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Abstract 

The microstructure and tensile properties of the extruded Al-
12.7Si-0.7Mg alloy aged at 160°C, 180°C and 200°C were 
investigated. The precipitates in different aging conditions have 
been characterized by regular and high resolution transmission 
electron microscopy (TEM and HREM) aiming at understanding 
the strengthening mechanisms. It was shown that the alloy after 
T6 treatment exhibits good ductility and much higher proof 
strength as well as tensile strength compared to 6063 alloy in 
general. The results have revealed that the strength changes by 
altering the precipitates size and volume fraction. The 
strengthening was attributed to be the combining effect of particle, 
grain boundary and precipitation strengthening. 

Introduction 

For 6xxx Al-Mg-Si alloys, T4 or T6 heat treatment is in most 
cases an essential step in the manufacturing process. The 
strengthening of these alloys after heat treatment is attributed to 
the formation of fine precipitates resulting from the aging 
treatment after solution treatment [1-3]. The strengthening of 
wrought Al-Mg-Si alloys is based on a precipitation hardening 
process. The precipitation sequence in the Al-Mg-Si alloys is 
generally accepted as [4-6]: Supersaturated solid solution-»GP 
zones-»ß"->ß'->ß. 

Al-Si alloys with addition of Mg make a big group of cast 
aluminum alloys for structural purpose. Yu et al. [7] reported that 
the DC casting process can be used to refine primary and eutectic 
Si phase in hypereutectic Al-Si alloys without recourse to 
chemical modification and other means such as electromagnetic 
stirring. Further work showed that traditional metallurgical 
process could be used to make Mg bearing Al-Si alloys with 
mechanical properties comparable or even superior to that of the 
6000 series alloys [8]. On this base, a complete process 
incorporating DC casting, hot deformation and heat treatment has 
been developed for manufacturing wrought Al-Si alloys as 
structural materials. 

As in the 6xxx alloys, Mg in the wrought Al-Si alloys is taken 
in advantages to strength the alloys through precipitation 
strengthening. Although the precipitation process in Al-Mg-Si 
alloys has been extensively studied, the understanding of the 
hardening process is still incomplete, since any change in 
composition, processing and aging practices etc. could affect the 
precipitation hardening behavior [9, 10]. A good understanding of 
the relationship between strength and precipitation process can be 
favorable for artificially controlling the aging treatment and 
industrial purposes. 

In this work, the precipitate phases of Al-12.7Si-0.7Mg alloy 
aged at 160°C, 180°C and 200°C were investigated by TEM and 

HREM in order to evaluate the effect of artificial aging treatment 
on microstructure and tensile properties. 

Material And Methods 

A DC cast Al-Si-Mg alloy (composition: 0.7 wt% Mg, 12.7wt% 
Si, 0.2wt% Fe and balance aluminium) billet of 110 mm in 
diameter was produced, without chemical modification, with a 
pouring temperature of 700°C and casting velocity of 3 mm/s. The 
billet was extruded into a profile of 4 mm in thickness at 470°C, 
after pre-heat-treatment at the same temperature for 2 h. The 
extrusion ratio is 15:1 and the ram speed was set at 10.5 mm/s 
during extrusion. 

The specimens for tensile test were cut from the extrusion 
profiles along the longitudinal direction. A portion of the tensile 
specimens were processed to T4 (solution treatment + natural 
aging) and T6 (solution treatment + artificial aging) tempers. The 
solution treatment was performed at 540°C for 90 min in a salt 
bath and quenched into water at room temperature. Artificial 
aging was carried out at three different temperatures such as 
160°C, 180°C and 200°C for a period of 1, 2, 3 h respectively in a 
Muffle furnace. Mechanical tests were performed on a SANS 
testing machine at a cross-head speed of 1 mm/min. The 
mechanical data for Tl(as extruded), T4 and T6 conditions were 
the average for three specimens which were wire electric 
discharge machining machined corresponding to ASTM standard 
E8. Elongation was measured as the engineering strain at fracture. 

The samples for optical observation were prepared following 
standard metallographic methods. An optical microscope (Leica 
DMI 5000M) was used for this purpose. The TEM samples were 
thinned to 50 urn by mechanical polishing and punched into 3 mm 
disks prior to the TEM experiments. Thin foils for TEM studies 
were twin jet electropolished in a solution of 30% nitric acid in 
Methanol at -20°C. Conventional TEM observations were 
performed using a FEI Tecnai F20 electron microscope operated 
at200KV. 

Results And Discussion 

General Observation Of Microstructure 

Figure 1 shows the microstructures of the extruded profile on 
its longitudinal section after solution treatment and artificial 
aging. As observed in a previous work [8] it contains uniformly 
distributed silicon particles in the Al matrix of fine equiaxed 
grains. It is worthy to notice that artificial aging treatment at 
different temperatures did not change the size of the Si particles 
and the Al matrix grains are shown in Figure lb and c. After 
artificial aging treatment, precipitation occurred within the matrix, 
but the precipitates can not be revealed by optical microscope. 
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Figure 1. Optical micrographs of the alloy after heat treatment: (a) solution treatment (540°C /90 min), (b) artificial aging at 180°C for 3 h, 
(c) artificial aging at 200°C for 3 h. 

Figure 2. TEM and HREM image of the alloy aged for 3 h at 160°C, 
the needle-shaped precipitate along [010]Ai and [100]Ai; 

TEM And HREM 

Figure 2 shows TEM (B= [001]Ai) and HREM image of the 
alloy aged for 3 h at 160°C. Very fine dark spot precipitates were 
visible on the bright-field micrograph. It also can be seen that a 
few needle-shaped precipitates nucleated on dislocation as marked 
by the arrow in Figure 2a. The selective area electron diffraction 
(SAED) pattern obtained from the [001]Ai zone did not show the 
presence of any extra diffraction spots. Figure 2b shows the 
HREM image of the precipitates along [010]Ai and [100]Ai 
directions. Atomic columns in the viewing direction in the image 
appear as bright dots. The bright dots having a spacing of 0.405 
nm, are arrayed in arrow on the (200) lattice plane of the matrix. 
The morphology of precipitate in this alloy is similar with 
previous observation for GP zone [11]. HREM images of the dark 
spot phase with a diameter of about 2 nm are presented in Figure 
2c. This precipitate shows an irregular arrangement of black-white 
contrast inside. The fast Fourier transformation (FFT) of the 
HREM image is fainter and diffuse as shown in Figure 2d. 
Accordingly the diffuse streaks are uncertain of crystal structure 

(a) TEM micrographs (B= [001]Ai) of precipitate, (b) HREM image of 
, (c) and (d) HREM and FFT of the dark spot precipitate. 

of the precipitates clearly. Extensive bright field and dark field 
TEM from the alloy aged at 160°C for 1 h, provided evidence of a 
few dark dot precipitate in the matrix. 

Figure 3a shows the bright-field TEM micrograph (B=[001]Ai) 
of the alloy aged for 1 h at 180°C. Very fine dark dot precipitates 
are visible in the viewing direction. There is no obvious streak of 
precipitate between the diffraction spots of Al matrix after aging 
for lh at 180°C. Figure 3b and c show the bright-field TEM 
micrographs (B=[001]Ai) of the alloy aged for 2, 3 h at 180°C, 
respectively. The microstructures of the Al matrix shown in 
Figure 3b and c are characterized by dislocations and high density 
very fine dot and needle precipitates. The needle-shaped 
precipitates are oriented along [010]Ai and [100]Ai directions as 
observed in a previous work [8]. The mean length of needle-
shaped precipitates of alloy after aging for 3h is increase than that 
aging for 2h. 

The Si content in the Mg bearing wrought Al-Si alloy in this 
study is much higher than that needed to form Mg2Si, as in the 
case of Al-Mg-Si alloys in general. The aging temperature of 180 
°C and 200°C used in this study are the temperature at which the 
needle-shaped precipitate ß" along <001>Ai is formed in Al-Mg-Si 
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Figure 3. TEM images of the Al-12.7Si-0.7Mg alloy at different 
treatment conditions: (a) aged at 180°C for 1 h, (b) aged at 180°C 

for 2 h, (c) aged at 180°C for 3 h. 

Figure 4. HREM images of the dot precipitates of Al-12.7Si-
0.7Mg alloy(a) aged at 180°C for lh, (b) and (c) aged at 180°C for 

2h, (d) aged at 180°C for 3h, (e) to (h) the Fourier transform of 
the HREM image in (a) to (d), respectively, 

alloys [2,10]. In the case of the Al-Mg-Si alloys with excess of Si, 
previous TEM works showed that the excess Si does not alter the 
precipitation sequence, structure and lattice parameters of 
different metstable precursors, but rather results in modification of 
the composition and density of particles [9,10]. Nevertheless, 
Investigators considered that needle-shaped precipitate is ß" and 
the dark dots should be the cross sections of the needles along 
[001]AI [2,4,5,10,11]. The cross section of the dark dot precipitates 
were investigated in detail in this work. 

HREM image of the dark dot precipitate of the alloy aged at 
180°C for 1 h with a diameter of about 2 nm is presented in 
Figure 4a. The cross section shape of the precipitates is generally 
either nearly circular or circular with one or more bulges. The 
FFT pattern of the HREM image of the phase in the matrix is 
fainter and diffuse. Figure 4b and c show the typical HREM 
images of the dark dot precipitate for the alloy aged at 180°C for 2 
h. The cross section shape of the dark dot precipitate shows an 
ellipsoidal-shaped image that is 2-3 nm in size. The precipitate 
shows parallelogram-shaped image for the alloy aged at 180°C for 
3h that is 3-4 nm in size as shown in Figure 4d. The other 

Figure 5. (a) and (b) TEM image of the alloy aged at 200°C for 1 
h, (c) HREM image of the lath precipitate, the corresponding the 

FFT pattern is inserted into the HREM image, (f) and (g) the 
Fourier transform of the HREM image in (d) to (e), respectively. 

Figure 6. TEM and HREM images of the alloy aged for 3 h at 
200°C, (a) TEM image, (b) to (d) HREM image of dark dot 

precipitates. 
Figure 5 shows TEM (B=[001]Ai) and HREM image of the 

alloy aged for 1 h at 200°C. The observed needle-shaped 
precipitate are aligned in the [010]Ai and [100]AÏ in the matrix. The 
mean length of the precipitates is 28 nm. The dark dot precipitates 
observed form the [001]Ai has larger size compare to aging at 
180°C. Figure 5c shows the HREM micrograph of a lath shaped 
precipitate as marked by arrow in Figure 5b. The angle between 
the long face of the precipitate cross-section and the [100]Ai is 
about 10 degrees. The morphology and orientation are very close 
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Figure 7. Mechanical properties curves of the Al-12.7Si-
to the structure of the B precipitate that was reported by Dumolt 
et al. [12], therefore this precipitate is considered to be B\ Careful 
HREM observations in Figure 5d to e of the alloy, which were 
revealed that the precipitate different size and morphology, 
indicated that the predominant precipitate phases after aging for 
lh at 200°C is also ß" precipitates. 

Figure 6 shows TEM (B=[001]Ai) and HREM image of the 
alloy aged for 3 h at 200°C. The TEM image is quite similar 
to the alloy aged for 3 h at 180°C. The needle-shaped precipitate 
lie along [010]Ai and [100]Ai has grown to larger size compare 
toaging at 180°C, now being about 50-100nm in length as shown 
in Figure 6a. Figure 6b to d shows the HREM images of dark dot 
precipitates. Dark dots have different size and shape. After aging 
for 3 h at 200°C, the dark dot precipitates are mainly ß 
precipitates through viewing the morphology and streak on the 
FFT of the precipitates. 

Tensile Properties 

Table I. Mechanical properties of the Al-12.7Si-0.7Mg alloy in 
different treatment conditions 

(b) 

1 
Aging time/h 

Alloy state 

I T l 
T4 

YS (MPa) 

108 

151 

UTS (MPa) 

190 

285 

Elongation(%) 

15.03 1 

14.08 J 
Table II. Mechanical properties of extruded 6063 alloys (GB/T 

6892-2000) [13] 
Alloy state 

T4 

T6 

YS(MPa) 

65 

180 

UTS (MPa) 

130 

205 

Elongation(%) 

12 1 

8 j 
Table I lists the mechanical properties of the Al-12.7Si-0.7Mg 

alloy treated in Tl and T4 conditions and Table II gives the 
mechanical properties of 6063 alloy according to China National 
Standard, GB/T 6892-2000 [13] for comparison. The ultimate 
tensile strength (UTS) and yield strength (YS) of the Al-12.7Si-
0.7Mg alloy in Tl condition (190MPa and 108MPa) is much 
higher than that (130MPa and 65MPa) of 6063 alloy in T4 
condition as shown in Table I and Table II. As previous study [8], 
the strengthening mechanisms of Al-12.7Si-0.7Mg alloy in Tl 
condition are from grain boundary and paniculate strengthening. 

Comparisons of the effect of the aging treatment on tensile 
properties for Al-12.7Si-0.7Mg alloy are shown in Figure 7. No 

0.7Mg alloy aged in different aging treatment conditions. 
significant increase was found in strength of the alloy aged at 
160°C accompany with increasing the aging time. The YS of the 
alloy aged at 160°C is equivalent to 6063 alloy in T6 condition. 
The UTS and elongation of the alloy is much higher than 6063 
alloy in T6 condition. The strength of alloy aged at 160°C is 
higher about 20MPa than that of the alloy in T4 condition. The 
increased mechanical strength of the alloys originates mainly from 
the dark dot precipitates. The mechanical properties of the alloy, a 
continuous and pronounced increase in strength with the increase 
in aging time from 1 h to 3 h at 180°C is observed as seen. It has 
been found that the strength and ductility of the alloy were clearly 
affected by the evolution of precipitate morphology. The 
predominant precipitate phase after aging for 2 h and 3 h at 180°C 
is the needle and the dot precipitate (Figure 3b and c). The 
precipitates are thus considered to be responsible for increase in 
the strength in this alloy. The strength the alloy decreased 
gradually aged at 200°C as a result of overaging. The alloy after 
aging at 200°C for 1 h exhibits good ductility and much higher 
yield strength as well as ultimate tensile strength compared to 
6063 alloy in T6 condition. The elongation of the alloy aged at 
200°C hold for 2 h and 3 h is lower than that of (8%) 6063 alloy 
in T6 condition. The TEM and HREM image shown in Figure 5 
and Figure 6 indicate that the precipitate has grown to larger size 
compare to aging for other aging treatment. In the over-aged 
conditions, precipitates coarsen via Ostwald ripening. Clearly, the 
hardening behavior of the Al-12.7Si-0.7Mg alloy depends on the 
size, distribution and number density of precipitates. 

The fact that the mechanical properties of the Mg bearing Al-Si 
alloys aging at 160°C and 180°C can be made comparable or even 
superior to that of the 6000 series alloys through traditional 
metallurgical process is attractive from the viewpoint of industrial 
application of the Al-Si alloys. 

Conclusions 

1. The Al-12.7Si-0.7Mg alloy after T6 treatment exhibits good 
ductility and much higher yield strength as well as ultimate tensile 
strength compared to 6063 alloy in T6 condition. 
2. The predominant precipitate phase aged at 180°C and 200°C 
for different time is ß" viewed cross-section of these precipitate 
along [001]Ai by HREM. 
3. The aging hardening process could be used to make Mg bearing 
Al-Si alloys with mechanical properties comparable or even 
superior to that of the 6000 series alloys. 
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