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Abstract

This work studied the precipitation characteristics of AISi10Mg0.3Mn alloy produced by high-pressure
vacuum die-casting (HPVDC) in T5 and T6 conditions using transmission electron microscopy,
differential scanning calorimetry and both electrical conductivity and microhardness measurements. Two
different T6 tempers were used, involving partial solutionizing at 460 °C for 1 h and full solutionizing at
500 °C for 1 h, and were designated as T6P and T6F, respectively. The aging treatment was conducted at
185 °C for 4 h in all temper conditions. The results showed that conducting solution treatments resulted
in the formation of a-Al(MnFe)Si dispersoids. In addition, Mg-Si rich precipitates formed and remained
undissolved after partial solutionizing. The highest supersaturation of the a-Al was achieved in the as-
fabricated (F) condition by the HPVDC process. The supersaturation degree decreased in both partial
and full solutionizing conditions. TEM observations revealed different precipitation characteristics for
TS5, T6P and T6F tempers. " precipitates just started to form in the TS5 condition, whereas both f” and
[’ precipitates completed their precipitation to different extents in the T6P and T6F conditions, resulting
in different strengthening effects. The T6F temper yielded the highest microhardness followed by the T5
and T6P tempers.
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1. Introduction

In recent years, aluminum castings are being used to an ever-increasing extent for structural
components in both the automotive and aerospace industries to reduce the weight of vehicles and
consequently the greenhouse gas emissions. High-pressure die-casting is a sophisticated process used for
the mass production of aluminum castings because it is suitable to produce arbitrary complicated shapes
with a high production rate. High-pressure vacuum die-casting (HPVDC) was reported to reduce
significantly the porosity in the cast parts, which is caused by the entrapment of air in the molten metal
during the casting process [1]. Therefore, HPVDC technique can be adopted to manufacture thin-walled
parts with complicated geometry.

AlSi10Mg0.3Mn alloy (Aural-2) was developed based on the binary Al-Si system. The Si level
is selected close to the eutectic composition to enhance the fluidity and the die-filling capability required
to produce thin-walled complex shapes with large surface areas. Manganese is added to prevent die
soldering of die castings by inhibiting the formation of the needle-like B-AlsFeSi intermetallic phase and
promoting the formation of the Chinese script a-Alis(Fe,Mn);Si> phase that facilitates demolding in
comparison with the needle-like phase [2,3]. The precipitation hardening of this alloy occurs according
to the general precipitation sequence of Al-Si-Mg alloys as follows [4-6]: supersaturated solid solution
(SSS) — Mg-Si clusters/co-clusters — GPI — " (GPII) — f’ — p-Mg>Si, where GPI refers to Guinier-
Preston (GP) zones and £ and f’ are the precursors of the equilibrium S-Mg>Si phase.

Generally, high-pressure die-cast aluminum alloys are not supposedly heat-treated to T6 temper
because the traditional solution heat treatments involved enlarge the pores that arise from the trapping of
gas during the die-casting process, resulting in the undesirable surface blistering [7]. Therefore, these
alloys are usually heat-treated to TS5 tempers that yield high strengths at the expense of ductility. However,
the need to improve the ductility of high-pressure die-cast aluminum components may necessitate
solutionizing these components prior to the artificial aging while avoiding the undesirable surface
blistering. This could be achieved by adopting T6 tempers involving low-temperature solution heat
treatments with short soaking times.

The precipitation characteristics of high-pressure die-cast Al-Si-Mg alloys, which control their
mechanical properties, have not yet been widely studied in the T6 condition with reference to the T5
condition, particularly for the alloys produced by HPVDC. The present work is, therefore, undertaken to
study the precipitation characteristics of a HPVDC AlSi10Mg0.3Mn alloy in TS and two different T6

conditions. The two T6 conditions involved two short solution heat treatments, namely partial and full
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solution heat treatments. The precipitation characteristics were studied using transmission electron
microscopy (TEM), differential scanning calorimetry (DSC) and both electrical conductivity (EC) and

microhardness measurements.

2. Experimental Procedures

The AlISi10Mg0.3Mn alloy used in this study was supplied in the form of 220 % 65 % 3 mm thin
plates produced by HPVDC with a chemical composition listed in Table 1. The as-cast alloy was then
heat-treated to TS temper and two different T6 tempers as explained in Table 2. All heat treatments were
conducted in a programmable air circulating electric furnace.

Heat-treated samples were mounted, ground and polished according to the standard metallographic
preparation for the microstructural examination with a Nikon Eclipse ME600 optical microscope. The
precipitates formed under different heat treatment conditions were observed using a JEOL JEM-2100
transmission electron microscope (TEM) operated at 200kV in conjunction with an energy-dispersive
spectroscopy (EDS). The TEM samples were electropolished to perforation for approximately 1 min at
—20°C and 12 V using a twinjet electropolisher. The electrolyte was a mixture of nitric acid and methanol
with a volume ratio of 1:2. The number density of the precipitates, D, was calculated from the following
equation [8,9]:

3N,

D=at+a )

where N, is the number of precipitate cross-sections in the imaged area, 4, and (l) is the average needle
length. The factor 3 accounts for the three equivalent directions of (100),; in which the needles grow,
assuming an isotropic distribution. The TEM foil thickness, 7, was measured according to the diffraction
fringes [10,11]. Both N, and {l) were determined from TEM images using the image analyzer Clemex
PE 4.0.

DSC analysis was carried out with a Mettler Toledo computerized differential scanning
calorimeter under a protective atmosphere of pure argon at a follow rate of 30 mL/min. The mass of the
DSC sample was approximately 20 mg. The DSC heating scans were recorded in the temperature range
of 50 °C to 550 °C at a heating rate of 10 °C/min. Electrical conductivity measurements were made on
polished samples at room temperature with a Sigmascope SMP10 eddy current electrical conductivity

meter based on the percentage of international annealed copper standard (%IACS). Eight measurements



were taken and averaged per condition. A Vickers microhardness test was conducted under an applied
load of 10 g with a dwell time of 15 s using an NG-1000 CCD microhardness tester. The indentations
were made on polished samples within the a-Al matrix. The microhardness value of each condition

represented the average of twenty indentations.

3. Results

3.1. As-quenched microstructure

Figure 1 shows the alloy microstructure in the F, PS, and FS conditions. As can be seen in Fig.
la, the eutectic Si in the F condition was very fine and appeared as a network surrounding the Al matrix
due to the rapid solidification of HPVDC. After solutionizing, the Si particles became coarse and
separated, as shown in Fig. 1b and c. These features were much more pronounced in the FS condition
(Fig. 1c) compared with the PS condition (Fig. 1b) as a result of the increased solution treatment
temperature in the former.

The TEM investigation of the as-quenched microstructure revealed the formation of a-
Al(MnFe)Si dispersoids during solutionizing in both PS and FS conditions, as shown in Fig. 2a and b,
respectively. A [001], zone axis recorded selected-area electron diffraction pattern (SAEDP)
corresponding to Fig. 2a (Fig. 2c) showed faint spots at {110} a1 positions (arrowed) which characterized
these dispersoids [12,13]. The chemical composition of the dispersoids as reported elsewhere [12,14]
was also confirmed using TEM-EDS analysis (Fig. 2d). Due to the high Mn content of the alloy (0.53
wt%), a-Al(MnFe)Si dispersoids were precipitated during solutionizing through the decomposition of
the highly supersaturated a-Al solid solution produced by the rapid solidification of HPVDC. The size
of a-Al(MnFe)Si dispersoids in the FS condition (Fig. 2b) was slightly larger than that in the PS condition
(Fig. 2a), which can be attributed to the higher temperature used in the FS condition.

In addition to the a-Al(MnFe)Si dispersoids, scattered precipitates oriented along <200>a
directions were observed in the PS condition, as shown in Fig. 3a. The TEM-EDS analysis of these
precipitates (Fig. 3b) showed that they contained Al, Si, and Mg. These precipitates may belong to one
of the metastable phases which may possibly be precipitated in between £’ and f phases in Al-Mg-Si
alloys, including U1, U2, and B’ phases [5,15-18], or the equilibrium g phase. The presence of these
precipitates indicates that they were precipitated out of the a-Al solid solution during temperature

ramping up to 460 °C, but they were not fully dissolved back into the a-Al solid solution taking into



consideration the relatively low temperature of 460 °C in the PS condition. However, such Mg-Si rich
precipitates were not detected in the FS condition, which indicates that they were almost completely

dissolved into the a-Al solid solution.

3.2. Aged microstructure

The nano-size precipitates formed after aging treatment in the three temper conditions are shown
in Fig. 4a-c. For the T5 condition (Fig. 4a), very fine needle-like precipitates were found in the aged
microstructure. The length of these precipitates was around 35 nm and they were aligned along {200} a1
planes. Based on their size and morphology, these precipitates could be defined as fine " precipitates
[19-21]. In addition to S precipitates, undefined tiny granular precipitates were also observed spread
over the o-Al matrix, which may be precursors of S precipitates. It should be noted that the T5
precipitates of high-pressure die-cast Al-Si-Mg alloys are still debatable and have not yet fully identified
in the literature [22,23].

Fig. 4b and c show a quite remarkable evolution occurred in the precipitate microstructure in the
T6P and T6F conditions. In the T6P condition (Fig. 4b), the microstructure was dominated by a mixture
of fine and relatively large precipitates, which were identified as f” and f’ precipitates based on the
SADPs shown in Fig. 4d and e. The f” precipitates displayed some streaks along <100>4; directions
through {200} a1 planes (Fig. 4d), whereas f’ precipitates produced {220} ai reflections due to their
precipitation on {200} a1 planes (Fig. 4¢). These typical precipitate features were previously described in
Refs. [24-26]. Both £ and S’ precipitates were also formed in combination on {200} a1 habit planes in
the T6F condition, as shown in Fig. 4c, but the f” precipitates appeared most dominant.

The precipitates formed in the T6P and T6F conditions were compared in terms of their average
length and number density, as shown in Fig. 5. The average number density was calculated according to
Eq. 1. As can be seen from Fig. 5, the precipitates were denser and smaller in the T6F condition compared
to the T6P condition, exhibiting an average length and a number density of, respectively, 88.9 nm and
13202.2 um™ in the former and 105.5 nm and 4241.4 um? in the latter. It is worth mentioning that, taking
into consideration their high thermal stability, the a-Al(MnFe)Si dispersoids precipitated during

solutionizing were not affected by aging at 185 °C.



3.3. Evolution of the a-Al solid solution

The evolution of the supersaturation and decomposition of the a-Al solid solution in different
conditions was assessed using DSC analysis and both electrical conductivity (EC) and microhardness
measurements. Fig. 6 shows the DSC heating curves in the F, FS and PS conditions. The curves exhibited
three common exothermic peaks, A, B, and C, at 237-245 °C, 372-416 °C, and 462-530 °C, respectively.
These peaks can be attributed to the precipitation of f”, f” and S precipitates, respectively [27]. An
endothermic effect (D) occurred in the FS and PS condition that could be related to a partial dissolution
of f” precipitates. Interestingly, the height and area of peaks A, B, and C were remarkably larger in the
F condition compared to the FS and PS condition. This indicates that the supersaturation degree of the
a-Al solid solution was significantly higher in the F condition due to the rapid solidification of HPVDC,
while this degree was generally decreased by conducting solution treatment.

Fig. 7a shows the EC along with the microhardness of the alloy in the F, PS, and FS conditions.
Generally, the EC is inversely proportional to the degree of the supersaturation of the a-Al solid solution.
The lower the electrical conductivity, the higher is the supersaturation degree, since the solute atoms
dissolved in the a-Al matrix could effectively scatter the electrons and consequently decrease the
electrical conductivity. As shown in Fig. 7a, the EC exhibited its lowest value of 31.3 %IACS in the F
condition, which reveals that the maximum degree of supersaturation was attained in this condition. On
the other hand, the EC was increased to 35.9 %IACS and 37.9 %IACS in the FS and PS conditions,
respectively, indicating that the supersaturation degree of the a-Al solid solution was decreased in these
conditions when compared to the F condition, which is consistent with the DSC results. The
microhardness measurements in the F, PS, and FS conditions (Fig. 7a) showed that the F condition had
the highest microhardness value followed by the FS and PS conditions (90.0, 87.8 and 82.8 HV,
respectively). The microhardness values are given by the extent of the solid solution strengthening which
is proportional to the supersaturation degree of the a-Al solid solution. Thus, the results of the DSC, EC
and microhardness agree well in the assessment of the supersaturation degree of the a-Al solid solution
in the F, PS, and FS conditions.

Fig. 7b shows the EC and microhardness values of the alloy in the TS5, T6P, and T6F conditions.
The EC increased from 34.3 %IACS in the TS5 condition to 40.0 %IACS in the T6P and T6F conditions.
The notable difference in the EC values between the TS5 condition and both T6P and T6F conditions

reveals that the extent of decomposition of the a-Al solid solution after aging at 185 °C for 4 h was
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remarkably varied from the first to the other two conditions. As seen in Fig. 7b, the microhardness varied
form one temper to another. The T6F temper yielded the highest microhardness of 107.6 HV, while the
T5 and T6P tempers provided lower microhardness values of 100.2 and 96.0 HV, respectively. This
indicates that the alloy exhibited different precipitation characteristics after aging in the three temper

conditions.

4. Discussion

The TEM observations obviously revealed that the precipitation characteristics of the HPVDC
AlSi10Mg0.3Mn alloy differed from the TS5 condition to the T6P and T6F conditions. While the
precipitation of f” phase was still in its early stage in the TS condition, the precipitation of both " and
p’ phases had already taken place to large extents in the T6P and T6F conditions. Since the alloy was
subjected to the same aging treatment (185 °C for 4 h) in all conditions, the variations in the precipitation
characteristics of the alloy are mostly related to the alloy state before aging, namely whether the alloy
was as-fabricated or partially or fully solutionized.

The maximum supersaturation degree was achieved in the F condition due to the very high
cooling rate and high pressure of the HPVDC, as the solid solubility in this condition is just slightly
below the solidus temperature, which would make it possible for the a-Al to retain as much solute atoms
as possible. This was confirmed by the highest exothermic peaks (Fig. 6) and the lowest EC in the F
condition (Fig. 7a). However, during the TS5 aging, the formation of precipitates seemed slow and
sluggish, as was confirmed by the TEM results, where £ ” phase was just in its initial stage of precipitation
(Fig. 4a). This can be attributed to the relatively low cooling and the subsequent natural aging occurred
after ejecting the solidified cast from the die, which would promote the consumption of vacancies and
the formation of solute clusters, thereby retarding the precipitation of f” phase during artificial aging
[28-30]. Therefore, a longer time and/or a higher temperature may be required to reach the peak-aged
condition.

For the T6P and T6F tempers, solution treatments and subsequent quenching were involved prior
to aging (PS and FS conditions), and therefore abundant quenched-in vacancies were provided in these
temper conditions compared with the TS condition. The precipitation process would, therefore, be faster
in the T6P and T6F conditions, resulting in well-developed £ and f’ precipitates (Fig. 4b and c vs. Fig.
4a). However, the supersaturation degree of the a-Al in the PS and FS conditions was lower than that in

the F condition, which is due to that the solutionizing temperatures in the PS and FS conditions were far
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below the solidus temperature and also due to the precipitation of a-Al(MnFe)Si dispersoids in these
conditions (Fig. 2). These dispersoids consumed Fe, Mn, and Si solute atoms from the a-Al solid solution,
thereby decreasing its degree of supersaturation. This is evidenced by the increases occurred in the EC
in the PS and FS conditions compared with the F condition, as shown in Fig. 7a (37.9 and 35.9 %IACS
vs. 31.3 %IACS). The decreased supersaturation and the consumption of Si solute atoms in the
dispersoids explain why the amounts of f “and S’ precipitates, which are mainly composed of Si and Mg,
were found to be less in the T6P and T6F conditions compared to the T5 condition using the DSC analysis
(Fig. 6, PS and FS vs. F). This effect was more pronounced in the PS condition than that in the FS
condition. This can be attributed to the presence of Mg-Si rich precipitates that remained undissolved
after partial solutionizing (Fig. 3) and consequently further decreased the supersaturation of the a-Al
with Si and Mg, whereas they were almost dissolved completely after full solutionizing.

The evolution of the microhardness is related to the microstructure changes in different
conditions. In the F, PS and FS conditions, the microhardness is principally given by the solid solution
strengthening. As shown in Fig. 7a, the highest microhardness occurred in the F condition (90 HV),
which is attributed to the high solid solution strengthening induced by the highest supersaturation of the
a-Al in this condition. On the other hand, the reductions of the microhardness appeared in the PS and FS
conditions were due to the decreases of the supersaturation level of the a-Al that reduced the solid
solution strengthening in these conditions. These reductions seemed to be not fully compensated by the
strengthening effect of the a-Al(MnFe)Si dispersoids, since the microhardness displayed lower values in
the PS and FS conditions compared to the F condition as shown in Fig. 7a (82.8 and 87.8 HV vs. 90.0
HV).

The extent to which the precipitation process took place in the TS, T6F, and T6P conditions would
determine the final mechanical properties of the HPVDC AlSil0Mg0.3Mn alloy, which was
preliminarily proven by the relevant microhardness values shown in Fig. 7b. Both £ and S’ precipitates
were found coexisting in the T6P and T6F conditions, but the £ precipitates were much denser and more
dominate in the T6F condition, resulting in much higher microhardness in this condition than in the T6P
condition (107.6 HV vs. 96.0 HV). The £” phase has a coherent interface with the a-Al matrix and it is
therefore a more effective hardener than the semicoherent S’ phase [31]. The coherency relationship with
the matrix determines the interaction mechanisms between the precipitates of these phases and
dislocations and consequently the degree of precipitation hardening. The coherent f” precipitates are

always sheared by the dislocations, whereas the semicoherent S’ precipitates are bypassed by the



dislocations [32-34]. A higher applied stress is always necessary for the shearing mechanism compared
with the bypassing mechanism to continue moving the dislocations. The hardening produced by the
shearing mechanism is due to the chemical strengthening from the energy increase at the additional
matrix-precipitate interfaces that form when dislocations shear the coherent precipitates [35,36]. In
addition, the interfacial misfit strain induced by the lattice misfit between the coherent precipitates and
the matrix contributes to the precipitation hardening through the coherency strengthening [35,37].

In the TS condition, the alloy was strengthened by both the solid solution strengthening of the
residual non-decomposed o-Al solid solution and the f” phase that was still in its early stage of
precipitation as well as its possible precursors. Because the peak hardening occurs in Al-Mg-Si alloys at
the transition from " phase to £’ phase [38], the alloy did not exhibit its maximum hardness in the T5
condition, displaying a microhardness value lower than that in the T6F condition (100.2 HV vs. 107.6
HYV), but higher than that in the T6P condition (100.2 HV vs. 96.0 HV). Meanwhile, no surface blistering
was observed in the T6P and T6F conditions. Therefore, the proposed full solution treatment can further
improve the mechanical properties of the HPVDC AlSi10Mg0.3Mn alloy while maintaining casting

soundness.

5. Conclusions

1. Both partial and full solution heat treatments of the HPVDC AISi10Mg0.3Mn alloy resulted in
the formation of a-Al(MnFe)Si dispersoids which consumed Fe, Mn, and Si solute atoms from
the a-Al solid solution. In addition, Mg-Si rich precipitates formed and remained undissolved
after partial solutionizing, causing additional consumptions of Mg and Si solute atoms.

2. The as-fabricated (F) condition achieved the highest supersaturation degree of the a-Al solid
solution due to the very high cooling rate and high pressure of the HPVDC process. The
supersaturation degree decreased in both partial and full solutionizing conditions.

3. The TEM observations revealed different precipitation characteristics in the T5, T6P and T6F
conditions. The precipitation of f” phase was still in its early stage in the T5 condition, while the
precipitation of both " and £’ phases had already taken place to different extents in the T6P and
T6F conditions.

4. The different precipitation characteristics of the HPVDC AlSi10Mg0.3Mn alloy in the three
temper conditions produced different hardening effects that would determine the final alloy

mechanical properties. The T6F temper yielded the highest hardening effect followed by the T5
9



and T6P tempers, providing an approach to improve the mechanical properties of HPVDC parts

while avoiding the undesirable surface blistering by optimizing the heat treatment.
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Figure Captions

Fig. 1. Optical micrographs showing the microstructure in the (a) F, (b) PS, (¢) FS conditions.

Fig. 2. (a) and (b) bright-field TEM images showing the a-Al(MnFe)Si dispersoids formed in the PS and
FS conditions, respectively, (c) corresponding SAEDP recorded at [001]a zone axis for (a), and (d)
TEM-EDS spectrum showing the composition of the dispersoids.

Fig. 3. (a) bright-field TEM image showing Mg-Si rich precipitates in the PS condition and (b) TEM-

EDS spectrum showing the composition of these precipitates.

Fig. 4. (a) to (c) bright-field TEM images showing the precipitates in the T5, T6P and T6F conditions,
respectively, and (d) and (e¢) SAEDPs in the T6P condition.

Fig. 5. Characteristics of the precipitates formed in the T6P and T6F conditions.
Fig. 6. DSC heating curves of the AISi10Mg0.3Mn alloy in the F, PS and FS conditions.

Fig. 7. EC and microhardness values of the AISi10Mg0.3Mn alloy in (a) F, PS, and FS conditions, and
(b) TS5, T6P, and T6F conditions.

14



Tables

Table 1. Chemical composition (wt%) of the HPVDC alloy.

Si Mg Mn Fe Ti Sr A% Al

10.63 0.32 0.53 0.17 0.05 0.014  0.012 Bal.

Table 2. Tempers applied to the HPVDC AlSi10Mg0.3Mn alloy.

Temper Solution heat treatment Aging treatment

T5 N/A® 185°C/4h

T6P Partial solution treatment, PS: 460°C/1h, 185°C/4h
followed by water quenching.

T6F Full solution treatment, FS: 500°C/1h, 185°C/4h

followed by water quenching.

"No solution treatment was applied. The alloy was directly aged in the
as-fabricated condition, namely F condition.
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Figures

Fig. 1. Optical micrographs showing the microstructure in the (a) F, (b) PS, (¢) FS conditions.
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Fig. 2. (a) and (b) bright-field TEM images showing the a-Al(MnFe)Si dispersoids formed in the PS and
FS conditions, respectively, (c) corresponding SAEDP recorded at [001]a zone axis for (a), and (d)
TEM-EDS spectrum showing the composition of the dispersoids.
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Fig. 3. (a) bright-field TEM image showing Mg-Si rich precipitates in the PS condition and (b) TEM-
EDS spectrum showing the composition of these precipitates.
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Fig. 4. (a) to (c) bright-field TEM images showing the precipitates in the T5, T6P and T6F conditions,
respectively, and (d) and (¢) SAEDPs in the T6P condition.
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Fig. 5. Characteristics of the precipitates formed in the T6P and T6F conditions.
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Fig. 6. DSC heating curves of the AISi10Mg0.3Mn alloy in the F, PS and FS conditions.

20



I
=)

100 42 115
(a) | EZZEtectric Conductivity (b) | EZZEtectric Conductivity
| |Microhardness | | Microhardness 107.6
38 379 e —wl 40.0 401 4 110
[2) 90.0 w
¢ ¢
= L 359 87.8 —_ =} 100.2 - 105 ~
§ 36 T - 90 % 9_\°/ 38 - %
= 828 Z e =2 e
= l a s 9.0 4100 8
= - [ =B L
8 48 c S 36 c
] ° ] e
c E g - 95 E
Q32 S 34.3 o
© 313 Joo 5 Qau} kel
£ s = 1% =
g ks
w 4 W
75 32 Al
28 -
70 30 80
F PS FS T5 T6P T6F
Sample Condition Sample Condition

Fig. 7. EC and microhardness values of the AISi10Mg0.3Mn alloy in (a) F, PS, and FS conditions, and
(b) TS5, T6P, and T6F conditions.
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Figure S1. EBSD maps showing the grain structure in: (a) TS5, (b) T6P, and (c) T6F temper conditions.
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Table S1. Grain size and variation coefficient in the T5, T6P, and T6F conditions based on EBSD

analysis.
. Grain size pm o )
Condition — - Variation coefficient
Average Minimum Maximum
T5 25+12 8+4 91+ 10 0.67
T6P 27+ 14 9+3 95+12 0.65
T6F 24 £ 14 8+3 89+ 11 0.68
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