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A quantitative strategy was reported to design and develop Mg-Al-based alloys to achieve high thermal conduc-
tivity, in which the specific RE elements can be introduced to reduce the Al concentration in Mg matrix and to
suppress the formation of Mg;,Al,;, phase through the formation of new intermetallic phases. Based on quantita-
tive calculations, the strategy was demonstrated by a novel die-cast Mg3.2A14.4La0.4Nd (in wt.%) alloy, which
provided the thermal conductivity of 114.3 W/(m«K) at ambient temperature and 137.5 W/(mK) at 300 °C,

~25% higher than the commercial Mg4AI4RE (AE44) alloy. Meanwhile, the alloy also offered excellent ambient
yield strength of 143.2 MPa and elongation of 8.2%, and superior strength and ductility than the AE44 alloy at

elevated temperatures.

1. Introduction

Magnesium (Mg) alloys have been becoming significantly attractive
as light-weight structural materials in the past few decades [1,2]. In
competing with aluminium (Al) alloys, Mg alloys have advantages of
low density, high strength ratio, and better electromagnetic shielding
properties and castability [2,3]. However, Mg alloys usually have in-
ferior thermal conductivity to their competitive Al alloys. Therefore, it
is essential for Mg alloys to have improved thermal conductivity. This
is particularly important for recent developments of high thermal con-
ductivity die-cast Mg alloys to replace relevant aluminium alloys, for
the deep lightweight and heat transfer requirements in emerging appli-
cations including engines in drones and handheld powered tools, and
electric motors and battery packs in electric and unmanned aerial vehi-
cles [3-5].

Aluminium (Al is a popular and key alloying element in cast Mg al-
loys for improving castability and ambient mechanical properties. The
majority of commercially available die-cast Mg alloys are based on Mg-
Al alloy systems [6,7]. However, the die-cast Mg-Al-based alloys usu-
ally have poor thermal conductivity. The thermal conductivity of typical
AZ91D, AM60 and AM50 alloys for low temperature applications is 51,

* Corresponding authors.

61 and 65 W/(me<K) at room temperature (RT) [8], and that of the typical
MRI153M, MRI230D, AJ62, AS21, AE42 and AE44 alloys for elevated
applications is 64, 77, 77, 84, 84 and 85 W/(meK) [8,9], respectively.
Various effects on the thermal conductivity of Mg alloys have been in-
vestigated including solid solution [10-12], secondary phase [12,13],
heat treatment [14,15], deformation [16] and temperatures [17]. The
solid solution of solute atoms into Mg matrix was thought to be the most
detrimental factor for the thermal conductivity of Mg alloys [3,12]. In
detail, solute atoms induced lattice distortion and shortened the mean
free path of the phonons and electrons that were unbeneficial to heat
transfer [3]. Therefore, the control of interaction of Al solute with Mg
matrix can be an effective approach to improve the thermal conductivity
of Mg-Al-based alloys without sacrificing the advantages in castability
and mechanical properties. However, limited information for a quanti-
tative strategy has been reported.

In this paper, we report a quantitative strategy in alloy design to
improve the thermal conductivity of Mg-Al-based alloys. The verifica-
tion using a demonstration alloy was introduced on alloy composition,
casting, microstructure, thermal conductivity and mechanical properties
at ambient and elevated temperatures. The novel intermetallic phases
formed in the demonstration alloy were also investigated.
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Fig. 1. Non-equilibrium calculation using Scheil model in Pandat CALPHAD software for the volume percentage of Mg;,Al;, phase in (a) Mg3.7A10.4Nd-x(La+Ce)
AFE44 type alloy, and the effect of RE contents of (b) La, (c) La+Ce mischmetal, (d) Ce, (e) Pr and (f) Nd on the formation of Mg;,Al,, phase in the Mg3.2A10.4Nd-yRE

alloy.

2. Quantitative strategy
2.1. Proposal of design criteria

To maintain the castability and mechanical properties of Mg-Al
based alloys, the Al content needs to set at a certain level. But the con-
centration of Al solute needs to be minimised in solution for least lattice
distortion to improve thermal conductivity. Therefore, Al should be pre-
sented in a way to satisfy these conflict requirements in Mg-Al alloys.
Generally, the specific Al solute in solution can be reduced by adding
other solutes in solution that reduce the solid solubility of Al, or by
changing the phase equilibria so that a different phase is in equilibrium
with the matrix to lower the Al solute in solution. The solubility of Al
in Mg is 12.7 wt.% [18]. The Al forms solution in Mg alloys and ex-
cessive Al solute can lead to the formation of Mg;,Al;, intermetallic
phase [7]. To improve the thermal conductivity, one or more elements
can be introduced into Mg-Al system. The new elements should have
higher affinity to Al and lower solubility in Mg, which can minimise
the solubility of Al in Mg and form new phases to destabilize Mg;,Al;,
phase. Rare earth (RE) elements such as La, Ce, Pr and Nd can be the
good candidates because the solubility of La, Ce, Pr and Nd in Mg is
0.23, 0.74, 1.7 and 3.6 (in wt.%), respectively [18-20]. More impor-
tantly, these RE elements can form Al-RE-based phases [21,22], which
can suppress the formation of Mg;,Al;, phase, as the affinity of RE-Al
is higher than that of Mg-Al [7,23]. The improved thermal conductivity
in AE44 alloy is the technical evidence in this regard, although limited
quantitative analysis is disclosed to help us understand the underlying
mechanism.

Based on these principles, to develop a quantitative strategy for die-
cast Mg-Al-based alloys with high thermal conductivity, three criteria
are set for element selection: (a) higher affinity with Al than Mg to
reduce the concentration of Al solute in Mg matrix; (b) low solubility
(< 5 wt.%) in Mg to reduce the solute concentration in Mg matrix; (c)
Mg;,Al,;, phase is completely suppressed or replaced. The multicompo-

nent calculation of phase diagrams (CALPHAD) can be used for quanti-
tative thermodynamic evaluation.

2.2. Thermodynamic calculation

The most common RE elements of La, Ce, Pr and Nd were selected
to verify the proposed quantitative strategy and non-equilibrium Scheil
model was used to calculate phase formation during die-casting. Fig. 1a
shows the calculation results for the Mg;,Al,, phase formed during the
solidification of Mg3.7A10.4Nd-x(La+Ce) alloys that commercial AE44
alloy belongs to. The amount of Mg;,Al;, phase decreases with the in-
crease of La+Ce mischmetal when the Ce/La weight ratio is set as 2.
The volume of Mg;,Al;, phase approaches to zero when the La+Ce is
6 wt.%, where the weight ratio of RE(La+Ce+Nd)/Al is 1.73. At this
point, the formation of Mg;,Al;, phase is fully suppressed and Al so-
lute should be minimised in Mg solution. However, when examining the
AE44 alloy with the typical composition, the RE(La+Ce+Nd)/Al weight
ratio is 1.0 and the calculated volume of Mg;,Al;, phase is 0.857%,
indicating a high level of Al in Mg matrix. The same method is ap-
plied to Mg3.2A10.4Nd-yRE alloys using different RE elements and the
results is shown in Figs. 1b-f. The optimized content was found to be
4.4 wt.% La, 4.6 wt.% La+Ce mischmetal, 5.0 wt.% Ce, 5.4 wt.% Pr
or 5.5 wt.% Nd for completely supressing the formation of Mg;,Al;,
phase. Obviously, the singular addition of La has advantage as La is
cheaper than Pr and Nd and the required amount for La is lower than
Ce and Ce+La mixture. For the Mg3.7Al10.4Nd-x(La+Ce) AE44 type al-
loy, it requires 6.0 wt.% (La+Ce) to reach an optimized high thermal
conductivity (Fig. 1a), which is much higher than the 3.3 wt.% (La+Ce)
in the AE44 alloy, and this is industrially unacceptable in considera-
tion of material cost. Therefore, the Mg3.2A10.4Nd-yRE alloy was cho-
sen as demonstration to verify the proposed strategy, as it only requires
4.4 wt.% La (Fig. 1b) and 2.7% increase in raw material cost (Supple-
mentary Table S3), to reach the optimized high thermal conductivity
(Fig. 2).



X. Dong, L. Feng, S. Wang et al.

Materialia 22 (2022) 101426

»%8ra . 120tb 2140—0 —=—Mg3.2A14.4La0.4Nd
661 Z 4 45l —=Mg3.2A14.4L20.4Nd =10 *=AEss
Ee4p : 2 —e—AE44 I £ 180T
Ze62] T 3 Z
> —=— Mg3.2A14.4L20.4Nd = 110} =120
3601 —e— AE44 2 S
£ gl ) 51.05 g110p
8561 ) 81.00¢ 3100¢
8 54 %) S
[ 52+ 0.95¢ § 90+
0 50 100 150 200 250 300 0 50 100 150 200 250 300 0 50 100 150 200 250 300

Temperature (°C)

Temperature (°C)

Temperature (°C)

W B A
& o o
o
Y
o

Mg3.2A14.4La0.4Nd  RT
*

£ v
2 901 AM20 S
S sol o AE44 @pEs
2 AS21 <AJB2 )
8 70t AM50 Mil2soD
T 60l ®,  MRI153MP

. E AMBO
2 sof mAZ91D

=0,
z
30°@é0'6
{308
258 E
g o041
20 5= 5
152 S02f
10 o
60  —e—AE44 15 §o.of
50 1 I 1 1 1 1 0 0 1
0 50 100 150 200 250 300 Al La

Temperature (°C)

de Nd Mn Zn
Elements

100 120 140 160 180
Yield strength (MPa)

Fig. 2. (a) Thermal diffusivity, (b) specific heat, (c) thermal conductivity and (d) tensile properties of the Mg3.2A14.4La0.4Nd alloy from room temperature up
to the temperature of 300 °C, in comparison with the AE44 alloy. (e) STEM-EDS results for the solute contents of different elements in the Mg matrix of the
Mg3.2A14.4La0.4Nd and AE44 alloys. (d) Comparison of the thermal conductivity at room temperature of the Mg3.2A14.4La0.4Nd alloy with commercial die-cast

Mg alloys.

3. Experimental
3.1. Material preparation and die casting

In experiments, the master alloys were melted in a steel crucible
with gas protection and the melts were held at 720 °C for 30 min
before casting using a cold-chamber high pressure die casting. Each
shot consisted of eight standard ¥6.35 mm cylindrical samples [4] for
tensile tests and one 4 mm thickness plate for thermal conductiv-
ity measurements. The die was preheated to 230 °C and the inten-
sification pressure was 320 bar. The composition of the demonstra-
tion alloy was measured as Mg3.2A14.4La0.4Nd0.2Zn0.2Mn (denoted as
Mg3.2A14.4La0.4Nd) by ICP-AES. Commercial AE44 alloy with the com-
position of Mg3.7Al11.1La2.2Ce0.4Nd0.1Zn0.2Mn (denoted as AE44)
was used for comparison.

3.2. Thermal conductivity measurement

The thermal conductivity 4 is determined by 4 = « * C,, * p, in which
a is the thermal diffusivity, Cp is the specific heat and p is the density [3].
The thermal diffusivity was measured by the laser-flash method using a
Netzsch LFA-427, and the specific heat was measured on a Netzsch 404C
differential scanning calorimetry. The density was measured using the
Archimedes method, and the change of density at elevated temperatures
was determined by measuring the thermal expansion using a Shimadzu
TMA-50.

3.3. Tensile tests and characterisation

Tensile tests were performed using an Instron 5500 Testing System,
and the ramp rates for the RT and elevated tensile tests were 1 mm/min
and 0.0002/s, respectively. The gauge size of the cylindrical tensile
samples was $6.35 x 50 mm. An Instron STATIC type extensometer
with the gauge length of 50 mm was applied during RT tensile tests,
and no extensometer was used during elevated tensile tests. Each re-
ported data was based on the measurement of at least 8 samples. Mi-
crostructures were characterized on a Zeiss SUPRA-35VP scanning elec-

tron microscope (SEM) and a FEI Tecnai G2 transmission electron mi-
croscope (TEM), including bright-field imaging, selected area electron
diffraction (SAED), scanning transmission electron microscopy (STEM)
imaging and energy dispersive X-ray spectroscopy (EDS) mapping under
STEM mode.

4. Results and discussion
4.1. Thermal and mechanical properties

Figs. 2a-d shows the measurement of the thermal diffusivity, spe-
cific heat, thermal conductivity and tensile properties of the die-cast
Mg3.2A14.4La0.4Nd and AE44 alloys from RT up to 300 °C, respec-
tively. The measurement of the density and ultimate tensile strength
(UTS) are provided in Supplementary Fig. S1 and the tensile curves are
provided in Supplementary Fig. S2. With the increase of the temper-
ature from RT to 300 °C, the thermal diffusivity increased from 61.5
to 67.7 mm?/s, the specific heat increased from 1.02 to 1.15 J/(g+K),
the density decreased from 1.825 to 1.791 g/cm?®. Therefore, the ther-
mal conductivity increased from 114.3 to 137.5 W/(meK). Moreover,
in the same temperature range, the yield strength decreased from 143
to 74 MPa, the UTS decreased from 244 to 80 MPa, but the elongation
increased from 8.2% to 41.6%. Comparing with the AE44 alloy for the
properties at RT, the thermal diffusivity, specific heat, density, thermal
conductivity and yield strength of the Mg3.2A14.4La0.4Nd alloy were
improved by 18.7%, 4.9%, 0.5%, 25% and 11%, respectively. Clearly,
the improvement of the thermal diffusivity was the main reason for the
increase of the thermal conductivity, due to the efficient suppression
of the solution concentration of Al in the Mg matrix from 0.69 wt.% to
0.35 wt.% (Fig. 2e, Supplementary Fig. S3 and Table S1). In comparison
with the AE44 alloy, the normalized ratio between the Al concentration
in Mg matrix and the Al addition in the Mg3.2A14.4La0.4Nd alloy de-
creased significantly from 18.65% to 10.94%, i.e., a 41% decrease in
the solution ratio of Al in Mg matrix, which showed the effectiveness of
the optimized addition of RE for the decrease of Al concentration in Mg
matrix.
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Fig. 3. Microstructure of the Mg3.2A14.4La0.4Nd alloy under as-cast condition. (a) Backscattered SEM image; (b) STEM image of the (Al,Mg);La and Al;;La; phases
at GBs; (c) STEM-EDS mapping showing the elemental distributions in (b); (d) STEM image of the Al;,La,Mn, phase at GBs; () STEM-EDS mapping showing the
elemental distributions in (d). Bright-field TEM images and the corresponding SAED patterns confirming the (f) (Al,Mg);La, (g) Al;;La; and (h) Al,,La,Mn, phases.

Compared to the AE44 alloy at elevated temperatures, the
Mg3.2A14.4La0.4Nd alloy showed the similar level of increase in the
density, thermal conductivity and yield strength as that at RT, except
that the improvement of thermal diffusivity decreased and the improve-
ment of specific heat increased, as shown in Fig. 2 and Supplemen-
tary Table S2. Furthermore, the comparison with the AE44 alloy in
Supplementary Table S3 indicated that the raw material cost in the
Mg3.2A14.4La0.4Nd alloy only increased by 2.7%. From Fig. 2f, the
Mg3.2A14.4La0.4Nd alloy has significant advantage in the thermal con-
ductivity over the existing commercial die-cast Mg alloys. Also, it con-
firmed that the demonstration alloy delivers good strength. Overall,
these results have validated the success of proposed strategy.

4.2. Novel (ALMg);La intermetallic phase

In the AE44 alloy, it was reported that Al;;RE; was predomi-
nant phase, ALRE was minor phase, and Al;,RE,Mn, phase was oc-
casionally detected [21,24,25]. Fig. 3 shows the microstructure of the
Mg3.2A14.4La0.4Nd alloy under as-cast condition. Typically, a bimodal
distribution [4] of a-Mg phase was observed. However, different from
the AE44 alloy, a novel lamellar and fibrous (Al,Mg);RE phase re-
placed Al,;RE; as the predominant intermetallic phase and Al,;RE3 de-
graded to the minor intermetallic phase, and interestingly another novel
Al, 15RE gg phase was detected as the second minor intermetallic phase,
while the blocky Al;,RE,Mn, phase was also occasionally found in the
Mg3.2A14.4La0.4Nd alloy (Fig. 3a).

To confirm intermetallic phase, SAED was conducted on at least
three particles and at least two zone axes for each particle. Two
SAED patterns are provided for the novel (Al,Mg)3;RE phase (Fig. 3f),
which agrees with the (Al,Mg);La phase (Orthorhombic, a = 4.336 }o\,
b = 18.867 A, ¢ = 4.424 A, Space group: G222, [26]). The (Al,Mg);La

phase was also observed recently in a gravity cast Mg-4.5A1-6.3La alloy
[27]. The SAED pattern of the Al;;RE; phase (Fig. 3g) fits the Al;;Las
phase (Orthorhombic, a = 4.431 [o\, b=13.142 Z\, c=10.132 }o\, Space
group: Immm [27]), while the SAED pattern of the Al;,RE,Mn, phase
(Fig. 3h) agrees with the Al;,La,Mn, phase (Hexagonal, a =b =9.049 A,
c=13.214, Space group: R-3 m [22,28]), and one SAED pattern is pro-
vided for clarity as these two phases were well identified [21,28] in the
AE series Mg alloys. Figs. 3c&e showed that (Al,Mg);La mainly contains
Al, Mg, La and Nd with a minor doping of Mn, and Al;,La,Mn; mainly
contains Al, La, Nd and Mn with a minor doping of Zn. Importantly,
Nd could replace La without changing the crystal structure. It should be
emphasized that the contrast difference of Mg in Figs. 3c&e confirmed
the considerable presence of Mg in (Al,Mg);La, which is clearly a novel
phase that has a different crystal structure from the Al;La phase. Ac-
cording to the composition analysis result in Supplementary Fig. S4,
(Al,Mg);La can be written as Al; 46Mg; 5412 ggNdg 11Mng g6Zng ¢7.

4.3. Morphology of novel Al, ;,RE, g¢ phase

It is interesting to investigate the morphology of the novel
Al, 1,RE( gg phase observed in the Mg3.2A14.4La0.4Nd alloy, which has
been seldomly reported. Fig. 4 showed the STEM-EDS mapping and
SAED results for the longitudinal and cross-sectional morphology of the
Al, 15REq gg phase. The SAED pattern under the projection direction of
[1101] (Fig. 4c) fits the Al,;,La) gg phase (Hexagonal, a=b=4.382 A,
¢=4.349 A, Space group: P6/mmm [26]). The SAED pattern under the
projection direction of [1123] (Fig. 4g) also agrees with the Al, ;,La, g5
phase. Under this zone axis, the characteristic truncated facets of {1010}
and {1011} were identified, and the absence of {1120} facets was sug-
gested by the continuous edge profile. Combing the morphology in
Fig 4c, Alyq5Lag gg owns a shape truncated by {1010}, {1011}, {1120}
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Fig. 4. Microstructure of the Al,,,La,gg phase in the Mg3.2Al4.4La0.4Nd alloy under as-cast condition. Longitudinal view of Al, ;,La,gg: (a) STEM image, (b)
corresponding STEM-EDS mapping, (c) bright-field TEM image under the projection direction of [1101] and corresponding SAED pattern, and (d) schematic showing
the shape of Al, ;,La, gg in (c). Cross-sectional view of Al,;,La, g5 (e) STEM image, (f) corresponding STEM-EDS mapping, (g) bright-field TEM image under the
projection direction of [1123] and corresponding SAED pattern, and (h) schematic showing the shape of Al ;,La, ¢ in (g).

and {0001}. Their shapes are schematically presented in Figs. 4d&h,
where the preferential truncation of {1010} results in the elongated
shape in Fig. 4c. Therefore, the truncation feature of Al, ;,La gg is ver-
ified, while the 3D morphology of Al,;,La;gg depends on the com-
petitions between different truncated facets. The major elements in
Al, 1,Lay gg are Al, La, Nd and Mn with a minor doping of Zn. Nd could
replace the atomic position of La without changing the crystal structure
of Al 15Lag gg.

4.4. Discussion on thermal and mechanical properties

As shown in Supplementary Figs. S4 & S5, Tables S4& S5, the
composition and content of the (ALMg);RE phase at GBs of the
Mg3.2A14.4La0.4Nd alloy and the Al;;RE; phase at GBs of the AE44
alloy are similar. In addition, both (Al,Mg);RE and Al;;RE; have or-
thorhombic crystal structure. These indicate the predominant forma-
tion of (ALMg)3;RE has very limited effect on the improvement of
the heat transfer at GBs. Furthermore, the misfit analysis between
(Al,Mg);RE/Al;RE;/Mg;,Al;, and Mg in Supplementary Tables S6,
S7 and S8 shows that the predominant formation of (Al,Mg);RE does
not further decrease the misfit or improve the heat transfer between
the major intermetallic phase at GBs and the Mg matrix. Moreover, it
was well reported that the reduction of the thermal conductivity by the
solid solution of 1 at.% solute atoms in the Mg matrix was 6.5~17.9
times higher than that by the formation of the corresponding inter-
metallic phase at GBs [29], and the solid solution of solute atoms in
the Mg matrix was generally considered as the major factor for the con-
trol of the thermal conductivity [3,12]. Therefore, the predominant for-
mation of (A,Mg)3RE at GBs of the Mg3.2A14.4La0.4Nd alloy should
have very limited effect on the improvement of the thermal conductiv-
ity, and the remarkable improvement of the thermal conductivity in the
Mg3.2A14.4La0.4Nd alloy can be mainly attributed to the reduction of
the Al concentration of in the Mg matrix and the complete suppression of
Mg,,Al;, phase, in contrast to the AE44 alloy. The enhanced strength es-
pecially at elevated temperatures can be attributed to the increased con-
tent of La, the complete suppression of the low melting-point Mg;,Al;,
phase [7,21] and the predominant formation of the (Al,Mg);RE phase

with slightly higher RE content and area fraction (Supplementary Tables
S4& S5).

Conclusion

In summary, a quantitative strategy has been developed for Mg-Al
based alloys to achieve high thermal conductivity, the specific RE ele-
ments can be introduced to reduce the Al concentration in Mg matrix
and to suppress the formation of Mg;,Al;, phase through the formation
of new intermetallic phase. The demonstration using a La enriched die-
cast Mg3.2A14.4La0.4Nd alloy has successfully provided the excellent
thermal conductivity of 114.3 W/(meK) at RT and 137.5 W/(meK) at
300 °C, which are remarkably (~25%) higher than the commercially
popular AE44 alloy. Meanwhile, the alloy also offers excellent yield
strength of 143.2 MPa and elongation of 8.2% at RT, and superior
strength and ductility than the AE44 alloy at elevated temperatures. In-
terestingly, different from the predominant Al,; RE;5 intermetallic phases
in the AE44 alloy, a novel lamellar and fibrous (Al,Mg)3;RE phase and
a hexagonal Al, 1,RE gg phase are formed in the Mg3.2A14.4La0.4Nd
alloy.
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