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Abstract: 
In this study, four groups of thin plate samples with a wall thickness of 2.2mm, 2.5mm, 2.7mm, and 3.0mm are prepared by ultra-high 

vacuum die casting. The effects of Mn, Mg, and Mn/Mg ratio on the microstructure and mechanical properties of samples with 

different wall thicknesses are obtained by different test and analysis methods. The results show that as the content of Mn is 0.4% ～ 

0.65%, the content of Mg is 0.17% ～ 0.5%, and the Mn / Mg ratio reaches 1.69 ～ 1.90, the tensile strength, yield strength, and 

elongation of HL-111 alloy with a wall thickness of 2 ～ 3mm can reach more than 280MPa, 120MPa and 10% respectively, and the 

mechanical properties of the material are greatly improved. In addition, the tensile strength, yield strength, and elongation of HL-111 

alloy after T5 heat treatment at 165℃ for 510min reach 302.36 MPa, 190.32 MPa, and 8.42%. The precipitated phase of Mg2Si leads 

to changes in strength and elongation. 
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1 Introduction 

Al-Si alloys (such as Magcimal-59, Castasil-37, and 

Silafont-36) are widely used in ultra-high vacuum and 

high-pressure casting of conventional parts because of 

their good casting properties 
[1]

. With the continuous 

improvement of automobile lightweight technology, 

Silafont-36 alloy has high strength and elongation, which 

is particularly favored in the manufacture of structural 

parts with high requirements for safety performance, such 

as car body frame and shock absorber 
[2-3]

. Especially, the 

continuous innovation of ultra-high vacuum pressure 

casting technology, the increasing maturity of large die 

casting machine technology, and the needs of new energy 

vehicles make Silafont-36 alloy shine in the application of 

die casting large-size, complex structure, and ultra-thin 

wall thickness structural parts 
[4-6]

. 

Due to the large size and complex structure of 

structural body parts, they usually have extremely high 

requirements for wall thickness. Take the application of 

Silafont-36 alloy in the shock tower as an example, its 

functional area wall thickness is in the range of 2～3 mm. 

However, Silafont-36 alloy is usually subjected to T7 heat 

treatment during the high-pressure casting production 

process in order to ensure the high strength and high 

toughness of the structural parts, which is prone to 

different degrees of unpredictable deformation after the 

T7 heat treatment, and the resulting rework correction and 

scrap rate are great costs. At the same time, T7 heat 

treatment will also make the production costs 

significantly increased. These increases of upstream 

manufacturing cost will aggravate the improvement of 

downstream industry cost, which will lead to the 

enterprise being invisible in the heavy burden forward. 

Therefore, it is imperative to find a way to maintain the 

high toughness and high strength of Silafont-36 alloy 

after die-casting, so as to reduce the manufacturing cost 

by eliminating the T7 heat treatment. 

The main methods to improve the strength of the 

alloy mainly include fine-grain strengthening, dispersion 

strengthening, etc. Therefore, the strength of the alloy can 

be improved by controlling the strengthening phase in the 

alloy. It is well known that Mg2Si is a common 

strengthening phase in aluminum alloys because of its 

high strength, but when the magnesium element is 

excessive, it will cause the coarsening of the Mg2Si phase, 

which will reduce the strength of the alloy, so reasonable 

control of the magnesium element content in the alloy 

will be beneficial to enhance the strength of the alloy. On 

the contrary, the dispersion strengthening of Mg2Si can 

improve the strength of the alloy, but it will also reduce 

the plasticity and toughness of the alloy, so we should 

take measures to improve the plasticity and toughness of 

the alloy at the same time. One of the most effective 

methods is to refine the grain of the alloy. Manganese is 

one of the strengthening elements of aluminum alloy, 

which can reduce the size of recrystallized grains and 
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improve the strength, plasticity, and toughness of the alloy. 

Therefore, proper adjustment of the Mn/Mg element ratio 

in the alloy can achieve the purpose of improving the 

strength and toughness of the alloy at the same time to 

replace the T7 heat treatment. 

Ningbo Heli Technology Co., Ltd. has several years 

of practical production experience in the die-casting 

Silafont-36 alloy, focusing on the improvement of part 

qualification rate and the control of production cost. 

Based on Silafont-36, the company has reasonably 

allocated alloy elements and obtained an HL-111 alloy 

product with different wall thicknesses. The as-cast 

mechanical properties of HL-111 alloy fully meet the 

requirements of high strength and high toughness of the 

original Silafont-36 alloy after T7 heat treatment, which 

can omit the T7 heat treatment process of parts and 

eliminate all costs brought by the whole process. 

2 Experimental 

The molten aluminum was melted in a 300 kg 

resistance furnace. When the temperature was set at 720℃, 

the refining degassing time was 50 min. In the degassing 

process, the modifier Al-10Sr master alloy 
[7-8]

 and super 

refiner TCB seed alloy 
[9-10] 

were added, during which the 

degassing was uninterrupted. After the refining degassing 

was qualified, stand for 10 min, and transferred the molten 

aluminum to the side furnace of 300T-Buhler small die 

casting machine after the temperature of the molten 

aluminum was stabilized at 710℃. Then HL-111 die casting 

samples with a wall thickness of 2.2 mm, 2.5 mm, 2.7 mm, 

and 3 mm and corresponding element ratio were carried out 

successively, the physical drawing of the casting is shown in 

Figure 1. After the preparation of castings, HL-111 

die-casting samples were prepared by wire cutting according 

to the requirements of GB / T 228 standard. After that, the 

HL-111 die-casting samples with the best performance were 

selected and subjected to T5 heat treatment at 155℃, 165℃, 

and 175℃ for 120 min, 240 min, and 510 min respectively 

to obtain HL-111 heat-treated samples. 

 

Figure 1  The physical drawing of HL-111 casting 

During the test, the alloy chemical composition of the 

HL-111 die-casting sample was analyzed by SPECTRO 

MAXx07-F element direct reading spectrometer. Wipe the 

sample surface and the spark table of the direct-reading 

spectrometer with absolute ethanol to avoid impurities 

affecting the analysis results. Select the brand of Silafont-36 

alloy for spectral analysis. Combined with the actual element 

percentage of four Mn/Mg ratio levels, the element 

composition was obtained when the alloy wall thickness was 

2 ～ 3 mm, as shown in Table 1. 

Table 1 Table of optimum alloy elements with a wall 

thickness of 2 ～ 3mm 

Element Si Fe Mn Mg Cu 

Count (%) 
9.5～

11.5 
≤0.15 

0.4～

0.65 

0.17～

0.5 
＜0.05 

Element Sr Zn Ti Other Al 

Count (%) 
0.02～

0.03 

0.07～

0.1 
≤0.2 ＜0.15 Other 

CMT5205 electronic universal testing machine was 

used to carry out the tensile test on two kinds of samples 

to measure their mechanical properties. The 

microstructure of the sample was analyzed by OLYMPUS 

GX53 metallographic microscope and scanning electron 

microscope (SEM, Nova SU-70, Hitachi). The 

metallographic diagrams of Silafont-36 alloy and HL-111 

alloy with different wall thickness can be seen in Figure 2. 

The transmission electron microscope samples of HL-111 

alloy were prepared by Gatan 695 ion thinning instrument. 

The transmission electron microscope patterns of HL-111 

alloy were measured by FEI Talos F200X. 

 

Figure 2  (a) Metallographic diagram of Silafont-36 

alloy. (b-e) Metallographic diagram of HL-111 sample 

with a wall thickness of 2.2 mm (b), 2.5 mm (c), 2.7 mm 

(d), and 3.0 mm (e) 

Table 2  The number of HL-111 die casting samples 

Num Wall thickness (mm) Mn/Mg 

1 

2.2 

1.65 

…  

12 1.90 

13 

2.5 

1.65 

… … 

24 1.90 

25 

2.8 

1.65 

… … 

36 1.90 

37 

3.0 

1.65 

… … 

48 1.90 

Tensile test design of HL-111 die-casting specimen: 

adopting four kinds of die-casting specimens with a 
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length of 200 mm, a width of 40 mm, and thickness of 2.2 

mm, 2.5 mm, 2.8 mm, and 3.0 mm. The Mn/Mg ratio of 

the specimens with different thicknesses is adjusted to 

1.65, 1.69, 1.71, 1.73, 1.75, 1.77, 1.79, 1.81, 1.83, 1.85, 

1.88, and 1.90 respectively, and the serial numbers are 

numbered 1, 2, 3..., 47 and 48, as shown in Table 2. 

3 Results and Discussions 

3.1 Analysis of chemical composition and 

microstructure of HL-111 alloy  

The microstructure of the sample was analyzed by 

500X optical microscope. During the crystallization 

process of Silafont-36 alloy, α1-Al phase will be 

precipitated first, and the liquid aluminum alloy reaches 

aluminum-silicon eutectic composition. As the 

temperature decreases, the eutectic silicon phase in the 

liquid alloy will grow coupled with α2-Al phase until 

complete solidification. As shown in Figure 2a, it can be 

seen that in the as-cast structure of the original Silafont-36 

alloy, the white coarser organization is the primary α1-Al 

phase. The fine and round white structure is the secondary 

α2-Al phase. The irregular growth of the α-Al phase can 

inhibit the growth of the eutectic silicon phase and thus 

constantly change the growth direction, which eventually 

generates relatively closed clusters 
[11-13]

, which reduces the 

coupling degree with other phases. The length of the α1-Al 

phase is greater than 27.09 μm, the diameter of α2-Al phase 

is 7.41 μm, the proportion of eutectic silicon is 36.91%. This 

non-uniform distributed organization will lead to uneven 

stress distribution in the process of stressing the alloy, 

causing damage to the weak phases in the alloy and reducing 

the overall mechanical properties. 

By comparing the microstructure distribution 

differences between HL-111 die-casting specimens with four 

different wall thicknesses and the original silafont-36 alloy, 

Figure 2b-d indicated that as the Mn / Mg ratio reached the 

range of 1.73 ～ 1.89, the primary phase and second phase 

of α-Al were not obvious. In addition, the eutectic silicon 

was fully coupled to grow, and the overall distribution was 

relatively uniform, which is conducive to enhancing the 

toughness and strength of HL-111 alloy. The size of the α-Al 

phase was calculated by the software, the maximum length 

of the α1-Al phase was only 16.43 μm, the diameter of the 

secondary phase was 7.40 μm, and the percentage of eutectic 

silicon was reduced to 26.62% ～ 30.02%. 

Mg2Si phase will precipitate after T5 heat treatment 

at 165℃ for 510 min in the HL-111 die-casting sample. 

Firstly, the element distribution of the ion milling sample 

is analyzed by X-ray energy dispersive spectrometer 

(EDS) through the transmission electron microscope 

(TEM), as shown in Figure 3a. The yellow area in the 

figure is the possible location of the precipitated phase. 

Then, implementing spot measurement to the yellow area 

by EDS of TME to further determine the location of the 

Mg2Si precipitated phase, as shown in Figure 3a, b. To 

further prove that there was precipitation of Mg2Si phase 

in the HL-111 sample after T5 heat treatment, the area 

circled in Figure 3a is analyzed by selected-area electron 

diffraction and high-resolution transmission electron 

microscope (HRTEM). By calibrating the diffraction 

pattern and lattice spacing of the precipitated phase 

(Figure 3e, f), it is completely consistent with the PDF 

card (#65-9365) of Mg2Si, which fully demonstrated that 

the Mg2Si phase was precipitated after T5 heat treatment 

of HL-111. The morphology of Mg2Si is shown in Figure 

3c, d. Through the analysis of the Mg2Si precipitated 

phase and its surrounding elements by high-angle annular 

dark-field (HAADF), there were evenly dispersed 

aluminum atoms around Mg2Si precipitated phase, 

indicating that the precipitated phase is distributed on Al 

substrate. The Mg2Si phase could hinder the dislocation 

movement and was conducive to improving the yield 

strength of HL-111 alloy, as shown in Figure 3g-j. 

 

Figure 3  (a) The EDS mapping of HL-111alloy. (b) 

EDS point measurement in the area within the yellow 

circle. (c) TEM image of HL-111 after T5 heat treatment. 

(d) TEM morphology of Mg2Si precipitated phase. (e) 

Selected-area electron diffraction (SAED) pattern of 

Mg2Si precipitated phase. (f) The HRTEM image of 

Mg2Si. (g-j) The HAADF diagram (g) and element 

distribution diagram of Mg2Si precipitated phase: Al 

element (h), Mg (i), and (Si). 

3.2 Mechanical property test 

The dimensions of tensile specimens are shown in 

Figure 4. The operation and parameters of the tensile 

experiment are as follows. Remove the oil stain from the 

surface of the standard specimen. Set the test parameters 

of the universal testing machine according to GB/T228 

standard 
[14]

: the tensile speed was 4 mm/s, the 

extensometer was YYU-10/50, then input the 

cross-sectional area of the sample, and the tensile test is 

carried out. The tensile test results of HL-111 die-casting 

samples with different wall thicknesses are shown in 

Table 3 The tensile test results of the HL-111 sample with 

a wall thickness of 2.7 mm after different T5 heat 

treatments are shown in Table 4. 
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Figure 4  Schematic diagram of tensile specimen 

Table 3  The mechanical properties of HL-111 

die-casting samples with different wall thickness 

Specimen 

thickness (mm) 

Tensile strength 

(MPa) 

Yield strength 

(MPa) 

Elongation 

(%) 

2.2 284.58 122.21 11.06 

2.2 288.82 124.4 11.77 

2.5 287.82 127.25 10.67 

2.5 280.14 120.05 12.43 

2.7 291.04 129.86 11.93 

2.7 283.93 122.92 10.34 

3 295.14 123.83 11.24 

3 299.21 125.72 10.4 

Table 4  The mechanical properties of HL-111 after 

different T5 heat treatments 

Heat treatment 

parameters (℃/min) 

Tensile strength 

(MPa) 

Yield strength 

(MPa) 

Elongation 

(%) 

155℃/120min 294.05 182.30 5.84% 

155℃/240min 296.34 184.52 5.63% 

155℃/510min 299.50 188.47 5.72% 

165℃/120min 295.28 184.23 5.76% 

165℃/240min 297.44 186.48 5.83% 

165℃/510min 302.36 190.32 8.42% 

175℃/120min 296.32 186.23 5.53% 

175℃/240min 299.62 189.24 5.73% 

175℃/510min 305.32 192.93 5.62% 

The elongation of the original Silafont-36 alloy after 

T7 heat treatment is generally 10%, the tensile strength is 

200 MPa, and the yield strength is 120 MPa. As can be 

seen from Table 3, controlling the relationship between 

wall thickness and composition, the elongation of HL-111 

as-cast samples without heat treatment exceeded 10% and 

the yield strength was stable above 120 MPa. More 

importantly, the tensile strength was significantly 

improved and could reach more than 280 MPa.  

According to the Hall-Petch formula, with the decrease of 

grain size, the number of large-angle grain boundaries of 

the alloy will increase 
[15]

. When the alloy is subjected to 

external stress, the dislocations in the grain cannot cross 

the grain boundary and accumulate on it. When the 

external stress increases, the dislocation source of 

adjacent grains will move and start plastic deformation 
[16]

. 

Therefore, HL-111 alloy with smaller grains would have a 

greater strength 
[17]

. At the same time, the grain 

distribution of HL-111 alloy was more uniform. When the 

alloy had plastic deformation, the plastic deformation 

could be more evenly distributed in each grain, which was 

not easy to produce stress concentration, so HL-111 alloy 

could withstand more deformation and have a good 

plasticity. Compared with Silafont-36, the proportion of 

eutectic silicon in HL-111 is reduced. The reduction of 

the proportion of eutectic silicon can not only reduce the 

strength reduction caused by eutectic silicon but also 

improve the yield strength of HL-111 alloy. 

After T5 heat treatment at 165℃ for 510 min, the 

tensile strength of HL-111 was 290-310 MPa, the yield 

strength was 180-220 MPa, and the elongation was higher 

than 8%, while the elongation after heat treatment at other 

temperature and time was less than 6%. Because the HL-111 

alloy will precipitate the Mg2Si phase at the grain boundary 

after T5 heat treatment at 165 ℃  for 510min. The 

precipitation of Mg2Si phase would form Cottrell 

atmosphere at the grain boundary and lead to the pinning 

effect, which could hinder the dislocation slip in the HL-111 

alloy and increase the strength of the metal, especially the 

yield strength. Moreover, the yield ratio of HL-111 alloy will 

also increase, which will make  the metal difficult to plastic 

deformation, which will lead to the decrease of elongation. 

The time and temperature of heat treatment will affect the 

precipitation and distribution of Mg2Si. When the heat 

treatment time is too long or short, the plasticity of HL-111 

will significantly decrease. 

3.3 Fracture dimple analysis 

The fracture morphology of the original Silafont-36 

alloy is shown in Figure 5a, b, and the fracture morphology 

of the HL-111 sample after adjusting the Mn/Mg ratio is 

shown in Figure 5c-h. The size of the fracture dimples 

mainly includes the average size and depth, which is 

closely related to the plasticity and fracture mode of the 

material. The parts with deeper fracture dimples break later 

in the fracture process, so the aluminum alloy with deeper 

fracture dimples has better plasticity. By comparing the 

dimple size of HL-111 alloy with different wall thickness 

and the original Silafont-36 alloy, as Mn/Mg reaches the 

range of 1.73-1.89, the dimple size and number of the 

HL-111 alloy are larger than Silafont-36 alloy. Therefore, 

the HL-111 alloy has excellent plasticity, and the 

elongation can reach more than 10%. This is because the 

proportion of eutectic silicon decreases while the α-Al 

phase increases after adjusting the Mn/Mg ratio, and brittle 

fracture occurs first at the eutectic silicon during the tensile 

process, however, the increase of α-Al phase can increase 

the plasticity of the HL-111 alloy. 

After T5 heat treatment, the dimple size and depth 

on the fracture surface of HL-111 alloy become smaller, 

and the fracture surface locally presents the rock shape with 

a few tear lines, which shows the plasticity of the T5 

heat-treated HL-111 alloy is less than that of as-cast alloy 
[18]

. 

The fracture mode of T5 heat-treated HL-111 alloy in the 
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tensile test is between brittle fracture and ductile fracture. 

Because the Mg2Si precipitated from HL-111 alloy after 

heat treatment is brittle and distributes on the grain 

boundary. Under the action of stress, there will be some 

microporous cracks, which make the alloy brittle. 

 

Figure 5  The SEM images of the fracture surface of 

Silafont-36, HL-111 with different wall thickness and T5 

heat-treated HL-111 alloy. (a-b) Tensile fracture 

morphology of Silafont-36 as-cast alloy; (c-h) Tensile 

fracture morphology of HL-111 alloy die-casting 

specimen. (i-j) Tensile fracture morphology of HL-111 

sample after T5 heat treatment(165℃/510min) 

4 Conclusion 

Based on the element content of the Silafont-36 alloy, 

the tensile strength, yield strength, and elongation of 

HL-111 alloy with different wall thickness can reach 

more than 280 MPa, 120 MPa, and 10% respectively by 

adjusting Mn/Mg ratio. More importantly, as the Mn/Mg 

ratio reaches 1.73 ～ 1.89, the as-cast HL-111 alloy with 

a wall thickness of 2-3 nm can replace the T7 heat 

treatment process of the original Silafont-36 alloy. In 

addition, as the Mn/Mg ratio in HL-111 is 1.73 ～ 1.89, 

the crystallization law of microstructure in HL-111 will 

change. The distance between the primary phase and the 

secondary phase of α-Al decreases, and the grains are 

regularly and evenly distributed, to better improve the 

mechanical properties of the alloy. Moreover, Mg2Si will 

precipitate in HL-111 alloy after T5 heat treatment at 165℃ 

for 510 min and distribute on the grain boundary, which 

will produce a pinning effect to improve the metal 

strength, and slightly reduce the elongation. The tensile 

strength, yield strength, and elongation of HL-111 alloy 

after T5 heat treatment with 2.7 mm wall thickness can 

reach 302.36 MPa, 190.32 MPa, and 8.42%. 
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