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The influence of Sc, Zr, Mg, and Si addition to Al-10Ce hypereutectic alloy on the formation of intermetallics and
mechanical properties have been investigated in as-cast condition and after heat treatment. The incorporation of
Sc and Zr facilitated the formation of primary Als (Sc, Zr) intermetallics, which effectively refined the a-Al grains
due to heterogeneous nucleation. Si addition resulted in the formation of the Al,CeSi; phase. Aging at 300 °C led
to the formation of nanoscale Al3(Sc, Zr) precipitates with an average diameter of 3 nm. The hardness of the alloy

significantly increased and remained unaffected even after ageing for 100 h which suggests the thermal stability
of the Al-Ce alloy containing these precipitates. As a result of thermal stability, Al-10Ce-(Sc, Zr) is observed to
exhibit higher yield strength at 300 °C than a range of Al-Cu, Al-Si alloy systems.

1. Introduction

The earliest studies of high-strength, thermally stable aluminium
alloys date back to 1950 [1,2]. Rare earth elements, particularly cerium
(Ce), have shown great potential in enhancing high-temperature prop-
erties, mechanical strength, and microstructural modification of
aluminium alloys. Due to its abundance and cost-effectiveness, Ce in
new Al-Ce-based alloys not only reduces material costs but also imparts
beneficial properties, such as improved -castability, and high-
temperature strength [3-5]. Ce exhibits negligible solubility (0.05 wt
% Ce at 640 °C [6]) and diffusivity of Ce (Dce/a1 = 4.65 x 10719 m?/s at
400 °C [7]) in (Al) matrix and forms a thermally stable Al;;Ces inter-
metallic solidified through a eutectic reaction at 645 °C [8].

Liu et al. [9] demonstrated the superior thermal stability of Al-
12.5Ce, showing negligible hardness change after 12 weeks of
isothermal aging at 400 °C. Similarly, Al-9Ce exhibited no hardness
change after 720 h (h) at 350 °C [10]. Although the Al;;Ces interme-
tallic phase is hard (350 HV), its strength contribution is limited due to
its incoherent interface with Al [11]. The room temperature yield
strength (YS) of Al-Ce alloys ranges from 30 MPa (Al-6Ce) to 68 MPa (Al-
16Ce) [12], with lower strength degradation at elevated temperatures
compared to conventional Al and Mg alloys. For example, at 300 °C, Al-
9Ce [10] shows a 25 % YS reduction (60 MPa to 45 MPa), while Al-10Si
[13] alloy exhibits 50 % reductions, from 110 MPa to 55 MPa.
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Alloying with elements like Mg, Y, Sc, Si, and Zr enhances the me-
chanical properties of Al-Ce alloys while preserving their thermal sta-
bility. For instance, David Weiss [14] found that Al-8Ce-10 Mg alloy
exhibited significantly higher mechanical strength at elevated temper-
atures compared to conventional piston alloys. Similarly, Wang et al.
[15] demonstrated that Al-8Ce-3Y alloy, cast using high-pressure die
casting (HPDC), significantly outperformed conventional piston alloys
at 300 °C. Sc and Zr are suitable alloying elements for producing high-
temperature heat-treatable alloys, Sc and Zr exhibit limited diffusivity
(Dse/a1 = 2 x 1077 m?/s [16]) and Zr (Dgy/a1 = 1.2 x 10729 m?%/s [17])
in Al matrix, and forms Al3Sc and AlsZr precipitates respectively.
Addition of Sc has proven to elevate the strength of Al alloy by optimum
ageing. For example, the hardness of Al-0.18Sc alloy was increased from
20 to 80 HV by ageing at 300 °C [18]. In another study by Seidman et al.
[19], it was demonstrated that the micro alloying with Sc(<3 wt%)
improved the creep resistance up to 300 °C. Although lean alloying with
Sc provides good strengthening, it does not sustain the properties at
temperatures higher than ~300 °C for long operating hours due to
coarsening of AlsSc. To overcome this, Sc is commonly mixed with Zr
while designing an alloy. Since the diffusivity of Zr in Al is low, the
precipitates it forms are more resistant to coarsening than the Al3Sc
phase. In the Al-Sc-Zr system, the AlsSc precipitates form early during
the ageing and act as the nucleation sites for Zr atoms, forming Als(Sc,
Zr) precipitate with a core rich in Sc and an outer shell rich in Zr which
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provides resistance to coarsening [20,21]. Although the effect of Sc and
Zr on Al alloys is well discussed in the literature, no significant study is
available to evaluate the precipitation behaviour of Sc and Zr in Al-Ce
alloys, especially its effect on high temperature performance of com-
ponents manufactured by HPDC. L.Wang et al. [22] studied the effect of
micro alloying of Al-5Ce with Sc(0.2 wt%) and Zr(0.2 wt%). The grain
refinement behaviour of Zr and Sc on primary Al was significant along
with the refinement of Al;;Ces phase. The morphology of eutectic was
modified from lamellae to thin rods with addition of Zr and this modi-
fication impacted the elongation, increasing from 17.5 % to 23 %. Same
trend was followed by YS which was155MPa for Al-5Ce —0.2Sc-0.2Zr as
compared to 49 MPa of Al-5Ce base alloy, after heat treatment. Simi-
larly, Yi et al. [23] reported the influence of 0.4 wt% Sc addition on the
creep behaviour of Al-12Ce alloy. The creep threshold stress at 300 °C
was reported to increase from 12 MPa in Al-12Ce alloy to ~ 50 MPa in
Al-12Ce-0.4Sc alloy. Mohammed et al. [10] studied the ambient and
high temperature tensile behaviour of Al-9Ce, Al-9Ce-0.12Sc-0.02Zr,
Al-9Ce-0.24Sc-0.04Zr and Al-9Ce-0.36Sc-0.06Zr alloys.
Al-9Ce-0.36Sc—0.06Zr alloy showed the highest YS at both ambient
(~185 MPa) temperature and at 300 °C (95 MPa). The enhancement in
mechanical properties in these alloys was attributed to nanoscale Als(Sc,
Zr) precipitates formed after aging.

Elements like Mg and Si are known to provide strengthening in Al
alloys through effective solid solution and precipitation strengthening
depending on the type of heat-treatment method. In Al-Ce alloys, Mg
and Si have been reported to provide effective strengthening at room
temperature. Sims et al. [24] reported the room temperature yield
strength for Al-12Ce, Al-12Ce-0.4 Mg and Al-12Ce-4Si-0.4 Mg alloys as
57 MPa, 75 MPa and 78 MPa, respectively. After T6 heat treatment, an
elevation in YS was observed in Al-12Ce-4Si-0.4 Mg alloys with reported
YS being 128 MPa. Similarly, Hu et al. [25] studied the room temper-
ature tensile behaviour of Al-8Ce-yMg (y = 0, 0.10, 0.25, 0.50, 0.75 wt
%) alloys prepared through HPDC. Due to solid solution strengthening
by Mg atoms, the YS was observed to be increase from 92 MPa in base
alloy to 115 MPa in case of Al-8Ce-0.75wt.%Mg.

The present study investigates the effect of Sc, Zr, Mg and Si on the
thermal stability of the alloy and aims to expand the structural appli-
cation of Al-Ce alloys at elevated temperatures by proposing a new Al-
Ce-Sc-Zr-Mg-Si alloy which properties would benefit from fine micro-
structure provided by HPDC casting. For this purpose, the microstruc-
ture, thermal stability, room and elevated temperature tensile behaviour
of hypoeutectic Al-10Ce alloy have been systematically studied. The
leveraging phase composition and hardening mechanisms have been
discussed.

2. Materials and methods
2.1. Alloy preparation

Model Al-10Ce alloys containing variable concentrations of Sc, Zr, Si
and Mg were produced by adding appropriate amounts of Al-30wt.%Ce,
Al-2wt.%Sc, Al-10wt.%Zr, Al-20 wt% Si and Al-10wt.%Mg master alloys
to 99.99 % pure aluminium melt. The melt was prepared in a graphite-
clay crucible in an electric furnace at a temperature of 780 °C. Part of the
melt was gravity-cast into a preheated book mould with a cavity of
180mm x 170mm x 20mm, at a pouring temperature of 750 °C. Part of
the melt was fed into a HPDC chamber to produce round tensile test bars.
The alloy compositions were verified by optical emission spectrometer
and listed in Table 1.

A Frech 4500 kN cold chamber HPDC machine was used to cast eight
ASTM B557 standard round tensile test bars with a gauge dimension of
$6.35 mm x 50 mm in each shot. The dies were preheated by the means
of hot oil at a temperature of 250 °C and the shot sleeve was preheated at
180 °C. During each shot, the mass of melt was fixed to ~800 g and the
pouring temperature of the melt on the ladle was measured to be 720 °C
before feeding into the shot sleeve. For all castings, the liquid metal
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Table 1
Chemical compositions of all experimental alloys.

Nomenclature Composition (wt.%)

Al Ce Sc Zr Si Mg Fe
Alloy 1 Bal. 10.2 0 0 0 0 <0.01
Alloy 2 Bal. 9.8 0 0.18 0 0 <0.01
Alloy 3 Bal. 9.3 0.22 0.20 0 0 <0.01
Alloy 4 Bal. 9.7 0.38 0.19 0 0 <0.01
Alloy 5 Bal. 10.3 0 0 0.57 1.31 <0.01
Alloy 6 Bal. 10.1 0.21 0.17 0.55 1.26 <0.01

injection speed (~2.3 m/s) and speed at the gate (~62 m/s) were fixed.

2.2. Thermodynamic calculations

Thermo-Calc thermodynamic software (TCS Al-based Alloy
Database-TCAL8) was used to analyse the equilibrium phase composi-
tion and solidification behaviour according to the Scheil-Gulliver model.
The latter assumes that there is an infinitely fast diffusion in the liquid
phase, but no diffusion takes place in the solid phase which allows for
the local equilibrium at the liquid-solid interface once the phase has
appeared. This approximation has been used to provide a reasonable
estimate of solute profiles and describe phase formation in numerous
studies including those concerning Al-Ce alloys [26-29].

2.3. Microstructure and phase composition characterization

Metallographic specimens were mounted and mechanically ground
by SiC papers followed by cloth polishing in colloidal silica medium
until a mirror finish was obtained. Specimens were etched using Keller’s
reagent to reveal the morphology of Al;;Ces intermetallic. Grain size
and eutectic spacing (A) in all alloys were measured by analysing optical
and SEM images in ImageJ software. For eutectic spacing, at least 100
measurements were taken and the average value is reported. Scanning
electron microscopy (SEM, ZEISS Crossbeam 340) was used at 15 kV
under backscattered mode to characterize the microstructure. A SEM
attached EDS was used to confirm the composition of phases in alloys.
Transmission electron microscopy (TEM) was used to characterize the
precipitates in peak aged condition. TEM samples were prepared by
mechanically grinding specimens to a thickness of ~150 pm followed by
punching ¢$3mm discs. Discs were further ground to a thickness of ~40
pm using 2500 grid SiC paper followed by ion polishing to achieve
electron transparency. For phase identification, X-ray diffraction (XRD)
analysis was performed using a Bruker D8 Advance XRD instrument. The
26 range for the analysis was set between 20° and 60°, with a step size of
0.01°/s.

2.4. Aging treatment

Samples from book mould castings were aged at 300 °C isothermally
for a range of time duration from 1 h to 100 h. After each aging cycle, the
samples were quenched in water. Vickers hardness tests were performed
on the hot mounted samples using Wilson vo100 Vickers microhardness
indenter by applying a load of 100 g and dwell time of 10 s. An average
hardness value, for 10 indents taken at random positions, is reported.
The ageing route that showed the best hardness was applied for HPDC
cast tensile bars.

2.5. Tensile tests

A universal material testing machine (Instron ® 5560) equipped with
Bluehill software was utilized for assessing yield and tensile strength.
Testing procedures adhered to ASTM E8/E8M and ASTM E21 standards
for room and elevated temperatures (150 °C and 300 °C), respectively.
The alloys were held at the test temperature in the tensile test chamber
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for 2 h. The ramp rate for room temperature tests was set at 1 mm/min,
while the straining rate for high-temperature tests was maintained at
0.0002/s. Three samples were tested at each temperature, with the
average value being reported.

3. Results
3.1. Microstructural analysis of gravity cast samples

Fig. 1 shows the optical micrographs of as-cast alloys produced by
gravity casting. All alloys exhibit a typical near-eutectic microstructure
with dominating (Al) dendrites and Al;; Ces colonies, some dimensional
differences can be seen due to the separate and combined addition of Zr,
Sc, Mg and Si. Compared to the base Al-10Ce binary alloy (Fig. 1a), the
addition of Zr and Sc does not seem to change the overall eutectic
structure. However, compared to Alloy 2 which has a single Zr addition,
combined Zr and Sc produced refined (Al) dendrites that can be attrib-
uted to the effect of Sc. Specifically, Alloy 2 has a grain size of 72 + 14
pm, Alloy 4 (Fig. 1d) with 0.4 %Sc has an average grain size of 22 + 4
pm. A similar refinement of a-Al dendrites due to Sc/Zr addition has
been reported in the literature [30-33].

The more significant effect on microstructure can be seen by the
addition of Mg and Si (Fig. 1e). A two-times increase in eutectic spacing
in alloys 5 and 6 compared to other alloys can be seen probably due to
the presence of additional phases. Minor presence of primary Sc/Zr-rich
phases is detected in the most alloyed composition, Alloy 6 (Fig. 1f). This
may account for the grain refinement effect and stipulate major disso-
lution of these elements in the matrix upon solidification. The compo-
sition of this primary phase was found to correspond to the Als(Sc,Zr)
phase by EDS analysis. SEM imaging using backscattered mode (BSE),
EDS analysis and XRD were used to gain further insight into the present
phases.

Fig. 2 shows the XRD spectrum of alloy 4 and alloy 6. Whereas both
alloys show prominent peaks evidencing the presence of the Alj;Ces
phase, Alloy 6 shows an additional ternary phase, (AlSi; x)2Ce which
may show variable Al substitution for Si as was shown in [34]. We will
stick to the designation of this phase as AloCeSiy which was previously
reported in Al-Ce alloys with Si addition [27].

SEM analysis of Sc-free alloy (Alloy 2) reveals that the eutectic col-
onies consist of the fibrous and coarse lamellar Al;;Ces (Fig. 3a) phase.
Addition of 0.2 wt% Sc along with Zr increased the fibrous fraction and
refined the lamellar intermetallics along the eutectic colonies (Fig. 3b).
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This effect has been enhanced with a further increase in Sc to 0.4 wt% in
Alloy 4 (Fig. 3c) in agreement with previous studies [31,35]. Impor-
tantly, in the middle of the (Al) grains, the SEM analysis revealed the
petal-shaped Sc- and Zr-rich particles confirmed to be L1,-Al3(Sc, Zr)
primary particles by EDS point analysis presented in Fig. 3d. The Alz(Sc,
Zr) particles serve as potent heterogeneous nucleation sites for (Al)
grains, owing to the similar lattice constants of Al crystal resulting in the
observed grain refinement [36,37].

With the addition of Mg and Si, the morphology of the eutectic pool
drastically changes from fibrous to lamellar. The colony boundaries
contain even coarser lamellar particles with average composition of 25
at.% Al, 15 at.% and 60 at.% Ce obtained through EDS analysis (Fig. 4a),
thus indicating the Al,CeSi; phase. With the addition of all elements
together, in Alloy 6 (Fig. 4b), the Sc brings a slight refining effect by
bringing some fibrous fraction though the dominating structure is still
relatively coarse. Some Sc-rich particles were found inside the eutectic
mixture rather than inside the (Al) grain evidencing their possible local
segregation limiting the eutectic growth (Fig. 4c). Similar observations
were reported in a study by Mohammed et al. [10].

3.2. Thermal stability of alloys

Fig. 5 presents the evolution of the microhardness of alloys upon
isothermal aging at 300 °C from 0 to 100 h. For as-cast condition, the
Alloy 6 stands out as it has higher hardness (54 HV ;) compared to other
alloys which is also reflected in the room temperature YS. Fig. 6 shows
the room temperature YS and corresponding hardness of all alloys
produced from HPDC, in as-cast condition. Such an improvement can be
important for HPDC components which are often used without any heat
treatment. An increase in strength can be seen with an increase in the
amount of solute, specifically Sc and Zr. Moreover, the addition of Mg
and Si resulted in the best yield strength among all as-cast alloys.

Upon heat treatment, the effect of precipitation was seen in all alloys
apart from Alloy 1, which did not see any change even after 100 h at
300 °C. Alloy 2, which has 0.2 %Zr as an alloying element shows a
marginal increase in the hardness (HV 1) after 24 h increasing from 36
to 45 and remains unchanged even after 100 h. On the contrary, Sc-
containing alloys show a dramatic change in hardness after isothermal
aging. Alloy 3 shows a jump from 41 to 77 after 1 h of heat treatment at
300°C and rises to 90 after 10 h. The same trend was observed in Alloy 4
which reached its peak hardness of 95 HV( ; after 10 h and showed a
very slow decline up to 100 h. Alloy 6 showed a similar trend achieving a
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Fig. 1. Microstructures of as-cast alloys produced by gravity casting (a) Alloy 1 (b) Alloy 2 (c) Alloy 3 (d) Alloy 4 (e) Alloy 5 (f) Alloy 6. OM images taken with

polarized light along with the numbers of eutectic spacing are given in the insets.
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Fig. 3. SEM micrographs of as-cast alloys produced by gravity casting: (a) Alloy 2 (b) Alloy 3; SEM/EDS composition analysis of Al3(Sc, Zr) precipitates in (c) Alloy 4

(d) EDS analysis of spot 1 and 2.

peak hardness of 92 after 3 h and remaining unchanged throughout the
aging process. One should note that an increase in Sc from 0.2 % to 0.4 %
brought only a 5 HV(; increment. A similar increment can be seen due
to the addition of Mg and Si in the alloy containing 0.2 %Sc. Alloy 5
showed a higher hardness than Alloy 1 and 2 in as cast condition, due to
effective Mg solid solution, and no considerable decline is observed
upon aging indicating thermal stability of eutectic particles. Neverthe-
less, considering the price factor, more economical Sc alloying would be
more beneficial for practical applications and the Alloy 6 stands out as
Mg and Si are abundantly used in Al alloys and can be easily found in the

raw materials including end-of-life scrap.

The bright field images of Alloy 3 (Fig. 7a) and 4 (Fig. 7d) aged at
300 °C, showing a high number density nanoscale particles in the Al
matrix. HRTEM images indicate coherency of these particles with Al
matrix in both alloys (Fig. 7b, e). Fast Fourier Transformation (FFT)
obtained from the corresponding regions indicated by the square boxed
in order to identify the precipitates (Fig. 7c, f). These particles were
identified as ordered L1,-Al3(Sc, Zr) precipitates by comparing the
superlattice reflections in FFT pattern with theoretical pattern. The [0
0 1] zone axis has been confirmed as parallel to the incident beam for
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Fig. 4. SEM micrograph of as-cast (a) Alloy 5 highlighting the morphology of Al,CeSi, phase with EDS spot analysis (b) Alloy 6 showing the morphology of eutectic

phase (c) BSE image of a region in Alloy 6 with EDS elemental mapping.
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Fig. 5. Microhardness evolution of investigated alloys after isothermal aging at
300 °C with different holding times.

both matrix and precipitates.

3.3. Mechanical behaviour of HPDC samples at room and elevated
temperature

Fig. 8 shows the microstructures of all alloys produced by HPDC. The
microstructures presented are at the location, half the radius of the
tensile bar grip section. Intrinsic higher cooling rate offered in the HPDC
process, compared to gravity die casting, brought an immense change in
microstructure specifically in the refinement of dendrites and eutectic
colonies. However, similarly to trends, observed for gravity casting, the
effect of Sc is primarily about refining the microstructure by Als(Sc, Zr),
whereas an increase in eutectic spacing can be seen with the addition of
Mg and Si in alloys 5 and 6.

One should note that high cooling rates obtained by HPDC are pre-
vailing the effect of Al3(Sc, Zr) inoculants. Fig. 9 shows the grain
structure of alloys intended for elevated temperature mechanical testing
indicating similar grain size (15 + 3 pm) independently on alloying

160 -YS - 70
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| EE R, 1.,
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- 50
© 100 - -
o n <}
= 402
~ 80
%) I
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60 |-
=20
40
20 | - 10

Alloy 1

Alloy 2

Alloy 3 Alloy 4 Alloy 5 Alloy 6

Fig. 6. Bar chart showing the hardness and YS of all as-cast alloys produced
by HPDC.

addition. This means that the corresponding contribution to grain
boundary strengthening is expected to be comparable for all alloys.

Fig. 10 shows the tensile properties of peak-aged HPDC samples
(Alloys 1, 3, 5 and 6) at elevated temperatures. Peak ageing condition
brought many thermally stable strengthening precipitates that allowed
to largely maintain the strength at 150 °C at which alloy 6 again has the
best strength properties compared to other alloys. However, an increase
in test temperature significantly degraded the properties. The YS and
UTS of Alloy 6 at 300 °C were measured to be ~90 and ~100 MPa
showing the lowest retention as compared to Alloy 3 and 5, amongst all
alloys, Alloy 4 shows a very minute deviation in the YS even at 300 °C. A
comparison between the YS of present alloys and previously reported
alloys along with the processing and testing temperatures is summarized
in Table 2. To compare the high-temperature YS and elongation of
present alloys with the previously studied Al alloys, a bar chart is pre-
sented in Fig. 10(c). It can be noticed that Al-Ce-Sc-Zr alloys produced by
HPDC in the present study show a superior combination of strength and
ductility at high temperature compared to conventional high-
temperature Al-Si and Al-Cu alloys.
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Fig. 7. TEM characterization of Alloy 3 and 4 peak aged at 300 °C: (a) bright field image of Alloy 3 showing dense distribution of Al3(Sc, Zr) precipitates; (b) HRTEM
image of Als(Sc, Zr) precipitates in Alloy 3 with corresponding Fast Fourier Transform (FFT) for Al matrix and Als(Sc, Zr) precipitates as insets; (c) FFT pattern of Al
and Al3(Sc, Zr) together in Alloy 3 (enclosed in orange square); (d) bright field image of Alloy 4; (e) HRTEM image of Al3(Sc, Zr) precipitates in Alloy 4; (f) FFT
pattern of Al and Als(Sc, Zr) together in Alloy 4 (enclosed in orange square). Incident beam was parallel to the [001] zone axis both for Al and Als(Sc, Zr) precipitates.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 8. Microstructures of as-cast alloys 1 (a), 2 (b), 3(c), 4(d), 5(e) and 6(f) produced by HPDC.

4. Discussion
4.1. Evolution of as-cast microstructure

Alloy 1 constitutes mainly (Al) matrix and Aly;Ces phase uniformly
distributed in the interdendritic region. The morphology of eutectic is
lamellar throughout the sample. Addition of Sc and Zr compared to a
single Zr addition leads to a refinement of (Al) dendrites and an increase
in fibrous fraction in the eutectic pool at the expense of the boundary
coarse lamellar particles. Formation of the Al3Zr and Al3(Zr, Sc) phase
during the early stages of solidification is evident due to a higher con-
centration of Sc and Zr. Due to heterogeneous nucleation potency of
Al3(Sc, Zr) particles owing to the crystallographic relationship between
particulate and matrix, refinement of grains is obtained in high Sc-
containing alloy (Alloy 4). According to Turnbull and Vonnegut [52],
the mismatch value is calculated by

_ Aa
a,

5 (€8]

where Aa is the mean difference between the lattice constants of matrix
and substrate along the low index plane and a, is the lattice constant of
the matrix. Al3(Sc, Zr) phase has a cubic L1, structure with a = 4.100 A
and Al has a similar fcc structure with a = 4.059 A, giving a mismatch of
less than 1.25 %, indicating that Al3(Sc, Zr) phase can act as effective
nucleating sites for Al.

The addition of Mg and Si modifies and makes the microstructure
complex. In addition to eutectic Al;;Ces, the AlyCeSiy phase is also
present in Alloy 5 and 6. The morphology of the AloCeSi; phase is mostly
lamellar protruding from the (Al) dendrites. To evaluate the phase
composition evolution after solidification in Al-10Ce alloy by Mg, Si, Sc
and Zr addition, CALPHAD calculations were conducted on Alloy 3 and
6. Fig. 9 shows the calculated non-equilibrium solidification path of
Alloy 3 (Fig. 11a) and Alloy 6 (Fig. 11b). The formation of AlgZr and
Al3(Zr, Sc) primary phases dominates the solidification curve before the
appearance of Al. Usually, melt superheat before pouring and high
cooling rates are applied for aluminium alloys containing Zr and Sc to
form (Al) supersaturated solid solution. In the present study, the pouring
temperature was 720 °C, which was lower than the liquidus tempera-
tures predicted by the Scheil model for the given model alloys. One
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Fig. 10. Tensile properties of Alloys 1, 3, 4 and 6 in peak-aged condition (300 °C for 3 h for Alloy 6 and 10 h for Alloy 3 and 4) tested at (a) 150 °C and (b) 300 °C (c)
comparison of mechanical properties of present alloys (highlighted in red ellipse) and previously reported die cast alloys at 300 °C. (For interpretation of the ref-

erences to colour in this figure legend, the reader is referred to the web version of this article.)

should note that according to the calculation, the alloys fall in the
hypoeutectic compositions. However, whereas a small fraction of the
primary Al;;Ces phase in the Alloy 3 alloy may form at 655 °C before L
— Al + Al;;Ces eutectic, the addition of Mg and Si modifies the phase

equilibria. The Al,CeSi, forms before AlsZr, and then keeps precipitating
via binary L. — Al + AlyCeSi; eutectic and ternary L. — Al + Al;;Ces +
Al,CeSi, eutectic that agrees with the previously published data on Al-
Ce-Si-Mg system [27]. The solidification terminates at 463 °C with the
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Table 2
Mechanical properties of present alloys and previously reported alloys at room and elevated temperatures [10,13,38-51].
Alloy Casting method, heat treatment conditions Testing temperature (°C) YS (MPa) Reference
Alloy 1 HPDC, PA 150 91 This study
300 75
Alloy 3 HPDC, PA 150 116 This study
300 110
Alloy 4 HPDC, PA 150 120 This study
300 115
Alloy 6 HPDC, PA 150 147 This study
300 89
Al-9Ce-0.36S¢-0.06Zr GC, PA 25 185 [10]
300 95
Al-7Si-1.5Cu-0.2Ti-0.5V GG, AC 300 111 [50]
Al-11Si GC, AC 25 125 [13]
150 100
300 50
Al-118i-3Cu-1Mg-2Ni-0.2Ce GC, T6 25 250 [49]
250 200
300 140
Al-78i-0.5Cu-0.3Mg-0.3Mo GC, T6 300 47 [48]
Al-12Si-4Cu-2Ni-0.8Mg-0.2Nd GC, AC 25 196 [47]
200 173
300 101
Al-13Si-3Cu-0.6Fe-0.1Mn GC, T6 25 210 [46]
300 125
Al-13Si-5Cu-0.6Fe-0.1Mn GC, T6 25 280 [46]
300 109
Al-118i-4Cu-0.2Fe-0.3Mn-0.2Zr GC, T6 25 190 [44]
300 105
Al-4Cu GC, T5 25 159 [45]
300 93
Al-4Cu-0.2Mn GC, T5 25 158 [43]
300 96
Al-5Cu-1Mn-0.5Ni GC, T6 25 170 [42]
300 117
Al-5Cu-0.4Mg GC, T6 300 60 [41]
Al-5Cu-1.5Ni-0.2Mn0.2Zr GC, T6 300 105 [41]
Al-5.0Cu-0.6Mn-1.0Fe-1.5Ni SC, T7 250 188 [40]
300 142
Al-1.25Mn-1.28Mg-0.3Si-0.6Fe-0.3Mo GG, PA 100 116 [39]
200 111
300 85
Al-5Mg-0.5Sc-0.2Zr-0.5Mn-0.9Ca GG, PA 150 216 [38]
250 160
300 114
Al-1.25Mn-1.28Mg-0.3Si-0.6Fe GG, PA 100 105 [39]
200 100
300 78

GC = Gravity casting, PA = Peak aged, SC = Squeeze casting.

formation of Mg5Si and Al3Mg, phases. However, in samples prepared
from the HPDC route, the Al3Mg, phase might not be expected in the
microstructure as enrichment of Mg in the final solidification zone is
retarded upon fast cooling during HPDC [53]. The Mg,Si phase, on the
other hand, is a well-known strengthening agent in AA6xxx alloys,
which, however, could not be detected in the microstructure probably
due to its minor amount compared to Ce-rich phases.

Though the cooling rate during HPDC casting is reasonable, the
temperature can be decisive player for the appearance of primary
intermetallic containing Zr and Sc. However, with increasing Sc, in Alloy
4, a considerable refinement in the Al;1Ces is noticeable. In solid solu-
tion, Sc and Zr atoms tend to get adsorbed on the growing crystals of
Aly1Ces thus hindering the migration of Ce on Aly;Ces [31]. This
interaction effectively impedes the growth of the Al;;Ces phase resulting
in refined Al;;Ces.

4.2. Improvement of strength at room and high temperature

4.2.1. Room temperature mechanical properties in as-cast condition

The mechanisms influencing the room temperature strength pri-
marily rely on the discussed solidification path and the observed grains
and eutectic refining effects. The major contributor of strength in all

studied alloys tested in as-cast condition includes solid solution
strengthening, grain size strengthening and second phase strengthening.
The theoretical strength of alloys at room temperature can be expressed
as

Gys = 0o + Aoy + Ao + Aoy, 2)

where, oy is the theoretical strength, o, is the Peierls or friction stress
(10 MPa for Al [54], Acg is the contribution from grain boundary
strengthening, Aoy is the strength contribution from solid solution and
Aoy, is the strength contribution from the load-bearing effect due to the
lamellar Al;;Ces phase. The strengthening from the Al;;Ce3 phase can
be estimated by following the shear lag theory [55]

Ao-sp = 0~56inth111C33 (2 + S) (3)

where, o is the interface strength of matrix/reinforcement, fu,,ce, is
the volume fraction and S is the aspect ratio (length/width) of the
Aly;Ces eutectic phase. The volume fraction of Al;;Cejs in all alloys was
calculated using the CALPHAD method with an average value of ~10 %.
S is calculated by analysing the SEM images in ImageJ software. How-
ever, the average value of S in all alloys ranges from 6 to 10. A rough
estimation of S is taken to be 8 in all alloys. Since 64, is hard to measure,
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Fig. 11. Non-equilibrium solidification curves calculated using Scheil-Gulliver model for (a) Alloy 3 and (b) Alloy 6. The SEM images and eutectic spacing of the

corresponding alloys are given in the insets.

we assume that the interface is identical to the Al-SiC composite with
oine = 133 MPa, similar assumptions were made to calculate the load-
bearing effect in Ref [30]. Substituting o, = 133 MPa in Eq. (4), the
contribution from load bearing effect is estimated to be 67 MPa in all
alloys. The calculated value is a rough theoretical estimate possible to be
contributed by Al;;Ces. However, the observed eutectic refinement may
bring differences towards further strength improvement observed dur-
ing the tensile test due to an increase in fibrous fraction observed with an
increase in Sc (e.g. see Fig. 3).

Secondly, the contribution from grain size can be given by the Hall-
Petch relationship [56,57]

Acg = K/Vd 4)

where K is the Hall-Petch constant, and d is the average grain diameter.
For Sc-containing HPDC samples, the observed d is about ~15 pm in all
alloys, which is within the range of the commonly observed grain size in
Al alloys fabricated through HPDC [58,59]. K value of Al is taken to be
80 MPa-pml/ 2 160]. Equation (5) yields a value of Acg, = 20 MPa. The
larger grains observed in Sc-free alloys would change the grain size
contribution respectively explaining their lower strength.

In as-cast condition obtained after fast cooling by HPDC, the matrix
supersaturation and solid solution strengthening plays a significant role
as well. Though we could see a minor presence of primary Zr- and Sc-
rich phases, their amount was limited due to a high casting temperature
allowing for the elements to dissolve and stay in the matrix. The
composition of the liquid phase and amount of primary intermetallics
were calculated at casting temperature, 720 °C using Thermo-Calc
software (Table 3). Almost all Sc added in the alloy dissolves in the
melt at this temperature, whereas for Zr, about 0.06 wt% and small Sc
form primary intermetallics which amount was estimated to be less than
0.1 vol%, in agreement with microstructure observations.

Table 3
Calculated composition of the liquid at 720 °C and fraction of phases in the melt.
Alloy Temp Sc in Liquid, Zr in Liquid,  Al3(Sc, Zr), Al,CeSi,,
Q) wt.% wt.% vol.% vol.%
Alloy 720 0.19 0.097 0.14 -
3
Alloy 720 0.35 0.09 0.03 -
4
Alloy 720 0.19 0.09 0.14 0.75
6

The strength contribution from solid solution in Al alloys is given by
the relation [61]

2 4 1
3\3/1+9\3/w\53 42
Ao’ssfM<§> (1_&> (3) ulel3c3 5)

where M is Taylor factor (3.06 for Al), u is the shear modulus of Al
(26.5GPa) [62], v is the Poisson’s ratio (0.347) [62], w = 5b, ¢ is the
misfit strain which is related to the difference in the interatomic distance
(1.25 % for Sc and 1.23 % for Zr [61]) and c is the atomic % of solute in
the matrix. Equation (6) yields the value of Ac(Sc) = 7MPa, Acgs(Zr) =
4MPa in Alloy 3 whereas in Alloy 4, Acs(Sc) = 14MPa, Aocg(Zr) =
4MPa. As-cast alloy 4 is stronger than alloy 3 only due to higher Sc
content whereas alloy 6 may be even harder due to possible Mg solute.
The amount of Mg and Si in the matrix depends on their distribution
between the matrix and intermetallic which is more challenging
considering the complex phase composition. However, compared to Si,
depleted in (Al) due to the formation of the AloCeSi, phase, a larger Mg
in solid solution can be expected in Alloy 6 after casting. Hu et al. [25]
evaluated the influence of Mg on the strength of Al-8Ce alloy cast
through HPDC. Mg atoms were found to be present in the solid solution
owing to the dramatically higher cooling rate in HPDC and no Mg-
containing compounds were formed. The addition of Mg enhanced the
YS increased from ~92 MPa for Al-8Ce to 115 MPa for Al-8Ce-0.75 Mg
alloy. A simpler form of Equation (6) can be used to estimate the value of
Acg(Mg) = k ¢*/3, where k (MPa/wt.%?%/3) is a scaling factor with a value
of 29 MPa /wt.%?*3 [63], yielding a value of ~33 MPa accounting for
the maximum possible increment in case all Mg (1.2 wt%) enters the (Al)
matrix. This theoretical strength contribution is close to the actual dif-
ference in as-cast YS values between alloys 1 and 5 and alloys 3 and 6.

HPDC components are frequently used in as-cast condition. It was
shown by the present study that even as-cast strength can be improved
without any heat treatment by the addition of Sc and Zr as well as by
aiding some solid solution effect of Mg, whereas Si can be considered as
a neutral impurity as it does not contribute to strength.

4.2.2. Effect of elevated temperature on mechanical properties

As can be seen from Fig. 10, alloys 3 and 4 show minimal degradation
in strength at high temperatures whereas alloy 6 retains high properties
at 150 °C but degrades significantly at 300 °C. The major contribution to
the retention of the properties is brought by the Als(Sc, Zr) nano dis-
persoids precipitated during the aging operations. The dispersoids
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impede dislocation movement, increasing YS. Two mechanisms are
prominent in precipitation strengthening, firstly the pinning of dislo-
cation (shearing of precipitates) and secondly, the bypassing of dislo-
cations known as the Orowan looping mechanism. The significant
contribution of Al3(Sc, Zr) nanoprecipitates is reflected in the hardness
response of Sc and Zr-containing alloys. No significant coarsening of
precipitates and loss in hardness with time at 300 °C could be seen even
in Si-containing alloys probably due to no interaction between Si and
Al3(Sc, Zr). Such an interaction has been reported for the Al-Si alloys
doped with Sc and (Al, Si)3Sc may have only partial coherence with the
matrix thus reducing the strength contribution [64]. In the present
study, such a phase is not forming as the Al,Ce2Siy phase is more
thermodynamically stable across the studied temperature range.

Nevertheless, for Mg and Si-containing alloys, the strengthening
mechanism is obviously not limited to Al3(Sc, Zr) dispersoids. As can be
seen from Fig. 5, alloy 6, shows the same hardness as alloy 4 after ageing
for 100 h at 300 °C, whilst having two times smaller Sc content.
Considering that the calculated solid solubility of Mg in Al at 300 °Cis 1
wt% (Table 4) and the samples were quenched after ageing, the incre-
ment in room temperature properties of the aged alloy 6 can be attrib-
uted to Mg solute atoms supersaturated in (Al). A simple calculation
performed similarly to the as-cast condition showed that solid solution
strengthening contribution is equal to 29 MPa. According to the well-
known empirical relationship YS = 3 HV, the calculated HV(; incre-
ment due to 1 wt.%Mg in Al is 8 HV(; which coincides well with the
difference in HV ; between alloy 3 and 6 after the thermal stability test.

Although, Alloy 6 shows appreciable thermal stability, its mechani-
cal behaviour at high temperatures was found to be different at 150 °C
and 300 °C. The addition of Mg and Si is common for heat-treatable
AA6xxx aluminium alloys, and their performance is directly correlated
with the content of these elements. Therefore, equilibrium isothermal
sections calculated at 150 and 300 °C for the Al-Ce-Zr-Sc-Si-Mg system
are given in Fig. 12. These sections show that Alloy 6 may fall in a
different phase region depending on the temperature, Mg and Si content
which may all potentially affect mechanical properties.

At 150 °C, the alloy is in the Al;;Ces + Als(Zr, Sc) + MgaSi + (AD
phase field which should benefit from the maximum Mg,Si and Alz(Sc,
Zr) fractions bringing the corresponding strengthening effect, similar to
the typical ageing of AA6xxx alloys. This effect can be possible in alloys
with Mg:Si ratio of about 2:1 in the event of Mg- and Si-supersaturated
(Al) matrix. However, this scenario could not be realized because the
alloys were peak aged at 300 °C and quenched bringing a Si-depleted but

Table 4
Calculated phase composition of the experimental alloys at 300 °C.
Alloy Phase Qm Qv Chemical composition (wt.%)
(wt. (vol. .
%) %) Ce Sc Zr Si Mg
Alloy (A 82.9 88.3 0 - - - -
1 Al;1Ces 17.1 11.7 58.6 - — - -
Alloy (AD 82.0 87.5 0 0 0 - -
3 Al;1Ces 17.1 11.8 586 0 0 -
Al3(Zr, 0.9 0.8 0 21.4 21.3 - -
Sc)
Alloy (A 81.4 86.9 0 0 0
4 Aly;Ces 17.1 11.8 586 0 0 — —
Al3(Zr, 1.5 1.3 0 26.7 13.3 - -
Sc)
Alloy (AD 81.4 86.7 0 0 0 0 1.0
6 Al;1Ces 15.5 10.6 586 0 0 0 0
Al,CeSiy 1.5 1.0 60.3 0 0 24.2 0
Mg,Si 0.6 0.9 0 0 0 36.6 63.4
Al3(Zr, 0.9 0.8 0 21.3 213 0 0
Sc)
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Mg-rich solid solution. Apparently, from Fig. 8 it can be seen that all
alloys perform their best mechanical properties in this study at 150 °C,
which is the routine ageing temperature maximum operational tem-
perature for many heat-treatable aluminium alloys due to limited
coarsening of precipitates and limited mobility of solutes. Therefore,
similar to the room temperature hardness after peak ageing, the excel-
lent performance of alloy 6 at 150 °C can be attributed to solid solution
strengthening.

A further increase in temperature causes stronger thermal vibration
amplitude and a decrease in bonding force between atoms, hence,
bringing to the matrix. Alloy 6 saw a significant degradation in strength
and an increase in relative elongation at 300 °C compared to a lower
temperature and other alloys. At 300 °C the alloy is well falling in the
AlyCeSiy + Alj1Ces + Als(Sc, Zr) + MgaSi + (Al) region which is equi-
librium even at significant Mg excess The Al;CeSi, phase is a significant
solute consumer negatively affecting the Mg-Si precipitation hardening.
As can be seen from the equilibrium phase composition at 300 °C
(Table 4), the addition of Zr and Sc neither influence the fraction of Ce-
rich and Mg,Si phases nor their composition, thus it can be expected that
the strengthening contribution of the Al3(Zr, Sc) phase depends only on
whether they appear as dispersoids or primary intermetallic. Both var-
iants were found in the microstructure of alloy 6 as it was age-hardened
with temperature and showed appreciable thermal stability whilst
having refined grain structure due to observed primary particles.
Whereas some Si can be bound in a small fraction of the Mg»Si phase,
their possible contribution to strength is negligible due to unavoidable
ripening at 300 °C. For this reason, Mg-Si precipitation is considered not
to affect either room temperature or high-temperature performance of
aged samples.

Thus, degraded properties can be related to either significantly
changed eutectic structure or to loss in the efficiency of Mg solute ob-
stacles. According to [65], the solid solution strengthening in Al-Mg
binary alloy with increasing temperature due to rapid recovery. A
limited solid solution strengthening was reported for Al-Ca-Mg-Sc alloys
during testing at 300 °C [66]. In Odoh et al. [67], the flow stress was
increasing with Mg content, but such an increase was significantly
reduced due to an increase in solute diffusivity at high temperatures.
Such an effect is hardly avoidable at high temperatures, making the
doping of the Al-Ce-Sc-Zr alloys with Mg less effective. A significantly
increased eutectic spacing has been evidenced in the present study.
According to [68], describing the influence of eutectic spacing on yield
strength using the classic Brown model and Taylor-Orowan’s equation,
the strengthening grows with the smaller eutectic spacing or denser
distribution of the second phase, since it relates to the characteristic
length of the slip band in the matrix. With all alloys having identical
grain size, the eutectic spacing changed significantly only for alloy 6
which likely caused a larger exposure of the soft matrix to mechanical
deformation and a significant degradation in strength.

5. Conclusion

The present study presents the influence of Mg, Sc, Zr and Si on the
microstructure of hypoeutectic Al-10Ce alloy. Thermal stability and
mechanical strength of produced Alloys were examined in as-cast con-
dition at room temperature and in heat treated condition at elevated
temperatures. The key observations can be presented as followed.

1. A series of Al-Ce alloys with various composition of Mg, Si, Zr and Sc
were cast using permanent mould and high-pressure die-casting
methods. Al3(Sc, Zr) particles form in the melt and act as the pref-
erential nucleation sites for the a-Al grains resulting the effective
grain refinement.

2. Upon ageing, dramatic elevation in hardness during ageing at 300 °C
is recorded in Sc, Zr containing alloys pertaining to the formation of
Al3(Sc, Zr) nanoprecipitates from the supersaturated solid solution in
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Fig. 12. Isothermal sections of Al-Ce-Zr-Sc-Si-Mg system at 10 wt.%Ce, 0.2 wt. %Sc, 0.2wt.%Zr calculated at 150 °C (a) and 300 °C (b): red square shows the Alloy 6
position. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

the matrix. Due to these nanoprecipitates, the hardness is being
maintained after ageing for 100 h.

. As-cast Alloy 6 shows the highest YS of 147 MPa at room temperature
testing due to strengthening sources from Sc, Zr, Mg and Si additions.
In peak-aged condition also, this alloy shows superior strength at
elevated temperature testing condition (150 °C). However, YS
decline dramatically to 89 MPa at 300 °C. Whereas Alloy 4 shows
higher strength of 115 MPa at 300 °C. At room temperature, solution
strengthening from Mg is the dominant contributor of strength
whereas at higher temperatures, Als(Sc, Zr) nanoprecipitates are the
biggest contributor of strength.
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