low mechanical properties of Al-Zn—Ca—
(Cu,Mg) alloys are observed. It is known that the
smaller the particles and the denser their
arrangement in the structure, the higher the strength
of the alloy [61,69]. Therefore, the low strength
exhibited by Al-Zn—Ca—(Cu,Mg) alloys is
attributed to the morphology of (Al,Zn)4Ca particles
and the weak strengthening of the solid solution. At
the same time, the spheroidization of (Al,Zn)4Ca
particles provided high ductility of the alloys,
resulting in an EI of more than 13% [24,25]. Future
research will aim to enhance the mechanical
properties of Al-Zn—Ca system alloys while
maintaining high thermal conductivity and
corrosion resistance. To achieve this, small amounts
of Sc and Zr will be used.

Most of the studied alloys exhibited high
corrosion resistance in both the as-cast and
heat-treated states. The (Al,Zn)sCa phase, formed
by eutectic reaction and located on the dendritic cell
boundaries,  preferentially  dissolves  during
corrosion process because it acts as a anode with
respect to a-Al, due to the higher electronegativity
of Zn and Ca compared to Al The Ilamellar
structure formed by the (Al,Zn)sCa phase along the
grain boundaries improves the corrosion resistance.
When corrosion process starts the corrosion
products are firmly held in the interdendritic space
and no spallation of corrosion products is observed
which inhibits corrosion. The AlZn3Ca2Cul alloy
was the only exception, with corrosion rate
approximately 100 times higher than for other
alloys, as shown by the results of the immersion
corrosion test. Since Cu dissolves to a greater extent
in the eutectic (Al,Zn)4Ca particles, the eutectic acts
as a preferential cathode with respect to a-Al,
causing that galvanic pairs are formed at the phase
boundary between Cu-rich areas and the Al matrix
in an aqueous electrolyte solution containing an
activator ion (Cl), leading to the development of
local foci of corrosion [70—72]. When the results of
immersion tests were compared, the corrosion
resistance of Al-Zn—Ca—(Mg) alloys was hundreds
of times higher than that of the widely used
commercial alloy A356. Thus, it can be concluded
that Al-Zn—Ca—(Mg) alloys are characterized by
very high corrosion resistance in NaCl solution.

The obtained corrosion rate for most of
investigated alloys in the electrochemical test is
higher than that in the immersion test. The
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corrosion rate of the AlZn3Ca4 alloy varies
especially greatly (0.0l mm/a for
0.13mm/a  for  electrochemical
measurements). The lower corrosion rate during
immersion testing may be due to a decrease in the
intensity of the corrosion process and limited
corrosion development caused by the protective
barrier effect of corrosion products.

immersion,
corrosion

5 Conclusions

(1) The influence of alloying elements on the
thermal conductivity of Al was analysed. The
alloying elements are arranged in order of their
degree of reduction in thermal conductivity as
follows: Gd, La, Y, Zn, Ca, Mg, Cu, Ni, Fe, Si, Ti,
Zr, Mn, and Cr. The primary factors that decrease
the thermal conductivity of aluminum are the
solubility of alloying elements in the a-Al solid
solution and the degree of difference in the atomic
radii of the elements and Al. The Al-Zn—Ca—
(Cu,Mg) system was selected because Zn, Cu, and
Mg reduce the thermal conductivity of the a-Al
solid solution to a lesser extent, and Ca being
practically insoluble in Al.

(2) The structure of all Al-Zn—Ca—(Cu,Mg)
alloys consists of a-Al and eutectic, which contains
a (Al,Zn)4Ca phase. The equilibrium freezing range
for Al-(1-5)wt.%Zn—(2—4)wt.%Ca—(1wt.%Cu,Mg)
alloys is ~50 °C, doubling under non-equilibrium
conditions. Cu or Mg increases the non-equilibrium
freezing range up to 170°C. Heat treatment
(500 °C, 5 h and 550 °C, 5 h + quenching in water)
leads to fragmentation of eutectic lamellas of the
(Al,Zn)4Ca phase, their spheroidization and growth
up to ~3 pm.

(3) Compared to A356 aluminum alloy, the
Al-Zn—Ca—(Cu,Mg) alloys showed low fluidity
(182—317 mm), but their resistance to hot tearing
was high. Mg negatively affects hot tearing
resistance of alloys. Upon contact with moisture
contained in the green sand mold, a light gray oxide
layer consisting of CaO and Al(OH)sHO is
formed on the surface of the casting that reduces the
fluidity of the alloys.

(4) The thermal conductivity of as-cast
Al-Zn—Ca—(Cu,Mg) alloys is 175206 W/(m-K),
which is at least 75% of pure Al conductivity. This
is attributed to the low content of dissolved

elements in the a-Al solid solution. Hardness in
as-cast state is HB 33.9-54.6. Heat treatment
slightly increases conductivity and reduces hardness
by HB 3—14.

(5) Tensile tests show that strength increases
with increasing Zn and Ca. UTS and YS are
(94-160) MPa and (40—60) MPa, respectively.
However, alloys have high elongation at fracture
of >15%.

(6) Corrosion rate in 5.7% NaCl + 0.3% H>0;
obtained by the immersion corrosion test is less
than 0.02 mm/a for most of alloys, which is about
1% that of A356 (~1.9 mm/a). AlZn3Ca2Cul
has the worst corrosion resistance (1.2 mm/a).
Electrochemical corrosion tests results confirm high
corrosion resistance of alloys, slightly reduced by
heat treatment.
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W OE: RZHOVHBEEGESAMEREM, TEHER TRETERERNTR. KR EETFKE
A PRI G S, T T EE&uaaidn SRR m, H4R 1 Al-Zn—Ca—(Cu,Mg) & &/ il
ML, FRIERE. NFEMERAMME MR CEPKXR. SSREW, EHST, G8AHRHN oAl IEH
(Al,Zn)sCa FAMILRARL. S BEERGIRSE, (AlLZn)aCa PRI, GE&KSHRERIES, RFREFAE
1 75%0L £ SR, PGS aR LB A2t ae . Bibn e IRGREALT 60 MPa, RERHTHIMEEALT
160 MPa, WiERHKIERT 15%. G&RIE RIEFMREIIE BRI ARBUERME . BREWEGEI, HREENE
TR EIEUL, 4975 0.02 mm/a.

KB MEd: RSR ARG R MEREBURME; R ihER

(Edited by Xiang-qun LI)



