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Abstract 

The effect of predeformation on age-hardening in AI-Mg2Si alloys and AI- Mg2Si-0.4mass%Si 
alloys containing several Mg2Si co ntent were investi gated by hardness measurement and 
transmission electron microscope. The maximum hardness of predeformed AI-Mg2Si alloys 
containing Mg2Si less than 0.8% and also predeformed AI-0.4%Mg2S i-0.4%S i alloy 
increased with increasing amount of predefonnation. The precipita tes of predefonned 
specimens became finer and denser than those of non-predefonned ones. And the precipitate 
having elongate shaped cross section was ex isted in predeformed specimens. 

Introductiun 

It had been well known th at AI-Mg2Si alloys can be improved their own mechanica l 
properties by combination of deformation and thermal Ireatment(TMT)[ I J. The prevIOuS 
studies about TMT in thi s alloy[2] were almost performed using 6000 series commercial alloys. /' 
Then chemical compositions of alloys were complex and also the condition of TMT were 
compl icated. These factors form barriers for systematic understanding of the effect of TMT on 
age-hardening in thi s all oy system. 
In thi s study, the effec t of predeformation after solution heat treatment on age-hardening in AI­
Mg2Si alloys and AI-Mg2Si-OAmass%Si alloys containing various Mg2Si contents were 
investigated by hardness measurement and transmission electron microscope(TEM) 
observation. In add ition, the HRTEMChigh reso lution elec tron microscope) im ages of 
precipitates in predeformed AI-Mg2Si all oys were compared with those of non-predeformed 
AI-Mg2Si alloys. 

Experimenra l 

AI-Mg2Si alloys (balanced alloys) and AI-Mg2Si-0,4%Si alloy (excess Si alloys) were prepared 
using 99.99% aluminum, 99.9% magnesium and 99.9% si licon. Table I shows the cherl11ca l 
composition of alloys . The ingot was fo rmed into sheets by hot and co ld rollmg. TillS shee t 
was solution heat treated at 848K for 3.6ks. Predeformalion pri or to aging was provided by 1 
- 60% cold-rolling and it required for 10 minutes . Aging treatment after predeformation was at 
473K in an oil bath. The hardness was measured by a Vickers micro hardness tester (MVK-EII, 
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AKASHl Seisakusho,LTD.) at load ofO .98N (lOOgf) for 15 seconds. Thin specimens for TEM 
were made by the electrolytic po li shing method. A HRTEM was used a EM-002B type 
(TOPCON,Co.Ltd.) operating at 200 kV. 

Ta ble 1. Chemical composition of all oys. (mass%) 

All oy Mg S i A I Mg ,S i excess S i 

O. 1XHg,S i 0. 27 O. 16 bal. 0. 43 ----

0.6XHs,S i 0.37 0. 21 bal. 0.58 ----

O. 8XHg,S i 0.50 0.28 bn I. 0.78 - ---

I. OXHg,S i 0.58 0.35 bal. 0.9 1 ----

I. 6XHg,S i I. 00 0. 58 bo I. i. 58 ----

-
O. 4XHg,S i-0. 4XS i 0.23 0. 54 bal. 0. 36 0. 41 

O. 6XHg,Si-0. 4XS i 0. 37 0. 62 ba l. 0.58 0. 40 

O. 8XHg, o i -0. 4XSi 0. 49 0. 72 bal. 0. 77 0. 43 

1. 0XHg,Si-0. 4XS i 0. 59 0.76 bo I. 0. 92 0. 42 

Reoults and di scussion 

Hardness measurement 

Figures I (a) and 1 (b) show the age-hardening curves of the balanced all oys and the excess Si 
all oys respecti vely. The hardness in each alloy increases with increas ing aging time up to a 
peak value and then dec reases monotonously. The hi gher maximum hardness value could be 
obtained from hi gher Mg2Si content alloys. Conversely , the time to maximum hardness 
degreases with increas ing Mg2Si content. The maximum hardness of excess Si alloys are 
higher than that of balanced alloys containing the same Mg2Si contents. 

Figure 2 show age-hardening curves of 5% predeformecl alloys after solution heat tTeatment. 
When comparing Figures I (a) with Figure 2(a), the maximum hardness in predeforrned 
balanced alloys containing Mg2Si less th an 0.8% are higher than the maximum hardness 
of non-predeformed alloys. Whereas the maximum hardness in balanced alloys containing 
Mg2Si more than 1.0% are nearly equal to non-predeformed alloys ones. In the case of excess 
Si alloys, the maximum hardness in predeformed specimen containing 0.4%Mg2Si is higher 
than that of non-predeforrnecl spec imen. While the maximum hardness in excess Si alloys 
containing Mg2Si more th an 0.6% are almost similar value to non-predeformed specimens as 
shown in Figures l(b) and 2(b) . 

Figure 3 shows the effect of amount of predeformation on the age-hardening curves in the 
both of the balanced alloy and the excess Si alloy containing 0.8%Mg2Si. The maximum 
hardness increases with increas ing amount of predeformation, on the contrary, 
the time to maximum hardness decreases with increasing amount of predeformation as shown 
in Figure 3(a). Similar result was obtained on the balanced alloys containing 0.4% and 
O.6%Mg2Si and on the excess Si alloy containing 0.4 %Mg2Si. As shown in Figure 3(b), the 
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maximum hardness dose not varied but the time to maximum hardness decreases wi th 
increasing amount of predeformation. Similar tendency was appeared on the balanced alloys 
containing 1.0% and 1.6% Mg2Si, and on the excess Si . alloys containing 0.6% and 
1.0%Mg2Si. 
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Figure 1. Changes in Vickers micro-hardness with aging time. (a) the balanced alloys and (b) 
the excess Si alloys. 
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Figure 2. Age-hardening curves of 5% predeformed alloys after solution heat treatment. 
(a) the balanced alloys, (b) the excess Si alloys. 

TEM observation 

Figures 4(a) ~4(d) show the bright field images of aged balanced alloys with predeformation up 
to 10% and Figures 4(e) ~ 4(h) show images of same alloys without predeforrnation. It can be 
seen a tendency that the rod-shaped precipitates become finer with increasing Mg2Si content. A 
particle marked by an arrow in Figure 4(a) is an equilibrium phase (Mg2Si). It is noted that the 
precipitates in predeformed specimens are finer and denser than those of non-predeforllled 
specimens as compared Figures 4(e) and 4(f) with Figures 4(a) and 4(b). Contrary to above 
results, the precipitates in predeformed specimens are coarser th an those of non­
predeformed specimens as compared Figure 4(g) and 4(h) with Figures 4(c) and 4(d). 
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Figures 5(a) ~ 5(d) show bright field images of aged excess Si alloys with predef?rmation. up to 
5% and Figures 5(e) ~ 5(h) are images of the same alloys without predeformatIon. ObvIOusly, 
the rod-shaped precipitates in excess Si alloys containing 0.4%Mg2Si are coarser than those ~f 
excess Si alloys containing Mg2Si more than 0.6% as shown in Figures 5(a) - 5(d) .. The SI 
precipitates could be seen at some area in the excess Si alloy containing 0.4%Mg2SJ. When 
comparing Figure 5(e) with Figure 5(a), the precipitates in the predeformed specimen are fmer 
and denser than that of the non-deformed specimen. While, the precipitates i~ pr~defor~ed 
specimens are coarser than those of non-deformed specimens when companng Figures (f), 
5(g) and 5(h) with Figures 5(b), 5(c) and 5(d). Thus, the changes of maximum hardness of eacl~ 
aged alloys (as shown in Figures I and 2) with predeformation may be caused by the changes 0 

the number, size and distribution of precipitates. 
120 120r---~------~--1 

a. 0% R. AI- O.8%Mg.Si b AI-O.8%M9.Si-0.4%Si 
> 0 1.0% R. aged at 473K aged OIl d73K 
I 100 ... 5.0% R. 100 
:; {;, 10%R. 
~ 030% R. 
c 060% R. 
~ 80 80 
I 
o 
U 
~ 60 

• 0% (;, 10% 
o 1.0% 030% 
... 5.0% 060% 

20a, a. 10 ' 102 103 104 20 1 2 103 10' 
Q. R. Aging lime x 0.06 / ks . '8a~. 10 10 

. Aging tim e x 0.06/ ks 
Figure 3. Effects of amo.unt of predeformation on the age-hardening curves in both of the 
balanced and the excess SI alloys containing O.8%Mg

2
Si. 

HRTEM Observation 

:igure 6(b) shows an en~arged photograph of an area indicated by a rectangle in Figure 6(a) 
111 the predeformed (101'0) ?alanced alloy containing 1.0%Mg

2
Si. Precipitates marked by 

arrows can be seen along a dislocation line SI'ze of tiles . . I arly smaller than . . . e precipItates are c e .' 
t.he ro~-sh~p~d precipitates along ~ 1.00> matrix direction as shown in Figure 6(a). Typ~calll1gh 
lesolutIon Image of such ch~actenstlc precipitate is shown in Figure 6(c). The precIpitate has 
'~ ~Iong,~te featur~ and white dots in it arrange a parallelogram. The size of tWO sides of the 
parallelogram are c1bout 0.9nm and ° 4nm An angle bet . I d d' ctl'on 'Illd <100> " . . . '. ween ItS e ongate He '.. " 
matrix directIon I.S about 10 degrees . We call this the "elongate-shaped precipitate 
hereafter. The outhn~ and arrangement of bright dots in a high resolution image of the 
elongate-sh~p~d preclplta~e are clearly different from those of the cross-section of the rod­
shaped ~reclpItate that eXisted ?ominanUy in the non-predeformed AI- l.O%Mg2Si alloy in ou~ 
prevIOus repon [3 J. We call thiS (conventional rod-shaped precipitate) the "normal hexagon 
here~f:er. The normal hexagon simultaneously exists together with the elongate-shaped 
preclpllat~ III the predeformed specimen as shown in Figure 6(b) indicated by a double arroW. 
The relallve frequency of number of normal hexagon among all precipitate in unit area was 
always more tha~ 50%. Ea~h n~mber of two kinds of precipitates in balanced alloys was 
plotted for Mg2S1 contents III Figure 7. The number of elongate-shaped precipitates tends to 
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increases with increasing Mg2Si contents and is not affected amount of predeformation. The 
number of normal hexagons increases with increasing amount of predeformation in balanced 
alloys containing low Mg2Si, while that of high Mg2Si alloys decreases extremely. From these 
result, it must be considered that the number of the normal hexagon is a controlling factor on 
age-hardening in the predeformed balanced alloys. In the excess Si alloys, the elongate-shaped 
precipitate was observed, too . But it can not identify whether the elongate-shaped precipitate in 
the excess Si alloys is the same as that of balanced alloys or not. Because the precipitates that 
have different features on their high resolution images existed simultaneously in the excess 
Si alloys[4]. We need further observation about precipitates in predeformed excess Si alloys. 

Conclusions 

The effects of predeformation on age-hardening in Al-Mg2Si alloys and Al-Mg2Si­
OAmass%Si alloys containing several Mg2Si contents were investigated by hardness 
measurement and transmission electron microscope observation. 
(1) The maximum hardness in all alloys aged at 473K increases with increasing Mg2Si 
contents. At the same time, the shorter time needs to reach at the maximum hardness in alloys 
containing higher Mg2Si contents. The times to maximum hardness in all alloys predeformed 
after solution heat treatment were shorter than those in all alloys without predeformation. The 
maximum hardness in both of the predeformed Al-Mg2Si alloys containing Mg2Si less th an 
0.8% and the predeformed Al-0.4%Mg2Si-0.4%Si alloy increased with increasing amount of 
predeformation. The maximum hardness in the predeformed Al-Mg2Si alloys containing 1.0% 
and 1.6%Mg2Si and the predeformed Al-Mg2Si-0.4%Si alloys containing Mg2Si more than 
0.6% were similar to those of the non-predeformed alloys. 
(2) Precipitates in the predeformed Al-Mg2Si alloys containing Mg2Si less than 0.8% and 
predeformed Al-0.4%Mg2Si-0.4%Si alloy were finer and denser than those of non-predeformed 
alloys. While precipitates in the predeformed Al-Mg2Si alloys containing 1.0% and 
1.6%Mg2Si and the predeformed Al-Mg2Si-0 .4%Si alloys containing Mg2Si more than 0.6% 
tend to coarser as compared with those of non-predeformed alloys. 
(3) The elongate-shaped precipitates were existed along a dislocation line in the predeformed 
Al-Mg2Si alloys. These may be the cross-sections of rod-shaped precipitates that differ from the 
conventional rod-shaped precipilates in thi s alloy system. The number of this precipitate 
increased with increasing Mg2Si contents and were independent on the amount of 
predeformation. 
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Figure 4. ·Bright fi eld images of aged balanced al;oys. (a) _ (d) with predeformation up to 10%, 
(e) - (h) without predeformation. 
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Figure 5. Bright field images of aged balanced alloys. (a) _ (d) with predeformation up to 5%, 
(e) - (h) without predeformation. 
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Figure 6. (a) Bright field image of the 10% predeformed balanced alloy contain ing I.O%Mg2Si, 
(b) an en larged photograph of an area indicated a rectangle in (a), (c) a typical high resolution 
image of a characteristic precipitate. We call thi s the elongate-shaped precipitate. 
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Figure 7. Changes in the number of two kinds of precipitates in the balanced alloys with Mg2Si 
contents. Symbols (., .) indicate results of the normal hexagons in the predefonnecl 
specimens up to 1% and 10%, respectively. Symbols (0, 0) indicate the results of the 
elongate-shaped precipitates in the predeformed specimens up to 1 % and 10%, respectively. 
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