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Slisspiiedl 1 jully A2 Al-Mg alloys are normally prone to lose part of their yield and tensile strength at
Published online: high temperatures due to insufficient thermal stability of the microstructure.
9 July 2021 Here, we present a Ca-modified Al-Mg-Sc alloy demonstrating high strength at

elevated temperatures. The microstructure contains Al,Ca phases distributed as
© The Author(s)) under  a network along the grain boundary and Al3(Sc,Zr) nano-particles dispersed
exclusive licence to Springer within the grains. The microstructure evolution and age-hardening analysis
Science+Business Media, LLC, indicate that the combination of an Al,Ca network and Sc-rich nano-particles
leads to excellent thermal stability even upon aging at 300 °C. The tensile
strength of the alloy for temperatures up to 250 °C is significantly improved by
an aging treatment and is comparable with the commercial heat-resistant alu-
minum alloys, i.e., A356 and A319. At a high temperature of 300 °C, the tensile
strength is superior to the above-mentioned commercial alloys, even more so
when expressed as the specific strength due to the low density of Ca-modified
Al-Mg-5c alloy. The excellent high-temperature strength results from a syner-
gistic effect of solid solution strengthening, grain boundary strengthening and
nanoparticle order strengthening.
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Introduction

With the sustained development of automotive and
aerospace industries, more stringent requirements for
high-temperature resistance and high specific
strength have been formulated to meet the applica-
tion targets [1-3]. For example, heat-resistant cast
aluminum alloys are widely used in automobile
engine blocks and pistons to replace cast iron, due to
their low density and outstanding (specific)
mechanical properties [4, 5]. In recent years, heat-re-
sistant aluminum alloys have become a research topic
hotspot in various countries. Researchers have sig-
nificantly improved the high-temperature perfor-
mance of aluminum alloys by adding alloying
elements to improve alloy properties as well as its
processability [5-10]. For example, in the research of
heat-resistant Al-Si and Al-Cu cast alloys, traces of
rare earth elements (such as Ce, Gd, Er, etc.) or
transition metal elements (such as Ag, Co, Cr, Y, etc.)
have been added to form high-temperature
stable nano precipitates. Such precipitates pin grain
boundaries and dislocations and, as they barely
coarsen, improve the heat resistance [11-16].

Aluminum alloys with magnesium (Mg) as its
major alloying element are widely used in automo-
tive, maritime, aerospace and other fields due to their
medium strength, high ductility, excellent corrosion
resistance, weldability and excellent processing per-
formance [17, 18]. However, since the eutectic tem-
perature of the Al-Mg system is low (450 °C), these
alloys are prone to soften significantly at high tem-
perature and their heat resistance is classified as rel-
atively poor [18]. Hence, the traditional Al-Mg alloys
cannot be used as structural materials at high tem-
peratures. However, Vo et al. found that the forma-
tion of nano-precipitates with the L1, structure, i.e.,
Al;Sc, Aly(Sc,Zr), Als(Er,Zr), can significantly
enhance the heat resistance [19]. The precipitates play
a role in refining the microstructure, inhibiting
recrystallization and were demonstrated to be
stable as coherent or semi-coherent precipitates in the
matrix [17, 20-22]. However, only small amounts of
rare earth elements like Sc, Er will be added as the
material costs are high and they may lead to the
formation of undesirable coarse primary phases at
higher concentrations. Hence, the realizable high-
temperature strengthening effect due to such nano-
precipitates is limited [23, 24].
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In recent years, researchers have also found that
intermetallic compounds can meaningfully affect the
high-temperature strength of aluminum alloys.
Intermetallic compounds with a high thermal stabil-
ity and forming a three-dimensional network struc-
ture in the matrix played a key role in improving the
strength at high temperatures [16, 25]. One of the
elements to be considered is Ca as it has a low den-
sity, is abundantly available and the eutectic tem-
perature of (Al) + Al,Ca is relatively high at 617 °C
(7.6wt%) [26, 27]. However, there are few studies on
the application of Ca in aluminum alloys [28-30]. In
recent years, Belov et al. developed Al-Ca-Sc, Al-
Ca-Mn-Fe and Al-Zn-Mg-Ca alloys, which pro-
moted the development and application of Al-Ca
alloys [31-34]. However, the combination of (high
temperature) strengthening due to rare earth pre-
cipitates and Ca-based intermetallics has not been
explored yet.

Hence, in this study, the microstructure and high-
temperature mechanical properties of Al-Mg-Sc—Zr-
Mn alloy modified with Ca will be investigated. The
purpose of this studies is to provide a new alloy
concept for the enhancement of the heat resistance of
cast aluminum alloys based on hierarchical multi-
phase synergetic effects.

Experimental procedures
Materials

The alloy was prepared starting with high-purity
aluminum (Al (99.99%). Ca and magnesium (Mg)
were added in pure metallic form, scandium (Sc),
zirconium (Zr) and manganese (Mn) were added as
Al-2% Sc, Al-10% Zr and Al-10% Mn master alloys.
The smelting was carried out in a vacuum melting
furnace. After being held between 730 and 760 °C for
30 min, the alloy was cast into a preheated cylindrical
copper mold (120 mm in diameter and 250 mm in
height). The chemical composition of the alloy as
determined by ICP-OES (Agilent 720ES) is given in
Table 1. The samples were cut from the center of
ingot, and heat treatments were carried out in an
electric muffle furnace. The age-hardening investi-
gation was carried out at temperatures ranging from
300 to 450 °C. The high-temperature stability of the
microstructure was studied using double aging
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Table 1 Chemical

composition (wt.%) of the Element Al Mg Ca Sc Zr Mn Others
experimental alloy Concentration Balance 482 0.89 0.51 0.21 0.54 <0.04

annealing treatment, first aging at 300 °C for 4 h,
followed by annealing at 500 °C for 36 h.

Characterization of microstructures
and mechanical properties

Heat-treated samples were ground and mechanically
polished, followed by electrochemical polishing
(perchloric acid: alcohol 1:9) and etching with Keller’s
reagent (hydrochloric acid 1.5%, hydrofluoric acid
1%, nitric acid 2.5% and distilled water 95%). The
microstructures were studied using optical micro-
scopy (OM, Olympus inverted metallurgical micro-
scope GX51) and scanning electron microscopy (SEM,
JSM-7600F, JEOL, Japan). Grain sizes were deter-
mined using the linear intercept method, according
to the GB/T 6394-2017 test protocol. Energy-disper-
sive X-ray spectroscopy (EDS) was used to determine
the spatial distribution of chemical elements in the
specimens and the composition of the phases. Sam-
ples were also characterized using X-ray diffraction
(XRD) with a Cu Ko radiation at 40 mA and 40 kV
(Smartlab 9KW). Diffraction angles (20) ranged from
20° to 80°. Measurements were made at a scan speed
of 2° per minute. Transmission electron microscopy
(TEM, JEM 2100) was employed for determining the
crystal structure of the nano-phase existing in the
alloy. The Vickers hardness of the samples was
measured using a Vickers microhardness tester (FM-
700) at a load of 100 g and an indentation time of 20 s.
Tensile tests were carried out at room temperature on
a CMT5205 testing machine (MTS industrial systems,
China) at a fixed strain rate of 1 mm/min. Mechanical
properties at elevated temperatures were measured
on a CMT5808 testing machine (MTS industrial sys-
tems, China) using the GB/T 2282 test protocol.
Fracture surfaces of samples tested at room and ele-
vated temperatures were further studied using SEM.

Phase diagram calculation

The phase composition of the Al-Mg-Sc—Zr-Mn-Ca
system was calculated using the Thermo-Calc pro-
gram in combination with the TTAL5 database to
facilitate the preliminary analysis.

Results
Microstructure characterization

The equilibrium phase composition of the Ca-modi-
fied Al-Mg-Sc alloy can be seen in the polythermal
section calculated at 5 wt % Mg, 0.5 wt % Sc, 0.2 wt %
Zr, 0.5 wt % Mn and Ca (0~ 6 wt %). As follows from
Fig. 1, the appearance of primary crystals of the
Al3(Sc,Zr) phase should be expected. And it can be
seen that, under the equilibrium conditions, for the
designed alloy composition (Ca about 1wt %) the
alloy system only contains the phases of binary sys-
tems, i.e.,, Al4Ca, Al;(Sc,Zr) and AlgMn at tempera-
tures above 300 °C.

Optical and scanning electron microscopy images
of the samples in various heat-treated stages are
shown in Figs. 2 and 3, respectively. The Al,Ca phase
forming a network (or semi-network) structure can
be observed at the grain boundaries. In addition,
primary Al;(Sc,Zr) crystals with a polyhedral shape,

800 H————
‘L L+Aly(Sc,Zr)
S a 7rr e
. +Al;(Sc,Zr)
L+(Al) +Al5(Sc,Zr) L+AL(Se.Zr)+AlMn
600 3
L N LH(AI) +AL(Sc,Zn+Al,Ca+AlMn
< SHO \ L+AD +AlL(Sc,Zry+AlMn
| LHAI) +Aly(Se,Zr)+AlgMn
(Al) +Al;(Sc,Zr)+AlgMn
400
(Al) +Al;(Sc,Zr)+Al,Cat+AlgMn
300 T T T T T
@ 0 1 2 3 4 5 6

Ca, wt.%

Figure 1 Vertical section of Al-Mg—Sc—Zr—Mn—Ca system at
5%Mg, 0.5%Sc, 0.2%Zr and 0.5%Mn (wt.%).
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Figure 2 Optical micrograph of specimens, a as-cast state, b aged at 300 °C for 4h, ¢ aged at 300 °C for 36h.

characteristic for binary Al-Sc alloys [35, 36], were
observed.

The Al5(Sc,Zr) particles have a higher solidification
temperature and acted as nucleants [37], reducing the
growth of a-Al dendrites and playing a role in
refining the grain structure. The Al,Ca phase is
formed at the later stage of the solidification process.
As the mass fraction of Ca in the liquid increases,
Al,Ca solidifies at the grain boundaries, thus forming
a network structure. Previous research has shown
that the volume fraction of the network Al,Ca
increases with increasing Ca content, but at high Ca
concentrations the network structure coarsens and
even cracks, which is fatal for the mechanical prop-
erties [30]. For the current sample with a low Ca
concentration, no coarse features in the network nor
microcracks were found.

Figures 2 and 3 also show the microstructures of
Al-Mg-Sc-Ca alloy after aging at the two aging con-
ditions (aged at 300 °C for 4h and aged at 300 °C for
36h). It can be observed that with increasing aging
time, the network structure of the AlsCa phase
remained like that of the as-cast samples and did not
change significantly. Even after aging at 450°C for 36
hours, no changes in the morphology of Al,Ca,
indicative =~ of  granular  transformation  or
spheroidization [32, 38], were observed. Only a small
amount of short rod-shaped newly formed precipi-
tates was recorded, as shown in Fig. 3g, h, and these
were classified as AlsMn [39]. The good thermal
stability of Al,Ca is mainly due to its high eutectic
temperature (617 °C). On the other hand, the fineness
of the as-cast eutectic structure also determines the
likelihood of a morphology change during a heat
treatment. In this alloy, the lateral dimensions of the
Al,Ca are a little bigger than those reported in other
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Al-Ca alloys [32, 38]. The thickness of the Al,Ca
crystals is about 1~2um.

We also studied the dependence of grain size on
conditions of the aging treatment. The grain size of
the cast alloy is about 32.0 &= 1.5um. After aging at
300 °C x4h 4500 °C x 36h, the grain size was found
to be 33.9 &+ 2.3um indicative of an excellent thermal
stability and the absence of grain growth. It is
attributed to the pinning effect of Al;(Sc,Zr) particles
in combination with the high thermal resistance of
the Al,Ca network itself.

According to the EDS results shown in Fig. 4, Ca is
mainly present near the grain boundaries, and the Ca
distribution does not change during the aging treat-
ment. Thermodynamic calculations have indicated
that Ca should not form ternary eutectic phases with
the other alloying elements Mg, Sc and Zr [32]. The
detailed compositions of areas marked by the named
crosses in Fig. 4a, c are listed in Table 2. The network
structure is mainly composed of Al and Ca, and its
atomic ratio is close to 4:1, which can be identified as
Al,Ca phase. Moreover, no Sc and Zr were found in
Al,Ca eutectic tissue, which is consistent with pub-
lished research. In addition to the AlyCa distributed
in the network structure, a small amount of AlgMn
was precipitated at the grain boundaries [39].

The XRD spectra of the Ca-modified Al-Mg-Sc
specimens in their cast and aged states are shown in
Fig. 5. The diffraction peaks corresponding to face-
centered cubic (fcc) o—Al (JCPDS Card No. 04 — 0787)
were detected for all specimens. The Al,Ca phase
was easily identified, and the primary phases Al;Sc
and AlgMn were also detected in the XRD diffrac-
tograms, which is consistent with the results from
SEM (Figs 3 and 4). Upon aging, there is no change in
the phase characteristics. Figure 5b shows the com-
parison of the standard a—Al diffraction peak at 20 =
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Figure 3 SEM images of
samples at different states,

a as-cast state, ¢ aged at

300 °C for 4h, e aged at

300 °C for 36h, g aged at
450 °C for 36h; b, d, f and
h are high magnification of fig
a, ¢, e, g, respectively.

38.37° with the measured results. The shift in the
characteristic peaks of the «—Al matrix is attributed to
Mg being in solid solution. No obvious signs of a
strong texture were observed or expected.

The structure of the alloy after aging at 300°C for
4h was studied in more detail by TEM, and Figure 6
shows the typical structure of Al3(Sc,Zr) nano-parti-
cles precipitated during aging, which is consistent
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with published studies on Al-Sc-Zr alloys [40]. Upon
aging, the Sc-rich particles (Fig.6b) remain spher-

oidal, coherent and uniformly distributed in the
matrix. And Fig. 6c also shows the Al¢Mn phase.
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Figure 4 EDS mapping of samples, a microstructure of as-cast state, b EDS mapping showing Al, Mg, Ca, Sc, Zr and Mn of a,
¢ microstructure of aged at 300°C for 4h, d EDS mapping of (c).

Table 2 Local chemical

composition as determined by Element Mg(at.%) Ca(at.%) Sc(at.%) Zr(at.%) Mn(at.%) Al(at.%)
EDS point analysis at the
locatiins marke}(/i in Fig 4a and A 061 11.09 - - 18.00 7030
Fig 4c B 0.76 17.57 - - - 81.67

C 1.32 0.80 13.72 6.89 - 77.27

D 1.73 29.68 - - - 68.59

E 0.74 9.72 - - 24.00 65.54

F 0.53 22.64 - - 0.29 76.54

Mechanical properties

The evolution of the Vickers microhardness as a
function of the aging time over the temperature range
of 300 ~ 450 °C is shown in Fig. 7. The microhard-
ness test locations were chosen in the middle of the
grains to prevent grain boundaries effects to interfere
with the test results. It can be seen that a maximum
microhardness of 118 HV is achieved upon aging at
300 °C for 16h, and this value is more than 20%
higher than that in the cast state (97 HV). The increase
is due to the precipitation of Al3(Sc,Zr) nano-parti-
cles. As the TEM images shown in Fig. 6 reveal the
Al5(Sc,Zr) nano-particles are nicely dispersed and

@ Springer

have a size of about 4-9 nm. The peak hardness of the
alloy decreases with increasing aging temperature.
With increasing aging temperature, the time for the
hardness to reach the peak value is shortened, and as
a result of particle coarsening the hardness decreases
more rapidly after reaching the peak hardness.
According to the literature, significant Als(Sc,Zr)
nano-particles coarsening only occurs above 450°C
accompanied by a sharp decrease in particle density,
leading to a much weakened strengthening effect
[41]. After aging at 450 °C for 36 h, the hardness is
even lower than that of the samples in the cast state.

Figure 8a shows representative stress-strain curves
of the samples in aged and as-cast state (insert) tested
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Figure 5 a XRD results of (a) = I= = = (b) T
- i _Mo— As cast = = & -

Ca n}odlﬁed A? Mg—Sc Aged300Cxan 2 |2 ) D [
specimens at different states, —— Aged 450°Cx36h : : : : t l
b XRD spectra in the vicinity |
of the standard diffraction 1 |
peak of a-Al phase (20 = 3|3 = E = 3z |
38.37%). G Jw ¢ &+ v lve 1| < AN
::a i z |
S| eaAl g I
= & AlSc £ |
) I JL J A |

v AL,Ca

¥ AlMn
Al _\l
a A } L—J \ J l J L. ! b I
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20 30 40 50 60 70 80 38.0 38.2 384
20 (deg.) 20(deg.)

Figure 6 TEM images of the microstructure of the alloy aged at 300°C for 4h, a STEM HAADF images of Al;(Sc,Zr) nano-particles and
AlgMn, b, ¢ corresponding Sc and Mn EDX mapping from (a), respectively.

120 at 150 °C, 250 °C and 300 °C. Per conditions, at least
e three samples were tested. The dependences of the

ISENS —m—300C ultimate tensile strength (UTS), the yield strength
—e—350C (YS) and the specific strength on testing temperatures

1o | ::::gg:g are given in Figs. 8b—f (marked with dotted lines),

respectively, with detailed values provided in
Table 3. Upon aging, the UTS at room temperature
increased from 211 to 253MPa. It can be concluded
that the YS and UTS of the specimens after aging heat
treatment are significantly higher than those of the
cast samples tensile tested at the same temperature.
The UTS at 150 °C of the aged alloy is higher than
N that at room temperature, reaching a value of 259
0 5 10 15 20 25 30 35 40 MPa. But the tensile strength decreases with the
Aging time(hr) further increase of temperature, yet remains at a high

100

Microhardness(HV)
2
T

95 |-

Figure 7 Microhardness-time curves for the Ca-modified Al- value of 136 MPa and 133MPa at 300 °C for the cast
Mg-Sc alloy aged at 300 °C ~ 450 °C. and heat-treated condition, respectively. The elonga-
tion of the samples increased with increasing test

@ Springer
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Figure 8 a Characteristic tensile stress-strain curves of the Ca-
modified Al-Mg—Sc alloy in aged and cast state (insert) at three
temperatures, b, ¢ the ultimate tensile stress of heat-treated and as-

cast alloys versus the temperature, respectively, d yield stress
values versus the temperature, e, f the specific strength of heat-
treated and as-cast alloys versus the temperature, respectively.

Table 3 True ultimate tensile

strength R, yield strength Alloys Temp (°C) Rin (MPa) Rpo2 (MPa) 0 (%)
f;%;;?iizcmre clongation 0 ot 25 211 141 25
150 197 142 2.4
250 167 128 2.7
300 133 112 33
350 73 72 10.4
Aged at 300°C for 4h 25 253 220 2.0
150 259 216 2.2
250 175 160 2.4
300 136 114 4.1
350 70 69 17.1

temperature, and rose from 2 to 5% at room tem-
perature to 17.1% at 350 °C.

The UTS, YS and specific strength of the current
alloy are also compared with the values for conven-
tional and commercial heat-resisting aluminum
alloys, ie., A356, A319 and M124, as shown in
Fig. 8d—f, respectively [42-47]. Compared with A356
and A319 alloys, the UTS of Ca- modified alloy in
aging states is lower at room temperature and 150 °C,
but better at 250 °C and higher temperatures, and
even higher than that of M124 at 300 °C. And the UTS

of Ca- modified alloy in cast states are higher than the
others, except at 150 °C, lower than that of A319.
Similarly, the YS and specific strength are higher at
elevated temperatures than that of the commercial
grades. In addition, all mechanical properties of A356
alloy are reduced significantly with increasing test
temperature [44]. The UTS and YS of cast samples
dropped by 25% and 11% when going from room
temperature to 150 °C, respectively, and dropped by
17% and 13%, respectively, for the aged samples.
Especially, when the test temperature is higher than

@ Springer
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250 °C, this reduction is more significant. However,
we unexpectedly observed that the UTS and YS val-
ues of our Ca-modified new alloy did not decrease at
150 °C with respect to the room temperature values.
And at higher temperatures, the decrease in tensile
strength for both the cast and aged state is modest
compared to that in A356 and A319 alloys. Due to the
low atomic mass of Ca, the samples with Ca addition
have a higher specific strength at elevated tempera-
tures. In addition, the temperature-dependent frac-
ture elongation of the new alloy (Table 3) is always
equal or better than that published for the A319 alloy
[45].

During the tensile tests at room temperature and at
elevated temperatures, no obvious signs of necking
were observed. To further clarify the fracture mech-
anism, Fig. 9 shows the fracture morphology of
specimens. The fracture surface of all the specimens
was relatively rough. The fracture of the alloy broken
at room temperature is characterized by quasi-
cleavage fracture of a brittle nature. With increasing
temperature, more dimples appeared, but there were
still many cleavage planes and tearing edges,
indicative of a transition from brittle fracture to
ductile fracture. At the highest test temperature, the
fracture mode of the alloy is quasi-cleavage fracture
dominated by ductile fracture. This is consistent with
the elongation data from the tensile tests.

Discussion

The superior strength properties for the Ca-modified
Al-Mg-5c alloys are the result of the additive effects
of multiple strengthening mechanisms.

It has been shown that the yield strength depends
cumulative

on the effects of solid solution

16153

strengthening (o), grain boundary strengthening
(og) and particle strengthening (o). Therefore, the
yield strength can be expressed by:

0y = Og + 0GB + Oppt (1)

The solid solution strengthening is given by [17]:

1/2
e

where ¢ is an experimental constant, and is estimated
to be 0.38 for Mg in Al-Mg alloy [18], G is the shear
modulus of the a—Al, 25.4 GPa at room temperature
[48], and ¢ is the concentration of solute in at.%.
Considering the amount of Mg in solid solution, the
strength increment is calculated to be 74 ~85 MPa.

The dependence of the yield strength on the aver-
age grain boundary diameter (d) can be expressed by
Hall-Petch relationship [18]:

0GB = 00 + kd—1/2 (3)

Ogs =

where o is the intrinsic resistance of the lattice to
dislocation motion, and is approximately 20 MPa for
most aluminum alloys, and k is the constant repre-
senting the relative strengthening contribution from
grain boundaries, and is usually taken to be 0.14
MN/m?®/? [49]. The estimated strength increment due
to the grain size effect is 44 ~45 MPa.

Strengthening of the alloy due the presence of
Al;3(Sc,Zr) particles was analyzed by considering
order strengthening, coherency strengthening, and
Orowan particle strengthening models [19, 41, 50].
The order strengthening, gq4, is given by:

377:(2)) 172

- @

Ours = 0.81M 1228 (

where M = 3.06 is the mean matrix orientation factor
for Al, b = 0.286 nm is the magnitude of the matrix

Figure 9 Fracture surfaces of Ca-modified Al-Mg-Sc specimens aged at 300 °C for 4h, a tested at room temperature, b at 150 °C, ¢ at

300 °C.
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Burgers vector, () is the volume fraction of precipi-
tates measured by TEM, and y,ps= 0.5] m? is an
average value of the Al;Sc anti-phase boundary
energy for the (111) plane [49]. Coherency strength-
ening, o, is calculated as:

1/2
where o= 2.6 is a constant, r is the average precipitate
radius, and 0 = (2/3)(Aa/a) is the constrained lattice
parameter mismatch, with Aa/a = 0.0125 as the lattice
parameter mismatch at room temperature [41].
Finally, strengthening by modulus mismatch is given
as follows:

3/2 2@ 12 r
Gmod = 0.0055M(AG) (@> b(l;)

3m
m_q

(6)

where A G=42.5 GPa is the shear modulus mismatch
between the matrix and the precipitates [48], and m is
a constant taken to be 0.85 [49].

The increase in yield strength due to Orowan dis-
location looping is calculated as:

1l %
04Gb "\ D (7)
oor =M——=
l—-v 4

where v =0.34 is the matrix Poisson’s ratio, and 1 is
the inter-precipitate distance, which is taken as the
square lattice spacing on parallel planes [41]:

J= [(%)1/2—1.64]1* (8)

From the TEM results, we estimated the average
radius and volume fraction of Al3(Sc,Zr) particles to
be 2.92 nm and 0.19%, respectively. Given the size of
the nano-particles, Al;(Sc,Zr) particles induce order
strengthening. And from the above calculations, the
precipitate strengthening arising from Al3(Sc,Zr)
contributes to a strength increment of 100 ~ 104MPa.

Therefore, the calculated room temperature yield
strength is in the range 214 ~ 234 MPa, which is
consistent with the experimental results.

At room temperature, the dislocation movement is
mainly based on the slip of the base plane, and is
hindered by the interaction between the precipitates
and dislocations, the distortion stress field of solute
atoms, grain boundary, etc. It is difficult for disloca-
tions to climb so precipitates effectively hinder the
dislocation motion. However, at high temperatures,
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with the increase of thermal vibration amplitude and
a decrease of binding force between atoms, it is easy
to climb the dislocation, and the blocking effect of
various factors at room temperature on the disloca-
tion is reduced, which makes the strength of the alloy
decrease [51]. The solution strengthening remains
operational at higher temperatures but becomes less
effective and is limited by the low low eutectic tem-
perature of the Al-Mg system. In the alloy studied in
this paper, Sc and Zr formed solid solution during
casting solidification and precipitated into nano-par-
ticles during the aging process. Besides, particles also
precipitated during solidification, thereby refining
grains and pinning grain boundaries [52]. The nano-
particles located in the matrix have a good thermal
resistance. In this alloy, it is the nano-particle
strengthening mechanism which is the leading
strengthening mechanism at higher temperatures. On
the other hand, with the addition of Ca, a network of
Al,Ca plates was formed, which shows perfect high-
temperature stability. At high temperatures, the net-
work can restrain grain growth, stabilize grain
boundary, enhance grain boundary strengthening
effect and increase high-temperature stability. Under
the combined action of the above strengthening
mechanisms shown schematically in Fig. 10, Al-Mg-
Sc alloy with Ca exhibited the equivalent or better

@ Orowan -
~—

@ nano-particles

: = o
- - Network or i(mi-network . -

@ solid s'olpt)'ﬁ-atams ; ' 10 '
Figure 10 Schematic representation of the hierarchical

multiphase synergetic strengthening mechanism of Al-Mg—Sc
modified with Ca under stress at elevated temperature.
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mechanical properties of commercial alloys A356 and
A319 at elevated temperatures. Moreover, it should
be pointed out that for the solidification conditions
used the strengthening mechanism could be made
operational starting from the as-cast microstructure
and a prior solution treatment was not necessary. The
absence of a homogenization step reduces the power
consumption during the alloy production process
and reduces the number of production quality issues.

Conclusion

In this study, the microstructure and mechanical
properties were studied for the Al-Mg-Sc—Ca alloy
containing 1% Ca. A hierarchical structure of an
Aly,Ca network / semi-network structure near the
grain boundaries and Al;(Sc,Zr) nano-particles in the
grain interior in combination with a high solute level
was achieved. Following conclusions could be drawn
from this study:

(1) The Al4Ca network and Alz(Sc,Zr) nano-parti-
cles maintain high thermal stability and no
obvious grain growth occurs when aging at
temperatures 300 ~450 °C.

(2) The ultimate tensile strength and yield strength
of the heat-treated alloy reaches 259MPa,
216MPa at 150 °C, 175MPa and 160 MPa at
250 °C, and 136 MPa, 114 MPa at 300 °C. These
values are equal or higher than those for
corresponding commercial A356 and A319
alloys. And due to the low density of Ca, the
alloy presented here shows a superior specific
high-temperature strength.

(3) The excellent high-temperature strength of the
Ca-modified Al-Mg-Sc alloy is mainly derived
from a hierarchical multi-factors strengthening,
including the synergistic effect of grain bound-
ary strengthening of Al,Ca network / semi-
network, nanoparticle strengthening of Als(-
Sc,Zr), and solid solution strengthening of
solute atoms.
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