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The two-stage aging effect in three Al-Mg-Si alloys containing 0.5, 1.0 and 1.5% 
Mg2Si respectively is investigated by electrical resistivity measurements, tensile tests and 
electron microscopy. The critical temperature for homogeneous nucleation of precipi
tates exists between 160 and 200°C for an 1.0% Mg2Si alloy, and for an 1.5% Mg2Si alloy 
between 200 and 260°C. The Temperatures are also correspoding to the highest tem
peratures for the resistivity increase respectively. 

The slight decrease in resistivity perhaps due to redissolution of clusters is observed 
for 0.5% Mg2Si alloy in the initial stage of isothermal aging at a low temperature. 

The activation energy E, for migration of solute atoms in the fast reaction is estimated 
as 0.77 eV for all three alloys in good agreement with the values reported for a 1.4% 
Mg2Si alloy. The deleterious effect of two-stage aging is observed in only limited cases , 
though it appearts unfortunately often in practice. The whole effect of two-stage aging 
appears to be explained only by the stability of clusters or zones formed during preaging. 
The conservation in zone number is not observed. 

The nucleation or stabilization of clusters which takes place during heating to aging 
temperature must be considered not only for quenching effect but also for two-stage 
aging effect. 

Introduction 

The ternary equilibrium diagram of Al-Mg-Si system involves the quasibinary 

system of Al-Mg2Si. Age-hardenable Al-Mg-Si alloys are widely employed for 

constructional material because of the easiness in extrusion and other favorable 

properties. 

The precipitation sequence of this alloy has been clarified by X-ray technique 
1 •2 •3> and electron microscopy4

•
5 >, as according to Kelly and Nicholson 19>, needle

shaped zone - needle shaped internally ordered zone - /3' transition phase - f3 

(Mg2Si) equilibrium phase. 

The zone in this alloy is needle-shaped one parallel to <IOO) direction of the Al 
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matrix, and has coherency strain around the needles6>. The Mg2Si of the equili

brium phase has the anti-isomorphous CaF2 structure29>. 

Similarly to many Al rich alloys, quasibinary Al-Mg2Si alloys show the increase 

in resistivity during low temperature aging as clarified by Panseri and Federighi12>. 

They treated the transition time between fast and slow reactions, and calculated 

the activation energy for solutes migration as 0. 75ev. They also considered that 

there was a strong binding energy between zones and vacancies. Lutts3> found 

that the less ordered zones involving vacancies appeared at the initial stage, then 

the ordered structure was developed and concentration of vacancies in zones 

decreased with advanced aging. His results are very important for the considera

tion of the stability of zones. 

Because the effect of the two-step aging is a very important problem in com

mercial practice, many studies concerning this effect have been carried out in some 

Al alloy systems6-tt,t3 >_ In Al-Mg2Si alloys containing more than 0.9 % Mg2Si, 

the storage at room temperature before artificial aging results in mechanical proper

ties inferior to those aged immediately after quenching. On the contrary, in Al

Zn-Mg alloys, the storage at room temperature gives a favorable effect. 

Pashley et al 7> explained semi-.quantitatively the whole effects of two step aging 

by the stability of clusters formed during preaging. They expressed the stability of 

clusters at the final aging temperature T 2 as a function of cluster size and super

saturation of matrix, and gave an explanation for four cases of aging temperatures 

corresponding to T 1 and T 2 at upper and lower side of T 1 min and Tc respectively. 

Here, T1 min is the temperature at which no cluster can grow to attain the size 

stable at T2 , and Tc is the temperature at which the transition from homo

geneous nucleation to heterogeneous nucleation takes place. The deleterious effect 

of two-step aging on the strength is considered to occur in the critical case where 

the supersaturation is lowered by rather slow dissolution of the fine cluster and the 

stabilization and proceeding of growth of the clusters is reduced. 

Panseri and Federighi12> showed the evidence for redissolution of zones sma

ller in size and growth of the remaining larger zones, by the measurement of 

electrical resistivity with isothermal two-step aging. They explained two-step aging 

effect as the strengthening by internally ordered zones proposed by Lutts3>. 

Lorimer and Nicholson13> discussed the favorable effect of two step aging on the 

age-hardening in an Al-Zn-Mg in terms of the nucleation of the transition phase 

aided by the zones larger than a critical size. They identified Tc to the solvus 

temperature for zones and considered that the size and number of precipitates after 

final aging can be controlled by pre-aging at a lower temperature. Asano and 
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Hirano15
•25> studied two-stage aging characteristics in an Al-5wt% Zn-lwt% Mg 

alloy by a calorimetric method. The two-stage aging behaviors are shown clearly 

to be explained in terms of the difference in the number of the G.P. zones at pre

and final aging temperatures by applying Becker's nucleation theory. The model 

was extended to Al-Mg-Si alloys containing 0.9 and 1.4% Mg2Si. Although this 

model is very favorable for explaining two-stage aging of Al-Zn-Mg alloy system, 

there seems to be some difficulties in applying to Al-Mg-Si alloys. In these alloys, 

increment in resistivity at low temperature aging is higher than that of high 

temperature. This tendency is understood as, whatever the cause of resistivity 

maxima may be, the number of zones becomes larger at lower aging temperatures 

between 20 and l 70°C as shown latter in Fig. 3. 

If it is assumed that only large clusters can proceed to grow at T 2 , there occurs 

another question as to why it is estimated the relation between zone number and 

aging temperature from the result of isochronal resistivity measurements, because 

the resistivity is increased by only relatively small zones. Furthermore, though the 

deleterious effect of two-step aging appears in the specimen pre-aged at room 

temperature for more than several days, Panseri's isochronal curve is obtained by 

aging for merely 2 min at each temperature elevating in steps of 20°C 12 >. It is 

thought that the assumption about the conservation of zone number to T 2 , may 

not be pertinent in this case where the change in zone number at T 2 after pre-aging 

must be considered. 

It is well known that the rate of clustering is very high immediately after 

quenching and even during cooling the cluster may be formed to some extent. Also 

during heating, clustering may occur and the resultant clusters will be more stable 

than those formed during cooling. When widely defined, the aging immediately 

after quenching to a low temperature must be considered as a kind of two-step 

aging. Then, in the present work, it is attempted to explain inoculation effect by 

quenching together with the effect of two-step aging. 

At first, the kinetics of zone formation is investigated by measurements of 

electrical resistivity and proof stress for low temperature aging, and by measure

ments of proof stress and electron microscopy for high temperature aging. When 

the effect of two-step aging is discussed, the stability of zones at elevated temperatures 

must be considered. The solute supersaturation will be easily controlled by 

changing the alloy composition. It is also interesting to investigate the improved 

mechanical properties in the alloy of concentration lower than 0.9% Mg2Si reported 

by Zoller and Ried16>. Then, in this work, the aging behaviours of Al-Mg-Si alloys 

are investigated with three alloys containing 0.5, 1.0 and 1.5% Mg2Si. 
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Experimental Procedure 

The alloys were chosen to contain 0.5, 1.0 and 1.5% Mg2Si respectively. The 

ingots of 20 X 100 X 150 mm for foil and 20 X 20 X 300 mm for wire were prepared 

from 99.99% purity Al, Mg and Si. The wire was prepared from cast ingots which 

had been homogenized at 550°C for 12 hrs, hot rolled to about 5 mm in diameter 

and cold drawn for tensile tests to 1.1 mm and for electrical resistivity measurements 

to 0.75 mm in diameter. For electron microscopy the foil of 0.15 mm thick was 

prepared by rolling after the same homogenizing treatments as above. The 

chemical compositions of alloys were shown in Table 1. 

Table I. Analysed composition of alloys. (wt.%) 
~-----~-- --------· 

Alloy Mark Mg J ___ Si Mg2Si Excess Mg 

0.5 Mg2Si 0.34 

1.0 Mg2Si 0.67 

1.5 Mg2Si 0.97 
-----~---· --

Re sis ti vity at -19 °K 

LO in the as quenched condition 

0. 5 t-----j,'~--+----+-----j 

O 0~---0~.5----1.~0---l-"-.5-__J 

at.% Mg 2 Si 

Fig. I. The relation between the concent
rations of solute atoms and the resisti
vity at liquid nitrogen temperature 
immediately after the quenching to 
-20°C from 570°C. 
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Fig. 2. Isochronal changes in resistivity of three 
alloys aged at each temperature for I min. after 
quenching to -20°C from 570°C. 
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The specimens were solution-treated at 570°C for 30 min and then quenched to 

-20°C brine, or directly to oil bath, whose temperature was regulated to aging 

temperatures. Aging temperatures were chosen between the range from 0°C to 

340°C at intervals of 20 or 30°C. As for aging bath, water below 20°C, sesame oil 

for 20-100°C, silicone oil for 100-200°C and salt bath of KN02-NaN02 above 

200°C were employed, respectively. 

Other details for resistivity measurement and tensile test were described pre

viously22>. For the direct observation by transmission electron microscopy, the 

foil of 0.15 X 15 X 35 mm was aged and electrolytically thinned in ethanol-I 0% 

perchloric acid, then observed by J.E.M-12 at 120 KV. 

Results and Discussion 

The specimen was quenched by dropping into brine of -20°C after the solution 

treatment at 570°C for 30 min. After aging, resistance was measured at liquid 

N 2 temperature. The size factor was calculated for each specimen. The results 

are expressed as the change in resistivity for the as-quenched value. 

The resistivity of three alloys at liquid N 2 temperature in as-quenched states 

(Po) is shown in Fig. 1 as the function of solute concentration. There is very 
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Fig. 3. Isothermal changes in resistivity of 
three alloys aged at various tempera
tures within the range in which the 
resistivity increase is observed. 
(a) 0.5% Mg2Si alloy 
(b) 1.0% Mg2Si alloy 
(c) 1.5% Mg2Si alloy 
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good agreement with the linear relation of p 0={PA1 (0.22) +0.53 C(at. %)} µSJ cm. 

Figure 2 shows the results of isochronal aging for I min. at each temperature at 

interval of 20 or 30°C, in the range from 20°C to 340°C. For 1.5 %Mg2Si alloy, 

there is a good agreement with Panseri's observation12>. Namely, the resistivity 

increases with temperature up to l00°C, and holds an almost constant value till the 

rapid decrease above 200°C. 

It may be seen from this plateau that zones or clusters formed once at a lower 

temperature are stable up to a rather high temperature. The rapid decrease begins 

at l60°C in 1.0% Mg2Si alloy and at l20°C in 0.5% Mg2Si alloy. These tem

peratures agree with the previous results which are 200°C for l.4% 12> and l60°C 

for 0.89% Mg2Si alloy14 >. Comparing the value of resistivity in Fig. 2 with that of 

isothermal aging, the former is always larger than the latter, because the additive 

aging will give an inoculation effect and zones will be increased in number12>. 

0 ;~: L.;;::_:;_ 0 --: 

E 

~-50 -JOO 

i AJ-05wt.%MgzSi 

~-100 -200 

E 

" 
a-300 

-150 ::i. 
E 

AH.5wt %Mg,Si 
0 10 102 103 10• ~-400 

Aging Time (min.) 

(a) -500 

-600 

-50 -700 

0 JO 102 10
3 10• 

-100 Aging Time (min.) 

E ( C) 

i-150 Fig. 4. Same as Fig. 3, but the aging tempera• 
E 

Al-I.Owl.% Mg,Si ture is higher than the limit of resistivity 
Q, 

<I-200 increase. 
(a) 0,5% Mg2Si alloy 
(b) I ,0% Mg2Si alloy 

-250 (c) 1.5% Mg2Si alloy 

-300 

-350 

0 10 102 10• 104 

Aging Time ( min.) 

(b) 



136 Yotaro MURAKAMI, Shinya KOMATSU and Takeo ONISHI 

Besides, the peak value in isochronal aging as the function of solute concentration 

1s not linear. 

The isothermal curves of the temperatures at which the resistivity increases are 

shown in Fig. 3(a), (b), and (c) for three alloys as a scale of log time. In Fig. 4, 

the isothermal curves at higher temperatures are shown in the same way as 

Fig. 3. The increase in resistivity becomes larger the higher is the solute con

centration when compared with that of at the same temperature and the same period, 

and after a long aging period becomes smaller, the higher is the temperature. 

This observation may be qualitatively explained in terms of larger number of zones 

with higher solute concentration and lower aging temperature. 

The resistivity maximum Llpm is observed at time tm, similarly as in other 

Al alloys, though the peak becomes rather flat in higher concentration of solute. 

It is notable that tm becomes larger in the alloy of higher concentration when com

pared at the same aging temperature. This trend is in contrast to the usual know

ledge about the kinetics in precipitation and is very interesting when it is related to 

the observation about isochronal aging shown in Fig. 2. The resistivity maximum 

becomes observable at the lower temperature, the lower is the solute concentration. 

80 

Al-l.5wt.%Mg2S1 

40° 

0 c..._ __ s=----,-1:-o----'-,s----'20 _ _j 

Aging Time ( min.) 

(a) 

10 Al-0.5 wt.% Mg2Si 

8 

Aging Time ( min.) 

(b) 

Fig. 5. Isothermal changes in resistivity at early stage 
of low temperature aging. 
(a) 1.5% Mg2Si alloy 
(b) 0.5% Mg2Si alloy 



On the Two-Stage Aging of Al-Mg-Si Alloys 137 

Figure 5 shows the variation of resistivity, when time is expressed linearly. The 

transition between initial fast reaction and following slow reaction occurs very clearly 

at a time ts, especially in the temperature range from 40°C to 80°C. In the 0.5% 

Mg2Si alloy (Fig. 5(b)), the decrease in resistivity is observed at the initial stage 

of aging at 20°C and 30°C. This phenomenon may be explained by the re-dissolu

tion of very small and unstable clusters formed during quenching or at the 

quenching temperature, -20°C. 

2 

E 
0 

~I 
E 

Al-0.5wt.% Mg2Si 
20°c aging 

~o~===~~----------l 
20°c Water Quench 

1~-~-----~--~-~ 
0 5 10 15 20 25 

Aging Time ( min.) 

Fig. 6. The comparison of isothermal change in 
resistivity at 20°C for Al-0.5% Mg2Si alloy 
quenched into -20°C and 20°C respec
tively. 

The isothermal curves at 20°C after quenching to -20°C and direct quenching 

to 20°C are shown in Fig. 6. The decrease in resistivity is not observed in the 

specimen quenched directly to 20°C. This decrease disappers in the alloy of higher 

concentration and/or at higher temperature, because the resistivity increase at the 

large rate of formation of zones and/or the large number of zones exceeds the decrease 

by re-dissolution of clusters. It is also considered that the nucleation process may 

be necessary for the zone formation in this alloy system, similarly as that in Al-Cu 

Es. 

'2 
E Io 

0.1 ~------ -~--~__J 

2.4 2.6 2.8 3.0 3.2 

1000/T °K 

Fig. 7. The relation between the reciprocal of 
absolute aging temperature and the transi
tion time (t,) from fast to slow reaction. 
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26
•
2 7> and Al-Zn-Mg alloys28> reaged after reversion. The values of transition time 

ts, and resistivity increment .J.ps are shown in Table 2 together with the value of 

proof stress. The both value of ts and Jp decrease as the tmperature is raised, 

while the value of proof stress remains nearly equal. Figure 7 shows the relation 

between log ts and reciprocal of the absolute aging temperatures. The points for 

each alloy lie on a straight line respectively, and the values of activation energy for 

fast reaction Es are calculated from the Arrenius-type equation as 0.77eV for all 

three alloys of different compositions. The value of activation energy is in good 

agreement with the result of Panseri and Federighi12 >, 0. 75± 0.03eV. It is clear 

from Fig. 7 and Table 2 that the transition between fast and slow reaction 

occurs earlier with increasing solute concentration of alloys. However, as shown 

Table 2. The comparison of resistivity increment and proof stress at the transition points of fast 
and slow reaction in the resistivity change by isothermal aging. 

alloy 
I 

aging 

I 
t,(min.) 

I 
,dp,(mµ!Jcm) I proof (Kg/mm2) temp. (0 C) stress 

40 160 12.1 4.6 

0.5% Mg2Si 60 40 I0.4 4.6 

80 8 5.8 5.2 

1.0% Mg,Si-T 
~----- -~------ ------ ------------ ----- ----

40 70 21.4 5.2 

60 16 19.4 5.1 

80 3 17.2 5.1 

40 50 92.4 8.1 

1.5% Mg2Si 60 10 62.5 8.0 

80 2 40.0 7.6 
-----·----------- --- --- --- ------------- ----

Table 3. The comparison of resistivity increment and proof stress at the maxima in the resistivi
ty change by isothermal aging. 

-

I alloy aging lmax(min.) ilPmax(mµ Q cm) I proof (Kg/mm2) temp. (°C) stress 

30 3200 16.4 6.2 

0.5% Mg2Si 
40 900 14.2 5.3 

60 220 11.2 5.8 

80 30 6.8 5.2 
---- ---------·· ---- --- ···--- ·----- --- - -- ----- ---- ------ ------

40 2400 35.4 6.0 

1.0% Mg2Si 
60 400 22.6 6.2 

80 40 28.8 5.8 

120 1.0 14.2 5.5 
-- ------ --- ·------- -- ---

I I I 
1.5% Mg2Si 

80 2500 

I 
59.0 13.7 

120 6 29.6 8.8 
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in Table 3 this tendency is not observed in the case of resistivity maxima, though 

the value of tmax becomes less with higher aging temperature. For trial, the log 

tmax values are plotted against the reciprocal of the absolute aging temperature 

in Fig. 8. Panseri's data are also plotted in Fig. 8 and show a good agreement 

with present results of 1.5 % Mg2Si alloy. Apparently, the points lie on a strain

ght line for each alloy and the activation energy Emax calculated assuming the 

validity of Arrenius-type equation, are larger in the alloy of higher solute concen

tration. For all three alloys Emax is larger than Es. This observation will 

support the existence of strong binding between vacancies and zones suggested 

by Lutts3> and Panseri et al 12 >. Namely, the growth of zones after ts may progress 

under very low concentration of vacancies and the apparent activation energy 

involves not only migration energy of solute but also the energy necessary to release 

vacancies from zones. The reason for the less tmax in the alloy of lower solute con

centration will be given by the larger value of L1ps/L1pmax· The value of proof 

stress corresponding to tmax becomes less the higher is the aging temperature. In 

Fig. 9, LJartx is plotted aginst L1Pmax· If the proof stress immediately after direct 

quenching (in Table 4 and 5) may be taken as the reference value, a certain 

linear relation is observed. This fact is, at least, consistent with the assumption24> 

that the change in resistivity at maximum is due to the change in number of 

zones. 
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Table 4. The proof stress of the Al-1.0% Mg2Si alloy after two-step aging. (Kg/mm2) 

pre-heat 

I 
no final 

I 
260°C 30 min. 

I 
200°C 5 hrs. L 160°C I day treatments heat treatment 

~----- -- ----- ---

-20°C Q. 3.3 11.4 14.8 12.9 

D.Q. 2.0 2.2 4.6 9.8 

40°C I w. 6.0 12.8 17.3 15.5 

120°C I w. 10.6 8.0 18.1 17.5 
--- -···-- ---- -- --~ 

Table 5. The proof stress of the Al-1.5% Mg2Si alloy after two-step aging. (Kg/mm2) 

pre-heat 

I 
no final 

I 
260°C 30 min. 

I 
200°C 5 hrs. 

I 
260°C I day treatments heat treament 

-20°C Q. 5.5 20.7 25.7 24.4 

D.Q. 3.5 15.1 24.1 24.5 

40°C I w. 11.4 18.0 25.5 21.5 

120°C I w. 20.2 18.9 26.0 26.0 
----- -~ 

It is necessary to know the change in mechanical properties with aging im

mediately after quenching, before the effect of double aging is discussed. In Al-Zn

Mg alloys 8
•

13 >, it has been clarified that a critical temperature exists between the 

homogeneous nucleation and heterogeneous nucleation of precipitates. This cri-
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Fig. 10. Isothermal changes in 0.2% proof 
stress of alloys when aged at various tem
perature after quenching to -20°C from 
570°c. 
(a) 0.5% Mg2Si alloy 
(b) 1.0% Mg2Si alloy 
( c) 1.5 % Mg2Si alloy 
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tical temperature was also reported as l 90°C-220°C in the Al-1.2% Mg2Si alloy by 

Pashley et al 7l. Then the age-hardening was investigated to clarify this tempera

ture. At first, the specimens were quenched into -20°C brine and isothermally 

aged at various temperatures. Isothermal age-hardening curves are shown in Fig. 

10 where the proof stress is plotted against log time. The increase in proof stress be

comes larger the higher is the solute concentration similarly to that of the resistivity. 

Age-hardening appears to take place in two stages, which is especially apparent in 

0.5 % and 1.0 % Mg2Si alloy aged below 160°C as shown in Fig. l0(a) and (b). 

However, these stages disappear when time is expressed linearly. The maximum 

value occurs for time t,,.max in 1.0% and 1.5 % Mg2Si alloys above 200°C. The value 

of to-max, contrary to the case of resistivity, becomes less as the solute concentration 

mcrease. At the aging temperatures lower than ca. 100°C the rate of decompo

sition of solid solution may be influenced by excess concentration of vacancies. 

There may be no influence of vacancy above 200°C except to facilitate the nuclea

tion of precipitates. The isothermal curves abve 200°C are similar to each other, 

in spite of the results mentioned above about the stability limit of zones. Figure 

11 shows the effect of direct quenching of the aging temperature on following age-

as Q 10 1a2 103 

Aging Time (min) 

(a) 

Fig. 11. Isothermal changes in 0.2% proof stress 
of alloys aged after quenching into -20°C 
or direct quenching to aging temperature. 
(a) 1.0% Mg2Si alloy 
(b) 1.5% Mg2Si alloy 

0 
" 0 10 102 

Aging Time {mir,l 

(b) 

hardening. The solid and broken lines show isothermal change in proof stress after 

-20°C and direct quenching, respectively. The value of proof stress immediately 

after -20°C quenching is larger than that of after direct quenching. This excess 

value is due to the clusters formed at quenching temperature and containing large 

number of vacancy. In aging below 160°C with 1.0% Mg2Si alloy or 200°C 

with 1.5% Mg2Si alloy, the curve of direct quenching attains the same value as that 

of -20°C quenching. The remarkable effect is observed in aging above 200°C 
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(a) (b) 

( C) ( d) 

Photo. I. The effect of quenching on the precipitation in Al-1.0% Mg2Si alloy. 
(a) qurnched to -20°C brine, and aged at 160°C for I day. 
(b) quenched to -20°C brine, and aged at 200°C for 10 hrs. 
( c) directly quenched to the aging temperature of 160°C and aged 

for I day. 
(d) directly quenched to the aging temperature of 200°C and aged 

for 10 hrs. 
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(b) 

( C) ( d) 

Photo. 2. The effect of quenching on the precipitation in Al- 1.5% Mg2Si alloy. 
(a) quenched to - 20°C brine, and aged at 200°C for 5 hrs. 
(b) quenched to -20°C brine, and aged at 260°C for 10 min. 
( c) directly quenched to the aging temperature of 200°C, and aged 

for 5 hrs. 
(d) directly quenched to the aging temperature of 260°C, and aged 

for 30 min. 

143 
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with 1.0% Mg2Si alloy. Age-hardening takes place also in specimens directly 

quenched, but the maximum value in the directly quenched specimen is much less 

than that of specimens quenched to -20°C. It is clear that the transition tempera

ture Tc exists between 160°C and 200°C for 1.0 % Mg2Si alloy and for 1.5% Mg2Si 

alloy between 200°C and 260°C at which the aspect of precipitation varies pro

nouncely. The accerelation of age-hardening above transition temperature after 

quenching to low temperature, may be explained in terms of the reduction in 

diffusion distance due to increased number of zones or nuclei. As reported in 

Al-Zn-Mg alloys 8 •
13 > the direct quenching leads to a coarser precipitate and a 

predominant heterogeneous nucleation. This effect is also observed in the present 

alloys by electron microscopy. Photos. I and 2 show the structures after the aging 

treatments corresponding to maxima in proof stress. It is to be noted that, when 

specimens are quenched to -20°C, there is essentially no difference in structure 

except coarser distribution in higher aging temperature even above the critical 

temperature for the stability of zones. Namely, as shown in Fig. 10, the iso

thermal age-hardening curves resemble each other for above and below the critical 

temperature. However, when specimens are directly quenched to the temperature 

above Tc, the fine precipitates becomes hard to observed, and there are large 

precipitates heterogeneously nucleated on dislocations. For example, in Photo. 

1 (d), arrays of precipitates are observed. Thus, we can consider that the nucleation 

may occur at the temperature lower than Tc in the case of quenching to -20°C. 

Undoubtedly, the nucleation is aided by quenched-in vacancies, but its 

mechanism will be very complicated. Perhaps the aging at upto ca. 100°C may be 

accerelated by quenched-in vacancies, but in the alloy containing Mg, the effect of 

quenching method on the rate of age-hardening becomes hard to recognize22 >. 

However, in Al-Mg2Si alloys, although there is an incubation period even when the 

time is expressed linearly and a delay in aging time coresponding to the maximum 

proof stress, a remarkable hardening takes place even after direct quenching in 

contrast to the case of the Al-Zn-Mg alloy 8 >. These results suggest that the 

diffusion at aging temperatures above 200°C is not influenced, but the number of 

zones and consequently the average diffusion distance is influenced by quenching 

method or concentration of quenched-in vacancies. 

The changes in resistivity with isothermal aging at 80°C after the pre-aging for 

various periods at 40°C are shown in Figs. 12 and 13. These agree well with Pan

seri's results 12 >. Namely, the resistivity continues to increase above the peak values 

of80°C aging, contrary to Al-Zn alloys24 >. Further, in Fig. 13, fast and slow reac-
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Fig. 12. Isothermal changes in resistivity of 
alloys aged at 80°C after pre-aging at 40°C 
for various periods. 

E 
0 
q 

(a) 0.5% Mg2Si alloy 
(b) 1.0% Mg2Si alloy 
( c) 1.5% Mg2Si alloy 

Al-LO wt.% Mg,Si 

4o•c -ao•c 

~ 20 ao•c 

Q. 

"" 
r 40°C lmin.-80°C 

10 { 40°C 10min.-80°C 

40°CI00min.-80°C 
Ir o~--------+---~-------+-----__J 

10 20 30 40 50 

Aging Time (min.) 

( C) 

Fig. 13. Same results as Fig. 11. Resistivity 
increment by 80°C aging after 40°C aging 
for various periods is plotted on a linear time 
scale. 
(a) 0.5% Mg2Si alloy 
(b) 1.0% Mg2Si alloy 
(c) 1.5%, Mg2Si alloy 
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tions are observed even after the pre-aging for 100 min. at 40°C, where almost all 

movable vacancies should have been annealed out. These results suggest that the 

zones increase in number after the pre-aging at a lower temperature. There are 

two additional observations in the 0.5 % Mg2Si alloy. A shorter peak time is 

shown when pre-aged for 1 min. Further, with the decreasing Mg2Si content, the 

increment in resistivity by 80°C aging after the pre-aging is brought closer to that of 

no pre-aging and, finally in Fig. l 3(a) for 0.5 % Mg2Si alloy, exceeds the value 

of simple aging at 80°C. The former observation suggests that the Ostwald ripen

ing takes place in two-step aging, because the decreased distance of solute diffu

sion does not effect the growth rate of the individual zones and, consequently, the 

peak can not be explained only by the critical zone size. Thus, the occurrence of 

resistivity maximum in final aging is partially due to the decrease in zone number. 

The latter observation is explained by increasing inoculation effect in 80°C aging 

and /or decreasing rate of aging at 40°C after -20°C quenching with decreasing 

alloy concentration. 

As already mentioned above, there is a critical temperature Tc for homogeneous 

nucleation, which lies between 160 and 200°C in 1.0 % Mg2Si alloy, and between 

200 and 260°C in 1.5% Mg2Si alloy, respectively. In the same temperature range, 

the resistivity increase becomes not observable when the specimen is quenched to 
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-20°C. Thus, 160, 200 and 260°C are chosen as final aging temperatures T 2 to be 

located in both sides of Tc- As pre-aging temperatures T,, 40 and l 20°C are em

ployed to give different sizes and numbers of zones. In this case the specimens are 

quenched directly to the pre-aging temperatures. 

It is very important to investigate the effect of some fixed pre-aging treat

ments on the isothermal aging at T 2 , because the increase or decrease in strength 

after a two-step aging is sometimes due to the large or small rate of age-hardening. 

The effects of primary aging at 40°C for 1 day and at 120°C for 2 hrs on the iso

thermal age-hardening are shown in Fig. 14, together with the curves of isothermal 

aging after -20°C quenching and direct quenching. 

When the 1.5 % Mg2Si alloy is pre-aged at 40°C for 1 day, the retardation is 

observed in 160 and 200°C. But there is no difference from -20°C quenching or 

direct quenching in the value of maximum proof stress. In final aging at 260°C, 

the maximum proof stress after pre-aging is larger than that of -20°C quenching. 

The retardation of hardening in the pre-aged specimens becomes clearer in the 

1.0 % Mg2 Si alloy than in the 1.5 % Mg2Si alloy. The maximum proof stress ap

pears later in final aging above Tc, namely at 200 and 260°C. In 200°C aging of 

the 1.0% Mg2Si alloy, the maximum value is raised by the pre-aging at 40°C, but 

at 260°C, it is less than those of pre-aged at 120°C and after the quenching to -20°C. 

Photo. 3 shows the results of direct observation of the effect of pre-aging on the 

precipitation in 1.0% Mg2Si alloy after final aging at l 60°C for 1 day. When pre

aged at l 20°C for 2 hrs (b), the precipitates are larger than those of at 40°C for 

1 day, in agreement with the upper curves of pre-aging at 40°C in Fig. 14(c). 

In general, the pre-aging gives the larger values in proof stress than those of 

after direct quenching, except a few cases. For convenience of putting these compli

cated results in order, the isochronal or isothermal pre-aging followed by fixed treat

ments of final aging are often used. However, it must be noted that the retardation 

in age-hardening sometimes gives rise to the decrease in strength after fixed final 

aging. These retardations are classified into two kinds. One shows the decrease 

and the other gives nearly equal or higher value in maximum proof stress which 

appears later than that of -20°C quenching. The former is explained by the de

creased number in nuclei. So far as the retardation in direct" quenching is con

cerned, it is reasonable to understand that the decreased nuclei increase the average 

diffusion distance of solute atoms and that the total volume of precipitates increases 

more slowly than that of fast quenching. The retardation after pre-aging may be 

explained by the dissolution of small zones which occur rather slowly because of the 

strong bonding between Mg and Si atoms. In the case of less maximum value, the 
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Photo. 3. The effect of pre-aging on the precipitation in Al-1.0% Mg2Si alloy aged 
at 160°C for I day. 
(a) pre-aged at 40°C for I day. 
(b) pre-aged at l 20°C for 2 hrs . 
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nucleation or stabilization of zones occurring at a temperature lower than Tc is 

greatly suppressed by the low degree of supersaturation. On the contrary, when the 

supersaturation is sufficiently high, e.g. the 1.5% Mg2Si alloy aged at 160°C after 

pre-aging at 40°C for 1 day, the dissolution may take place at T2, but the more 

zones than those of after -20°C quenching survive and continue to grow at T2• 
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The effect of isothermal pre-aging on the fixed final aging treatments are 

shown in Fig. 15. The periods of secondary aging are chosen to give the maximum 

proof stress at each temperature when the specimen of 1.5% Mg2Si are directly 

quenched. In 1.5% Mg2Si alloy, the change in the pre-aging time gives no effect 

on the final aging at 200 and 260°C. The value of proof stress is raised by pre-aging 

for 1 min at either 40°C or 120°C and the same value is observed for 1 week. 

However in final aging at 160°C, the proof stress decreases from the value of direct 

quenching with the pre-aging time at 40°C till ca. 50 min. and reaches an almost 

constant value there. It is interesting that the period coincides to the end of 

fast reaction in resistivity change as shown in Table 2. Photo. 4 shows the effect of 

pre-aging time at 40°C on the precipitation in 1.5% Mg2Si alloy after final aging 

at 160°C for 1 day. The precipitates become coarser with the increasing pre

aging time. The pre-aging at l 20°C for 2 hrs gives the similar fine structure 

as that of direct quenching, as shown in Photo. 5. 

The longer pre-aging period is always corresponding to larger proof stress in the 

case of 1.0% Mg2Si alloy. However, when compared to the value of -20°C quen-
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(a) (b) 

( c) ( d) 

Photo. 4. The effect of pre-aging at 40°C on the precipitation in Al-1.5% Mg2Si alloy 
aged at !60°C for I day. 
(a) without pre-treatment, directly quenched to !60°C and aged for I day. 
(b) pre-aged at 40°C for I min. 
( c) pre-aged at 40°C for IO min. 
(d) pre-aged at 40°C for 100 min. 
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Photo. 5. T he effect of pre-aging at 120°C for 2 hrs. on the precipitation in Al-
1.5% Mg2Si alloy aged at 160°C for I day. 

(a) (b) 

Photo. 6. The effect of pre-aging at 120°C on the precipitation in Al- 1.0% Mg2Si 
aged at 200°C for 5 hrs . 
(a) pre-aged at 120°C for 10 min. 
(b) pre-aged at 120°C for 1000 min. 
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ching, the short pre-aging period gives a lower proof stress. Photo. 6 shows the 

effect of pre-aging time at 120°C on the aspect of precipitation after final aging at 

200°C for 5 hrs. Finer structure is obtained by the pre-aging for a longer period in 

agreement with the change in proof stress. It is to be remembered that treatments 

of final aging are to give the maximum proof stress in 1.5% Mg2Si alloy directly 

quenched. Since these treatments is located before the maximum proof stress 

in 1.0% Mg2Si alloy, the lower value of proof stress means sometimes the larger re

tardation as shown in Fig. 14. The values of proof stress for various final aging 

after the longest pre-aging time in the present work are shown in Table 4 and 5, to

gether with the values of no pre-aging. 

The effect of isochronal pre-aging on the strength after final aging 1s mves

tigated. Specimens are directly quenched and pre-aged for 2 hrs at each tem

perature between 0°C and T2 in steps of 20°C, then finally aged. The values of 

proof stress are shown in Fig. 16 as a function of pre-aging temperature together with 

the values after the ---20°C and direct quenching. The 1.0% Mg2Si alloy finally 

aged at 260°C for 30 min, as shown in Fig. 16(a), gives a minimum value of proof 

stress at 60°C. The decrease above l 60°C is explained by the decreased number of 

homogeneously nucleated precipitates by direct quenching to the pre-aging tem

perature. The high values below 40°C may be due to the inoculation effect as in 

the case of Al-1.0% Si alloy23 >. However, to explain the minimum at 60°C, one 

must consider the stability of pre-formed zones. Some results of direct observation 
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Fig. 16. Effect of isochronal pre-aging for 2 hrs. on the 0.2% proof stress 
after fixed treatments of final aging. 
(a) 1.0% Mg2Si alloy finally aged at 260°C for 30 min. 
(b) 1.0 and 1.5% Mg2Si alloys finally aged at 160°C for I day. 

by electron microscope are shown in Photo. 7. The average length of needle-shaped 

precipitates becomes larger in the specimen pre-aged at 60°C for 2 hrs. As there 

is only a little retardation in isothermal curves of 1.0% Mg2Si alloy at 260°C after 

various treatments shown in Fig. 14(a), the retardation can not be the cause of 

decrease in proof stress. Thus, the decrease in number of zones, as shown in Photo. 

7, must be caused by pre-aging. It is interesting that the aging for 2 hrs will give 

the resistivity maximum at the temperature between 60°C and 80°C which cor

responds to the beginning of re-increase in proof stress. In the final aging at l 60°C 

for I day as shown in Fig. 16(6), the 1.5% Mg2Si alloy shows similar decrease as 

1.0% Mg2Si alloy aged at 260°C for 30 min, but the minimum appears at lower pre

aging temperature. Because the final aging temperature is lower than Tc, the 

decrease in this case may be considered as the result from the retardation. If the 
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(a) 

( b) 

( C) 

Photo. 7. The effect of isochronal preaging for 2 hrs on the precipitation in Al-
1.0% Mg2Si aged at 260°C for 30 min. 
(a) preaged at 0°C. 
(b) preaged at 60°C. 
(c) prea~ed at !20°C, 
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dissolution of excess number of zones takes place very slowly, the growth of sur

vived zones may also proceed slowly owing to the low supersaturation. In 1.0% 

Mg2Si alloy finally aged at l 60°C for 1 day, the small increase in proof stress 1s 

observed below 40°C which should be due to the inoculation effect. 
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Fig. 17. Isothermal changes in resistivity of 
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Compare with Fig. 2. 

Figure 17 shows the isothermal changes in resistivity of 1.5% Mg2Si alloy pre

aged at 120°C for 2 hrs. The resistivity of the pre-aged specimen is higher 

than that of non pre-aged one for considerably long aging periods. It is difficult 

to relate this fact directly to the increase in proof stress since the specimens for 

resistivity measurements and tensile tests have thermal histories different from 

each other. However, as the zones corresponding to the resistivity maximum 

contribute to the strengthening, it may be considered that the larger resistivity in 

pre-aged specimen suggests the smaller average size of zones. The results of isochro

nal aging after pre-aging are shown in Fig. 18. Though there is also a difference 

m thermal histories as in the case of Fig. 2, it can be said that the zones formed 

at 120°C are more stable than that of formed at 40°C. 

Conclusions 

The re-dissolutions of clusters or small zones through two-step aging are 
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confirmed by resistivity measurements. For the decrease in resistivity at the initial 

stage of low temperature aging of 0.5% Mg2Si, two different contributions may 

be considered. One is the formation of vacancy-solute atom pair at the expense 

of single vacancies and the other is the re-dissolution at 20°C of clusters formed 

at -20°C. The former is proposed to the resistivity decrease in dilute Al-Ag alloys. 

In this case, the latter also seems to be probable since single vacancies should not 

remain through quenching. 

The energy Es for migration of solute atoms during the fast reaction was estimat

ed as 0. 77 e V for all three alloys in good agreement with the value reported for 

1.4% Mg2Si alloy by Panseri and Federighi. However, Emax, the apparent activ

ation energy for resistivity maxima is strongly dependent on the alloy concentration. 

Comparing them each other the aging time corresponding to resistivity maximum 

tmax for alloys aged at the same temperature, less t max is observed in the alloy of less 

concentration. This will be explained by the assumption of nearly equal concentra

tion of quenched-in vacancies for all three alloys. Namely, the amount of diffusion 

during the fast reaction also may be equal and the concentration of Mg and Si 

atoms in solution at the end of fast reaction is higher, the higher is the alloy con

centration. As shown by less value of ts in high concentration alloy, the cluster 

number in the high concentration alloy is larger t~an that of the lower concentration 

alloy. Thus, if the resistivity maxima appears at a critical size of zones or clusters, 

the growth of individual zones requires longer periods to attain the critical size. 

The critical temperature Tc for homogeneous nucleation of precipitates exists 

between 160 and 200°C in 1.0% Mg2Si alloy and between 200 and 260°C in 1.5% 

Mg2Si. The highest temperatures for each alloy at which the resistivity increase 

is observed are in the temperature ranges for Tc, respectively. 

The specimens quenched directly to the aging temperature above Tc give less 

maximum proof stress at after the aging longer than that of quenched to -20°C. 

This observation means that the precipitates, whatever they may be, are nucleated 

at a temperature lower than Tc. It seems likely that the clusters formed during 

quenching and stabilized during heating to the aging temperature will facilitate the 

nucleation. 

Assuming the same mechanism of precipitation hardening for pre-aged and not 

pre-aged specimens, the effect of two-step aging on the age-hardening in Al-Mg2Si 

alloys is explained as follows: 

In the case that all clusters formed during pre-aging are finally dissolved, e.g. 

aging above Tc after short time pre-aging, the number of precipitates after final 

aging depends on the rate of dissolution. When the specimen is quenched to -20°C 
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or pre-aged at a sufficiently low temperature, the clusters may be too small to survive 

upto T 2 and almost all of them will be dissolved rapidly. Thus the nucleation 

during heating will become ample to hardening nearly equal to the case of quench

ing to -20°C. If the clusters are dissolved rather slowly, in the case of prolonged 

pre-aging, the nucleation will be suppressed by a less degree of supersaturation 

with the yet dissolving clusters. This explanation implicitly assumes the different 

precipitates at T1 and 7; respectively. This assumption seems to be valid because 

the decrease in proof stress, however slight it may be, is observed in isothermal 

aging at sufficiently high T2 after low temperature pre-aging. Further evidence 

needs to be given by experiment concerning the mechanism of strengthening. 

Such experiments are interesting since, if the ordered structure of zones reported by 

Lutts3> mainly contributes to the strength and the stability of zones are dependent 

on not only the zone size but also the degree of ordering, the effect of two-step 

aging may be more easily explained. 

If the clusters or zones survived even at the final aging temperature, e.g. in the 

case of final aging at T2 below Tc, or high temperature pre-aging, the number of 

clusters may continue to grow slowly because the solute supersaturation must be sus

tained mainly by re-dissolution of smaller clusters. Therefore, the retardation 

occurs in isothermal age-hardening, and the strength after a fixed treatment of 

final aging becomes less than that of not pre-aged. However, after a prolonged 

pre-aging, the same value as that of not pre-aged is attained. 

On an isochronal pre-aging, a minimum occurs in the proof stress after a fixed 

treatment of final aging. Therefore, the application of Becker's nucleation theory 

seems to be difficult in the case of two-step aging of Al-Mg2Si alloys 
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