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a b s t r a c t  
 

The thermal conductivity (TC) and strength trade-off has been a long-standing dilemma for 

developing high TC alloys. Here a novel high TC and cost-effective die-cast Mg2.8Al3.8- 

La0.4Nd alloy was developed with enhanced yield strength (YS) at room temperature (RT) 

and high temperatures (HT), compared with the commercially widely used die-cast AE44 

magnesium alloy. The new alloy provided the TC of 104.0 and 125.9 W/(m$K) separately at 

RT and 300 o C. Compared with AE44 alloy, the TC was improved by ~13.5%. The new alloy 

also delivered an excellent YS of 137.1 MPa, ultimate tensile strength (UTS) of 240.2 MPa 

and elongation of 8.8% at RT, and the YS of the new ally was enhanced by 6.3% at RT and 

9.8% at 300 o C, compared with AE44 alloy. The new alloy only has a 1.3% increase in raw 

material cost compared with AE44 alloy, offering a relatively cost-effective alternative. The 

lamellar (Al,Mg)3RE and Al11RE3, the needle-like Al2.12RE0.88 and the blocky Al10RE2Mn7 

intermetallic phases were identified. With the optimizing addition of Al and La, the Al 

solute amount in the matrix was reduced remarkably by 42% and then contributed to the 

improvement of TC. The major (Al,Mg)3RE phase at grain boundaries (GBs) contributed 

heavily to the enhancement of YS. This study elucidates the importance of the transfer of 

Al from the matrix to form higher content and novel Al-based intermetallic phases at GBs, 

for achieving die-cast Mg-Al-based alloys with excellent TC and strength. 
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1. Introduction 
 

The increasing development of alternative energy vehicles, 3C 

telecommunication products and relative fields has increased 

the quantity and layout density of electromagnetic devices with 

high-power densities, and the resulting high temperatures can 

lead to a decrease in the operational stability and reliability of 

the devices [1e3]. Therefore, improving device thermal con- 

ductivity (TC) in a lightweight context is an extremely urgent 

issue. Due to their low density, magnesium alloys could replace 

conventional thermally conducting alloys [1,4]. However, the 

widespread application of magnesium alloys needs to consider 

two key issues: application performance and cost. According to 

the current research on magnesium alloys, a reasonable opti- 

mization of the alloying in magnesium alloys is an effective 

way to balance performance and cost [5e7]. In addition, low 

unit-cost high-pressure die casting (HPDC) is ideal for quantity 

production [8,9]. Therefore, the die-cast thermally conductive 

magnesium alloy that combines performance and cost is the 

aim of this investigation. 

In general, the solid solution, the crystal structure and 

defects and the intermetallic phase determine the TC of the 

alloy [10e12]. The subsequent heat treatment or deformation 

produces microstructural changes, such as changes in solid 

solution, grain size and Intermetallic size, which also affect 

the TC [13,14]. Dilute atoms can cause lattice distortion in the 

matrix due to solid solution, shortening the mean free path for 

electron and phonon transfer and thus decreasing TC [12]. 

Grain boundaries (GBs) or intermetallic phases on GBs can also 

impede thermal conduction [15]. Solution heat treatment can 

increase the number of solution atoms in the matrix, thereby 

decreasing TC [1,16]. In contrast, artificial ageing heat treat- 

ment reduces the solute amount, thereby reducing the pre- 

cipitation of solute atoms and increasing TC [12]. In addition, 

deformations such as extrusion positively affect the TC of 

certain alloys [1,17]. Within these factors, the solid solution of 

solute atoms is usually considered to be the main factor 

contributing to the deterioration of TC [1,12]. 

Al is often used in alloys to improve the castability of mag- 

nesium alloys, so most currently applied commercial die-cast 

magnesium alloys are Mg-Al-based alloys [6,18]. However, Al 

has a high equilibrium solid solution in magnesium of 12.7 wt% 

at 437 o C [19]. Excessive addition of Al can increase Al solute in a 

matrix, thus affecting TC. The TC of the common die-cast 

AZ91D, AM60, MRI230D and AE44 alloys are still at a low level, 

51, 61, 77 and 91.4 W/(m$K), respectively [20e22]. AE44 alloy has 

the highest TC. However, it cannot be compared to the widely 

used die-cast A380 alloy (96 W/(m$K)) [22]. Therefore, reason- 

able control of the Al content is a critical concern in developing 

high TC Mg-Al-based alloys. In previous studies, we have suc- 

cessfully developed a HPDC Mg3.2Al4.4La0.4Nd alloy with 

excellent mechanical and thermal properties [7]. However, it 

performed poorly on the cost compared to AE44 alloy. There- 

fore, it was concluded that there was a need to develop an alloy 

with improved TC and mechanical properties compared to 

AE44 alloy at the exact cost. 

The methods and strategies used in this study will be 

consistent with our previous study [7]. In this work, we have 

developed a new highly TC and cost-effective die-cast 

Mg2.8Al3.8La0.4Nd alloy with an improved yield strength (YS) 

at room temperature (RT) and high temperature (HT) and 

compared it comprehensively with commercially represen- 

tative die-cast AE44 alloy and previous developed high TC 

Mg3.2Al4.4La0.4Nd alloy. The design strategy, microstructure, 

thermal properties, tensile properties, and strengthening 

mechanisms of new alloys were investigated in depth. 

 

2. Experimental 
 

Pure ingots of Mg, Al and Zn and Mg-30 wt%La, Mg-25 wt%Nd 

and Mg-5wt.%Mn ingots were used to produce developed 

Mg2.8Al3.8La0.4Nd alloy and previously developed 

Mg3.2Al4.4La0.4Nd alloy [7]. The pure magnesium ingots were 

melted in electrical resistance furnaces fitted with steel liners, 

and then the other ingots were inserted into the pure mag- 

nesium melt. Subsequently, the melt was agitated three times 

to homogenise the composition and eliminate the impurities. 

The melt prepared was maintained at 720 oC for 30 min before 

pouring. The compositions of prepared melts were exhibited 

in Table 1, measured with Inductively Coupled Plasma-Optical 

Emission Spectrometry (ICP-OES). For comparison, AE44 alloy 

samples were die-cast using commercial ingots. 

The HPDC experiment proceeded with a 4500 kN cold- 

chamber Frech machine [23]. Circulated oil preheated the die 

to 230 o C, and the compressed water preheated the shot sleeve 

to 180 o C. The casting pressure was 320 bar. Alloy melts were 

poured into the shot sleeve to prepare die-casting at 715 o C. 

One plate with a thickness of 4 mm for the TC test and eight 

round bars with a gauge size of Ø6.35 mm x 50 mm for the 

tensile test were cast under each shot [24]. 

The TC was determined by l ¼ r*a*Cp, where r was the 

density, a was the thermal diffusivity (TD), and Cp was the 

specific heat capacity (SHC) [1,25]. The Archimedes method 

was applied to determine the RT density, while the thermal 

expansion was measured using a Shimadzu TMA-50 instru- 

ment to determine the HT density. The TD was tested on a 

Netzsch LFA-427 machine with the laser-flash method. The 

SHC was assessed with a differential scanning calorimeter 

(Netzsch 404C). Tension tests were conducted on Instron test 

machine. The tension tests were separately conducted at 

strain rates of 1 mm/min and 0.0002/s for RT and HT. The 

samples were held at a specific HT for 40 min before tensile 

tests. Three thermal and six tensile samples were tested to get 

mean thermal and tensile properties, respectively. 

 
 

 

Table 1 e Composition (in wt.%) of die-cast Mg2.8Al3.8La0.4Nd alloy and the commercial AE44 alloy measured by ICP-OES. 

Alloy Al La Ce Nd Zn Mn Mg 

Mg2.8Al3.8La0.4Nd 2.78 3.76 e 0.41 0.21 0.30 Bal. 

AE44 3.70 1.11 2.19 0.40 0.11 0.31 Bal. 



 
 

 

 

X-ray diffraction (XRD), scanning electron microscopy 

(SEM), and transmission electron microscope (TEM) were uti- 

lized to characterize the microstructure. The XRD analysis 

was performed in the 20o
e100o 2 Theta range using a D8 

diffractometer. Backscattered electron SEM (BSE-SEM) was 

performed on a Zeiss SUPRA machine outfitted with Energy- 

dispersive (EDS) after mechanical polishing. Ion polishing on 

a Gatan 691 was applied to prepare the TEM samples with a 

thickness of 50 mm. TEM was conducted on an FEI Tecnai G2. 

The ImageJ software was used to measure phase area fraction 

based on at least 10 SEM images and grain size distribution by 

using a linear intercept method. 

 
 

3. Results 

 
3.1. Alloy design by thermodynamic calculation 

 
A quantitative design strategy of high TC die-cast Mg-Al-based 

alloys based on non-equilibrium Scheil model calculations 

has been presented in our recent work [7]. According to this 

strategy, high TC of die-cast Mg-Al-based alloys can be ach- 

ieved by minimizing the Al solute amount in the matrix. 

Minimizing the Al solute amount can entirely inhibit the 

Mg17Al12 phase formation during solidification. In the current 

research, the alloy design followed this quantitative strategy. 

Fig. 1a shows the thermodynamic calculations for 

Mg3.7Al0.4Nd-x(La þ Ce) alloy system. As described in our 

recent work, AE44 alloy also belongs to this system [7]. The 

thermodynamic calculations were carried out at 700 o C to RT 

and atmospheric pressure. It was calculated that a volume 

percentage of 0.857% of the Mg17Al12 phase could be formed in 

AE44 alloy with 3.3 wt% mixed metal of La and Ce. It indicates 

that AE44 alloy is not in the ideal state of high TC. To achieve 

high TC in Mg3.7Al0.4Nd-x(La þ Ce) alloy system, at least 

6.0 wt% misch metal needs to be added to minimize the Al 

solute amount and ultimately suppress the Mg17Al12 phase. 

However, this is inconsistent with the underlying aim of cost 

control. Therefore, based on the high TC alloy development 

strategy, alloying of Mg alloys needs to be further optimized to 

achieve a balance between performance and cost. 

An appropriate reduction of Al and, thus, the addition of 

matching RE to achieve high TC and cost-effectiveness is 

considered an alternative method to designing die-cast Mg- Al-

based alloys. Furthermore, La has proven to be the most efficient 

element for TC among the common RE elements (La, Ce, Nd, Pr, 

Gd, Y, Sm) due to its low equilibrium solubility in Mg [26]. 

Moreover, the price difference between pure La and Ce/La 

enriched mixed metals is insignificant in the current market. 

Therefore, the Mg2.8Al0.4Nd-yLa alloy system was proposed in 

the present work. Fig. 1b displays the thermody- namic 

calculations for the Mg2.8Al0.4Nd-yLa alloy system, in which at 

least 3.5 wt% La addition is required to suppress the Mg17Al12 

phase completely and achieve an  optimized  high TC. 

Considering combustion losses of La, the nominal composition 

of the high TC and cost-effective die-cast Mg-Al- based alloy of 

the present invention was designed  and  patented as 

Mg2.8Al3.8La0.4Nd0.2Zn0.3Mn [27], which was expressed as 

Mg2.8Al3.8La0.4Nd in the rest of the text. 

 
3.2. Thermal properties 

 
Fig. 2 presents the thermal properties of die-cast Mg2.8Al3.8- 

La0.4Nd alloy from 20 o C to 300 o C and compares with the 

commercial die-cast AE44 alloy and previously developed 

Mg3.2Al4.4La0.4Nd alloy [7]. The TD, SHC and TC increased 

with increasing temperature while the density  decreased  

almost linearly. The TD and TC of Mg2.8Al3.8La0.4Nd alloy 

were significantly higher than AE44 alloy and slightly lower 

than Mg3.2Al4.4La0.4Nd alloy. The SHC of Mg2.8Al3.8La0.4Nd 

alloy was slightly less than AE44 alloy below 150 o C, higher 

than AE44 alloy above 200 o C, but both were lower than 

Mg3.2Al4.4La0.4Nd alloy. The density of Mg2.8Al3.8La0.4Nd 

alloy was slightly higher than AE44 alloy and lower than 

Mg3.2Al4.4La0.4Nd alloy. 

The  TD of  Mg2.8Al3.8La0.4Nd alloy  increased  from 60.8 to 

65.9 mm2/s and TC from 104.0 to 125.9 W/(m$K) as tempera- 

ture increased from 20 o C to 300 o C. For comparative alloy 

AE44, the TD increased from 51.9 to 58.9 mm2/s, and the TC 

increased from 91.4 to 111.2 W/(m$K) within an identical 

thermal range. At 20 o C, the TD and TC of Mg2.8Al3.8La0.4Nd 

alloy were 17.2% and 13.7% higher than AE44 alloy. At 300 o C, 

the  TD  and  TC  of  Mg2.8Al3.8La0.4Nd  alloy  were  12.0% and 

 
 

 
 

Fig. 1 e Thermodynamic calculation results of the volume percentage of the Mg17Al12 phase under non-equilibrium Schell 

mode. (a) Mg3.7Al0.4Nd-x(La þ Ce) alloy [7], (b) Mg2.8Al0.4Nd-yLa alloy system that newly developed die-cast 

Mg2.8Al3.8La0.4Nd alloy belongs to. 
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Fig. 2 e Thermal properties of die-cast Mg2.8Al3.8La0.4Nd alloy from 20 o C to 300 o C and in comparison with commercial 

die-cast AE44 alloy and previously researched Mg3.2Al4.4La0.4Nd alloy [7]. (a) TD, (b) SHC, (c) Density, and (d) TC. 
 

 
 

13.2% higher than those of AE44 alloy. The improved TD was 

the main contributor to the improved TC. Table 2 and 

Supplementary Table S1 provided natural thermal properties 

data at RT and HT, respectively. It should be noted that the 

raw material cost of Mg2.8Al3.8La0.4Nd alloy is only 1.3% 

higher than comparator AE44 alloy and 1.4% lower than pre- 

viously developed Mg3.2Al4.4La0.4Nd alloy, as shown in 

Supplementary Table S2. 

 
3.3. Enhancement of yield strength 

 
Fig. 3aee displays the tensile curves of die-cast Mg2.8Al3.8- 

La0.4Nd alloy at RT, 150 o C, 200 o C, 250 o C and 300 o C compared 

with commercial die-cast AE44 alloy and previously developed 

Mg3.2Al4.4La0.4Nd alloy [7]. Fig. 3feh shows the YS, ultimate 

tensile strength (UTS) and elongation of the three alloys at 

varying temperatures. Detailed data on tensile properties are 

presented  in  Table  3.  Mg2.8Al3.8La0.4Nd  alloy  can  provide 

137.1 MPa YS, 240.2 MPa UTS and 8.8% elongation at RT. 

Mg2.8Al3.8La0.4Nd alloy and previously developed 

Mg3.2Al4.4La0.4Nd alloys have higher YS and UTS at RT than 

comparator AE44 alloy, while lower elongation. Compared to 

AE44 alloy, Mg2.8Al3.8La0.4Nd alloy had a 6.3% enhancement 

in YS at RT. At 150e300 o C, Mg2.8Al3.8La0.4Nd alloy and pre- 

viously developed Mg3.2Al4.4La0.4Nd alloy exhibited higher YS, 

UTS and elongation than comparative AE44 alloy. The YS, UTS 

and  elongation  of   Mg2.8Al3.8La0.4Nd   alloy  at  300  o C  were 

72.5 MPa, 80.5 MPa and 37.1%, respectively, 9.8%, 8.5% and 144% 

greater than AE44 alloy. Therefore, Mg2.8Al3.8La0.4Nd alloy 

had  a stronger YS at RT and  a  superior  tensile  property  at HT 

than AE44 alloy. Incorporating the thermal and tensile prop- 

erties from Tables 2 and 3, Fig. 3i shows that Mg2.8Al3.8La0.4Nd 

alloy provides enhanced YS and TC at RT compared to 

commercially available die-cast AE44 alloy and is cost-effective 

compared to previously developed Mg3.2Al4.4La0.4Nd alloy. 

 
3.4. Microstructure 

 
3.4.1. XRD pattern 

Fig. 4 exhibits the XRD pattern of die-cast Mg2.8Al3.8La0.4Nd 

and AE44 alloys under as-cast conditions. a-Mg, Al11RE3 and 

Al2RE phases were detected in AE44 alloy, which agreed with 

the reported phase constitution of AE44 alloy [28,29]. Al11RE3 

phase was also detected in Mg2.8Al3.8La0.4Nd alloy. However, 

different from AE44 alloy, a significant presence of (Al,Mg)3La 

phase was detected, while the Al2RE phase  was  hardly 

detected in Mg2.8Al3.8La0.4Nd alloy. It should be noted that 

small size or volume fraction phases are typically difficult to 

detect using XRD. 

 
3.4.2. SEM morphology 

Fig. 5a and b displays BSE-SEM micrographs of commercial 

AE44 alloy under the as-cast state. The AE44 matrix exhibited 

a typical die-cast Mg alloy microstructure comprising a1-Mg 

nucleated inside sleeve and a2-Mg nucleated inside chamber 

[5,23]. With a relatively high cooling rate, the dimension of a2- 

Mg was smaller than a1-Mg in the cavity [23,30]. In consistence 

with the previous reports [28,29], three intermetallic phases 

were found in AE44 alloy, i.e., the lamellar Al11RE3, the blocky 

Al2RE and Al10RE2Mn7 phases, and Al11RE3 was the major 



 
 

 

 

Table 2 e Thermal properties at RT and raw material cost of die-cast Mg2.8Al3.8La0.4Nd and in comparison with die-cast 
AE44 alloy and previously researched Mg3.2Al4.4La0.4Nd alloy. 

Alloys Thermal diffusivity 

a/mm2$s-1 

Special heat capacity 
Cp/J (g$K)-1 

Density 

r/g$cm-3 

Thermal 
Conductivity 
l/W (m$K)-1 

Raw material 
cost 

Ref 

Mg2.8Al3.8La0.4Nd 60.8 ± 0.2 0.94 ± 0.01 1.819 ± 0.002 104.0 ± 1.7 101.3% This work 

Mg3.2Al4.4La0.4Nd 61.6 ± 0.2 1.02 ± 0.01 1.825 ± 0.002 114.3 ± 2.5 102.7% [7] 

AE44 51.9 ± 0.1 0.97 ± 0.01 1.817 ± 0.003 91.4 ± 1.8 100.0% [7] 

 
intermetallic phase, while Al2RE and Al10RE2Mn7 were the 

minor intermetallic phases, as shown in Fig. 5b. 

Fig. 5c and d presents BSE-SEM morphology of die-cast 

Mg2.8Al3.8La0.4Nd alloy under the as-cast state. Different from 

AE44 alloy, in Mg2.8Al3.8La0.4Nd alloy, the lamellar (Al,Mg)3RE 

phase substituted for Al11RE3, a major intermetallic phase, while 

Al11RE3 was relegated to a minor one. In addition, a small amount 

of the needle-like Al2.12RE0.88 phase and the blocky Al10RE2Mn7 

phase were observed in Mg2.8Al3.8La0.4Nd alloy, and XRD did 

not detect these two intermetallic phases due to their small 

quantity. The four intermetallic phases in Mg2.8Al3.8La0.4Nd 

alloy were determined by TEM in the following text. 

3.4.3. TEM confirmation of (Al,Mg)3RE and Al11RE3 

Fig. 6a presents the scanning TEM (STEM) micrograph of 

(Al,Mg)3RE and Al11RE3 intermetallic phases in die-cast 

Mg2.8Al3.8La0.4Nd alloy under as-cast state,  and  Fig.  6b 

shows the mapping results of STEM-EDS of distribution ele- 

ments in Fig. 6a. Al11RE3 and (Al,Mg)3RE phases were enriched 

in Al, La, Nd, Mn and minor Zn, while the contrast difference 

between Al11RE3 and (Al,Mg)3RE on Mg indicated the Mg pres- 

ence in the (Al,Mg)3RE phase. Fig. 6c displays the bright-field 

TEM micrograph of (Al,Mg)3RE phase in Mg2.8Al3.8La0.4Nd 

alloy, and the corresponding indexed selected-area electron 

diffraction  (SAED)  pattern  in  Fig.  6d  confirmed  the lamellar 

 
 

 
 

Fig. 3 e Tensile properties of Mg2.8Al3.8La0.4Nd alloy at RT and HT and in comparison with commercial AE44 alloy and 

previously researched Mg3.2Al4.4La0.4Nd alloy [7]. Representative tensile curves at (a) RT, (b) 150 o C, (c) 200 oC, (d) 250 o C and 

(e) 300 o C; (f) YS; (g) UTS; (h) elongation; (i) enhancement of YS and TC of cost-effective Mg2.8Al3.8La0.4Nd alloy at RT 

compare with commercial AE44 alloy and previously researched Mg3.2Al4.4La0.4Nd alloy. 



 
 

 

 
Table 3 e YS, UTS and elongation of Mg2.8Al3.8La0.4Nd alloy at RT and HT, compared with commercial AE44 alloy and 
previously researched Mg3.2Al4.4La0.4Nd alloy. 

Alloy  Tensile properties 20 o C 150 o C 200 o C 250 o C 300 o C 

Mg2.8Al3.8La0.4Nd  YS (MPa) 137.1 ± 2.6 124.2 ± 2.4 107.2 ± 1.9 89.2 ± 1.7 72.5 ± 2.1 
  UTS (MPa) 240.2 ± 2.5 152.6 ± 2.1 123.4 ± 2.5 101.1 ± 2.3 80.5 ± 2.0 
  Elongation (%) 8.8 ± 1.0 36.1 ± 2.3 32.9 ± 2.2 29.9 ± 1.8 37.1 ± 2.1 

Mg3.2Al4.4La0.4Nd [7] YS (MPa) 143.2 ± 2.6 128.0 ± 2.3 111.7 ± 2.0 92.0 ± 1.8 74.1 ± 1.5 
  UTS (MPa) 243.6 ± 3.0 157.1 ± 2.4 125.7 ± 2.1 100.9 ± 1.9 79.9 ± 1.5 
  Elongation (%) 8.2 ± 0.9 43.5 ± 2.2 34.0 ± 1.9 35.0 ± 2.0 41.6 ± 2.1 

AE44 [7]  YS (MPa) 129.0 ± 2.4 108.0 ± 2.2 99.9 ± 1.8 82.1 ± 2.0 66.0 ± 1.6 
  UTS (MPa) 246.5 ± 2.5 133.3 ± 2.7 108.9 ± 1.9 92.4 ± 2.1 74.2 ± 1.7 

  Elongation (%) 13.3 ± 1.6 30.3 ± 1.5 21.7 ± 1.7 18.8 ± 1.4 15.2 ± 1.7 

 
phase was (Al,Mg)3RE  phase  (Orthorhombic,  a  ¼  0.4336  nm, 

b ¼ 1.8867 nm, c ¼ 0.4424 nm, C2221) [31]. High-resolution TEM 

(HRTEM) micrograph in Fig. 6e and the corresponding fast 

Fourier transform (FFT) pattern in Fig. 6h confirmed the 

(Al,Mg)3RE phase. As reported, the (Al,Mg)3La formation might 

be relevant with the singular addition of La and/or the ratio of 

La and Al [31,32]. The bright-field TEM image in Fig. 6f and the 

SAED pattern in Fig. 6g verified the presence of the Al11RE3 

phase  (Orthorhombic,   a   ¼   0.4431   nm,   b   ¼   1.3142   nm,  

c ¼ 1.0132 nm, Immm) in Mg2.8Al3.8La0.4Nd alloy [32,33]. 

Different from SEM, the Mg matrix under TEM is marked as Mg 

rather than a1-Mg or a2-Mg, as it is hard to identify a1-Mg or a2- 

Mg under the high magnification of TEM observation. 

 
3.4.4. TEM confirmation of Al2.12RE0.88 

Fig. 7a shows the STEM image of the needle-like Al2.12RE0.88 

intermetallic phase in die-cast Mg2.8Al3.8La0.4Nd alloy under 

the as-cast condition, and Fig. 7b presents the mapping results 

of STEM-EDS of elements in Fig. 7a. The Al2.12RE0.88 phase was 

enriched in Al, La, Nd, Mn and minor Zn, and Mg was hardly 

present in the Al2.12RE0.88 phase. The SAED pattern in Fig. 7c 

verified that the needle-like phase in die-cast Mg2.8Al3.8- 

La0.4Nd alloy was Al2.12RE0.88 (Hexagonal, a ¼ b ¼ 0.4382 

nm, c ¼ 0.4349 nm, P6/mmm) [31]. The HRTEM image in Fig. 

7d confirmed the Al2.12RE0.88 phase in Mg2.8Al3.8La0.4Nd 

alloy. 

 
3.4.5. TEM confirmation of Al10RE2Mn7 

Fig. 8a presents the STEM image of the blocky Al10RE2Mn7 

intermetallic phase in die-cast Mg2.8Al3.8La0.4Nd alloy under 

 
 

Fig. 4 e XRD results of die-cast Mg2.8Al3.8La0.4Nd alloy 

under as-cast conditions compared with commercial die- 

cast AE44 alloy. 

an as-cast state. Fig. 8b shows the mapping results of STEM- 

EDS for the elemental distribution in Fig. 8a. The Al10RE2Mn7 

phase was enriched in Al, La, Nd, Mn and minor Zn. The SAED 

pattern in Fig. 8c verified that the blocky phase in die-cast 

Mg2.8Al3.8La0.4Nd   alloy   was    Al10RE2Mn7    (Hexagonal, 

a ¼ b ¼ 0.9049 nm, c ¼ 1.321 nm, R-3m) [34,35]. The STEM-EDS 

result in Fig. 8d agreed well with the composition of Al10RE2- 

Mn7, which further supported the presence of the Al10RE2Mn7 

phase in Mg2.8Al3.8La0.4Nd alloy. 

 
3.4.6. Fracture                                                      morphology 

Fig. 9aed shows the SEM images of the fracture surface of die- 

cast Mg2.8Al3.8La0.4Nd alloy at RT, 150 o C, 250 o C and 300 o C, 

sequentially. In the RT tensile fracture, dimples can be easily 

found, while the cleavage planes were also observed, which 

indicated the coupling of the ductile and cleavage fracture 

mechanisms, and this was consistent with the moderate 

elongation of 8.8% at RT. The tensile fracture at 150 oC, 250 o C 

and 300 oC mainly comprised the dimples, and this demon- 

strated  the  ductile  fracture  mechanism  at  the  HT  of  

150e300 o C. The tear ridge was observed in the tensile fracture 

at 150e300 o C. Moreover, the tear ridge at 150 o C and 300 o C 

was more evident than at 250 oC, which agreed with higher 

elongation at 150 oC and 300 o C than 250 o C. 

 

4. Discussion 

 
4.1. Mechanisms of thermal conductivity improvement 

 
4.1.1. Effects of solid solution in Mg matrix 

Solute amounts in the matrix were treated as a major factor in 

TC reduction [1]. The dissolved solute atoms can cause lattice 

distortion and reduce the mean free path of electrons and 

phonons [36], thus affecting heat transfer [12]. Al was the 

dominant solute in die-cast Mg-Al-based alloy owing to its high 

equilibrium solid solution of 12.7 wt% in Mg at 437 o C [19]. The 

SEM/TEM-EDS measured Al solute amount in matrix of AE44 

alloy was 0.69 wt%, while the Al solute amount in matrix of 

Mg2.8Al3.8La0.4Nd is 0.40 wt%, a 42% reduction. The overall 

RE(La,Ce,Nd), Mn, and Zn solute amounts in matrix of 

Mg2.8Al3.8La0.4Nd and AE44 alloys were similar, as shown in 

Fig. 10. In contrast, previously developed Mg3.2Al4.4La0.4Nd 

alloy had a relatively lower content of Al solute in matrix, while 

total RE, Mn and Zn solute amounts were comparable to that of 

Mg2.8Al3.8La0.4Nd alloy [7]. Therefore, minimizing the Al 



 
 

 

 

 
 

Fig. 5 e BSE-SEM micrographs of die-cast Mg2.8Al3.8La0.4Nd and AE44 alloys under as-cast state. (a,b) AE44; (c,d) 

Mg2.8Al3.8La0.4Nd. 
 

 

solute amount in the matrix by completely suppressing the 

Mg17Al12 phase contributed significantly to improving TD and 

TC. It also validated the alloy design strategy mentioned in 

Section 3.1. It can be concluded that the newly developed 

Mg2.8Al3.8La0.4Nd alloy matrix had a lower content of Al solid 

solution compared to the AE44 alloy based on the high TC 

magnesium alloy development strategy  and  the  optimization 

of the Al and corresponding RE additions, resulting in better TC. 

 

 
 

Fig. 6 e TEM confirmation of (Al,Mg)3La and Al11RE3 intermetallic phases in die-cast Mg2.8Al3.8La0.4Nd alloy in as-cast 

condition. (a) STEM micrograph; (b) STEM-EDS scanning of (a); (c) Bright-field TEM micrograph, (d) SAED, (e) HRTEM 

micrograph and (h) FFT pattern of (Al,Mg)3La phase; (f) Bright-field TEM micrograph and (g) SAED of Al11RE3 phase. 



 
 

 

 

 
 

Fig. 7 e TEM confirmation of Al2.12RE0.88 intermetallic phase in die-cast Mg2.8Al3.8La0.4Nd alloy at the as-cast condition. (a) 

STEM image of Al2.12RE0.88 phase; (b) STEM-EDS mapping of (a); (c) SAED of Al2.12RE0.88 phase observed along [0001] zone 

axis; (d) HRTEM image of Al2.12RE0.88 phase with the corresponding FFT pattern as the insert. 
 

 

4.1.2. Effects of intermetallic phases at GBs 

The GBs and intermetallic phases at GBs also affect heat 

transfer [15,37]. Fig. 11a and b exhibit grain size distribution of 

die-cast AE44 and Mg2.8Al3.8La0.4Nd alloys, respectively. 

Fig. 11c displays the statistical average grain size (AGS) and area 

fraction of intermetallic phases in AE44 and Mg2.8Al3.8La0.4Nd 

alloys. The AGS of Mg2.8Al3.8La0.4Nd alloy was slightly higher 

than AE44 alloy, which should contribute faintly to improving 

 

 

 
 

Fig. 8 e TEM confirmation of Al10RE2Mn7 phase in die-cast Mg2.8Al3.8La0.4Nd alloy at as-cast condition. (a) STEM 

micrograph of Al10RE2Mn7 phase; (b) STEM-EDS mapping of (a); (c) SAED of the Al10RE2Mn7 phase observed along [0001] zone 

axis; (d) STEM-EDS result of the Al10RE2Mn7 phase. 



 
 

 

 

 
 

Fig. 9 e SEM images presenting the tensile fracture of die-cast Mg2.8Al3.8La0.4Nd alloy at RT and HT. (a) RT; (b) 150 o C; (c) 

250 oC; (d) 300 o C. 
 

 

the TC in Mg2.8Al3.8La0.4Nd alloy due to the decrease of the 

heat transfer block at GBs. The average area fraction of inter- 

metallic phases in Mg2.8Al3.8La0.4Nd alloy was also slightly 

higher than in AE44 alloy. It should be mentioned that different 

from AE44 alloy, (Al,Mg)3RE replaced Al11RE3 as the major 

intermetallic phase in Mg2.8Al3.8La0.4Nd alloy. However, 

(Al,Mg)3RE had the same orthorhombic crystal structure as the 

Al11RE3 phase [32]. In addition, the substitution formation of 

major (Al,Mg)3RE phases in the Mg2.8Al3.8La0.4Nd alloy has not 

reduced the misfit or strengthened the thermal transmission 

from the intermetallic phase at the GBs to Mg matrix based on 

 
 

the misfit analysis of (Al,Mg)3RE/Al11RE3 and Mg [7]. Therefore, 

the grain size and the major (Al,Mg)3RE intermetallic phase 

formed at GBs should have a limited impact on TC improve- 

ment compared with AE44 alloy. The improvement of TC in the 

Mg2.8Al3.8La0.4Nd alloy can be explained by minimizing Al 

solute amount in the matrix via optimizing Al and RE addition. 

 

4.2. Mechanisms of enhancement of yield strength 

 
According to Section 3.3, the YS of Mg2.8Al3.8La0.4Nd alloy at 

RT and 300 o C was enhanced by 6.3% and 9.8%, respectively, 

compared with AE44 alloy. It is well known that the 

strengthening of alloys is generally determined by solid so- 

lution strengthening(sss), grain refinement strengthening 

(sgr), second phase strengthening (ssp) at GBs, precipitation 

strengthening and deformation strengthening [38e40]. Pre- 

cipitation and deformation strengthening can be neglected at 

room temperature. Thus, the strengthening YS can be 

expressed by the following equation: 
 

DsMg2:8Al3:8La0:4Nd ¼ Dsss þ Dsgr þ Dssp (1) 

The multi-solid-solution model presented by Gypen and 

Deruyttere [41]can be used to express Dsss effect on die-cast 

Mg alloys: 

Fig. 10 e Solute amounts of the various elements in matrix 

of die-cast Mg2.8Al3.8La0.4Nd alloy under as-cast 

conditions and compared with commercial die-cast AE44 

alloy and previously researched Mg3.2Al4.4La0.4Nd alloy. 
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Fig. 11 e The AGS distribution and area fraction of intermetallic phases in die-cast Mg2.8Al3.8La0.4Nd and AE44 alloys at as- 

cast conditions. Grain size distribution of (a) AE44 and (b) Mg2.8Al3.8La0.4Nd alloys; (c) AGS and area fraction of 

intermetallic phases in die-cast Mg2.8Al3.8La0.4Nd and AE44 alloys. 
 

 

where ki is a constant that depends on the alloying element 

and temperature, Ci is the solute amount, and n is a constant 

equal to 1/2, 1, 2/3 [41,42]. According to Fig. 10, the RE, Mn and 

Zn content was similar in Mg2.8Al3.8La0.4Nd alloy and AE44 

alloy. Therefore, the difference in sss was mainly due to the Al 

solute  amount.  KAl  (¼118  MPa  (at.)-1/2  and  196  MPa  (at.)-2/3) 

was the strengthening rate of solid solution based on binary 

alloys with n of 1/2 and 2/3, respectively [43,44]. Thus, the sss 

of the Al dissolved in the matrix to Mg2.8Al3.8La0.4Nd alloy 

was 7.5 MPa and 4.9 MPa, respectively. The lower solid solu- 

tion Al content in Mg2.8Al3.8La0.4Nd alloy resulted in smaller 

Dsss than in AE44 alloy, approximately -2.3 MPa. In contrast, 

the need for the high TC alloy development strategy made the 

strengthening effect produced by Al solid solution in 

Mg2.8Al3.8La0.4Nd alloy have less impact on the YS. 

The Hall-Petch equation [30,45] can be used to express the 

Dsgr: 

8 MPa. Integrated Dsss and Dsgr, the Dssp was considered to  

have a higher contribution to Mg2.8Al3.8La0.4Nd alloy than 

AE44 alloy, with a value of approximately 11.6 MPa. As shown 

in the analysis of intermetallic compounds in  Section  3  and 

Fig. 11c, the most significant difference was that Mg2.8Al3.8- 

La0.4Nd alloy had a higher fraction of the formed (Al,Mg)3RE 

phase than the dominant Al11RE3 phase in AE44 alloy. There- 

fore, it was evident that the increase in YS of Mg2.8Al3.8- 

La0.4Nd alloy compared to commercial AE44 alloy was mainly 

due to the contribution of ssp. The decrease in room tempera- 

ture ductility was expected to be related to the different 

deformation mechanisms of (Al,Mg)3RE and Al11RE3, hopefully 

providing cutting-edge in-situ deformation  facilities  for 

research shortly. Furthermore, lower Al solute in  matrix 

reduced the precipitation of the low melting point Mg17Al12 

phase, improving YS at HT. Also, the high content of the major 

(Al,Mg)3RE phase formation in GBs should contribute signifi- 

cantly to the enhancement of YS at HT. In addition, Fig. 3h 
Dsgr Kd-

1

 (3) shows that the Mg2.8Al3.8La0.4Nd alloy has excellent plasticity 

K is the constant for Mg (280e320 MPa/mm1/2), and d is the 

AGS [46,47]. Calculated from Fig. 11b, the effect of sgr on the YS 

of Mg2.8Al3.8La0.4Nd was approximately 101 MPa. From 

Fig. 11c, the AGS of Mg2.8Al3.8La0.4Nd alloy was higher than 

AE44 alloy. Al-RE phases, such as Al2RE, have been reported to 

act as heterogeneous nucleation sites to refine grains [31]. 

However, there is no evidence that the Al2.12RE0.88 phase in 

Mg2.8Al3.8La0.4Nd alloys can refine grains as a heterogeneous 

nucleation site as the Al2RE phase in the AE44 alloy. In addi- 

tion, the formation of the Al-RE phase at grain boundaries was 

considered to prevent grain growth [31]. However, due to the 

generally small grain size in HPDC Mg alloys, the difference in 

grain size between the Mg2.8Al3.8La0.4Nd alloy and the AE44 

alloy is insignificant. Thus, it was apparent that the sgr for 

Mg2.8Al3.8La0.4Nd alloy was lower than AE44 alloy, but the 

difference was minor, approximately -1.3 MPa. 

Considering that sss and sgr have a lower effect on 

Mg2.8Al3.8La0.4Nd alloy than on AE44 alloy, the increase in YS 

was mainly determined by the ssp. Integrating the results of 

sss and sgr, the effect of ssp on Mg2.8Al3.8La0.4Nd alloy was 

approximately 28.6 MPa. According to Table 3, the experimental 

difference in YS between the two alloys was approximately 

at HT. In general, a-Mg was more deformable at HT as more slip 

systems were activated, resulting in increased HT plasticity. In 

addition, the major intermetallic (Al,Mg)3RE, Al11RE3, and Al10- 

RE2Mn7 phases formed in the Mg2.8Al3.8La0.4Nd alloy were all 

thermally stable phases. The (Al,Mg)3RE phase was reported to 

remain at 500 o C for 100 h without significant morphological 

changes [32], Al11RE3 had no visible decomposition at 450 o C 

[48], and the Al10RE2Mn7 phase had a melting point of about 

1150 o C [49]. Thus, the major intermetallic phases of the 

Mg2.8Al3.8La0.4Nd alloy can remain stable at up to 300 o C, thus 

pinning grain boundaries and impeding grain sliding. There- 

fore, the Mg2.8Al3.8La0.4Nd alloy obtained excellent mechani- 

cal properties at HT mainly due to the thermal stability of the 

major intermetallic phases. 

 
5. Conclusions 

 
A novel high TC and cost-effective die-cast Mg2.8Al3.8La0.4Nd 

alloy was successfully developed with the enhancement of  YS at 

RT and HT, compared with AE44 alloy, and the major con- 

clusions are as follows: 



 
 

 

 

(1) Mg2.8Al3.8La0.4Nd alloy can provide the TC of 104.0 W/ references  

(m$K)  at  RT  and  125.9  W/(m$K)  at  300  oC, which are    

improved by 13.7% and 13.2%, respectively, compared 

with AE44 alloy. Importantly, the raw material cost of 

Mg2.8Al3.8La0.4Nd alloy is only 1.3% higher than AE44 

alloy. 

(2) Mg2.8Al3.8La0.4Nd alloy can deliver an excellent YS, 

UTS and elongation of 137.1 MPa, 240.2 MPa and 8.8% at 

RT. Compared with AE44 alloy, the YS of Mg2.8Al3.8- 

La0.4Nd alloy was enhanced by 6.3% at RT and 9.8% at 

300 o C. 

(3) Four intermetallic phases were identified in 

Mg2.8Al3.8La0.4Nd alloy, i.e., the lamellar (Al,Mg)3RE 

and Al11RE3 phases, the needle-like  Al2.12RE0.88  phase  

and the blocky Al10RE2Mn7 phase. Different from AE44 

alloy, (Al,Mg)3RE formed and replaced Al11RE3 as the 

major intermetallic phase in Mg2.8Al3.8La0.4Nd alloy. 

(4) The improvement in TC was mainly due to the decrease 

of Al solution in the matrix via optimizing Al and RE 

addition. The Al solute amount in the matrix of the 

Mg2.8Al3.8La0.4Nd alloy was decreased by 42% 

compared with AE44 alloy. The substitution formation 

of the major (Al,Mg)3RE intermetallic phase at GBs 

enhanced YS at RT and HT. 
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