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ABSTRACT The mechanism of two-step aging behavior of Al-Mg-Si alloys is discussed based
on the results of low temperature aging and effects of quenching conditions including water-
quenching(W.Q.) and step-quenching(S.Q.) treatments. In an Al-0.57%Mg-0.31%Si alloy (mass%),
the S.Q. treatment gives little effect on the electrical resistivity change at room temperature, while a
characteristic effect is observed on the resistivity increment at 373K. In addition, the peak hardness
of the two-step aged alloy at 453K after pre-aging at 373K becomes higher in the S.Q. treatment
than that in the W.Q. treatment. These results suggest that two types of clusters are formed during
pre-aging and that quenched-in excess vacancies affect the formation behavior of these clusters.
Keywords: Al-Mg-Si alloys, two-step aging, pre-precipitation, siep-quenching,
quenched-in vacancies, Si-vacancy clusters

1. INTRODUCTION

Recently, Al-Mg-Si alloys have become attractive as heat treatable aluminium alloys for
bodysheets of automobiles. However, it is well known that the two-step aging behavior of these
alloys is rather complicated. Therefore, this complicated behavior stands in the way of practical
applications of these alloys for bodysheet materials. The artificial aging treatment for these alloys
is usually performed at about 453K after quenching from solid solution states. However, in a case
that the alloys are exposed at low temperatures before artificial aging, the age-hardening behavior
of these alloys during artificial aging is variously changed depending on the temperature and time
of exposure conditions. In addition , the two-step aging behavior of Al-Mg-Si alloys also differs
depending on the chemical compositions of alloys ; i.e. contents of Mg2Si, excess Si and Mg for
Mg2Si quasi-binary compositions.

It is considered that these complicated behaviors are associated with the pre-precipitation
during low temperature aging (pre-aging). Therefore, in this work, both the effects of pre-aging
conditions on the subsequent artificial aging (second aging) behavior and the pre-precipitation
behavior have been investigated for the quasi-binary Al-Mg-Si alloys and excess Si alloys. The
precipitation and microstructures were examined using hardness, electrical resistivity measurements,
and transmission electron microscopy. Furthermore, the effects of quenching conditions including
water-quenching(W.Q.) and step-quenching(S.Q.) treatments on the above behaviors have been

also discussed in terms of the quenched-in vacancies.
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2. EXPERIMENTAL PROCEDURE

The chemical compositions of the alloys are listed in Table 1. The quasi-binary "‘ll()yS(b"ll“m\m:
alloys) were preparcd with the Mg2Si contents of 0.9%(9B) and 1.4%(14B). Excess Sj ullqy_\.:ﬁ
contuining()‘tS%Si(()S) and 0.3%Si(148) for the corresponding quasi-binary alloys were also preparyg
The ingots were homogenized, then hot and cold-rolled to 1.2-1.5mm thick sheets. All of the sheat
gpecimens Were solution-treated at 833K for 1.8ks and quenched into ice water at 273K direqy,
(W.Q.) or after interrupted at 523K for 30s (S.Q.). All the specimens were held in ice water for Q')(-}.\
and subsequently age-treated in various conditions. The pre-aging was carried out at temperature T
(R.T.-373K) for aging time t1and followed by the second aging at temperature T2 (453K). Hardng
measurements were performed on the as-polished specimens using a micro Vickers hardness leSe;
with a 0.5kg load. The foils for the transmission electron microscopy (TEM) were prepared by e
twin-jet polishing technique in a 25vol. % nitric acid-75vol.% methanol solution at about 250K, The
precipitate microstructures were observed at an accelerating voltage of 200kV using a JEM2000
transmission electron microscope. The electrical resistivity changes were measured by the four-pripe

p()mmiomelric technique on wire specimens with dimensions ¢ 1.0mm X300mm at liquid nitro

\\\ﬁk‘ie
Lemperalure.
Table 1 Chemical compositions of alloy specimens (mass%).

Bl ements . ) )

. Mg Si Al Mg2Si Ex.5i

9B 0.57 0.31 bal. 0.84 e

98 0.58 0.94 bal. .92 0.60

14B 0.94 0.51 bal. 1.39 —

14S 0.96 0.84 bal. 1.51 0,29

|

3. RESULTS
3.1 Two-step aging behavior

[0 9sw.a) m 95(5.0) © 9B(W.Q.) @ 98(5. " |

The peak hardness of the alloys two-step ]
aged at 453K was examined for different pre-

aging temperatures. Fig.1 shows the examples i

for 9B and 9S alloys two-step aged at 453K §
for 36ks(for a9B alloy) or 18ks(for a 9S alloy) E TR Frl e
after pre-aged at R.T. for 60s to 604.8ks for é Lt S e e \‘
W.Q. and S.Q. treatments. The so-called % G ‘
negative effects of the pre-aging at RT. are 2 #° ’
recognized in a 9S alloy, while the changes K . ‘ . . ]
ina 9B alloy are little. The hardness changes NoPre-aging 1x1¢ 1x10 13107 11
for the pre-aging at 373K are presented in PR

Fig.2. The negative effects of the prc—aging Fig.1 Hardness of a 9B alloy aged at 453K for 36ks and
are similarly observed in a 9S alloy, however, a 9S alloy for 18ks after pre-aging treatment at R.T..
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the positive effects are obviously found in a
9B alloy. These results basically well agree

[D 9S(W.Q.) WM 95(5.Q.) O 9B(W.Q.) e QB(S,Q.)}

with a large number previous results.

TEM micrographs are shown for the alloys 1 3OE1
single aged and two-step aged in Fig.3. In all 120'.'--‘%
micrographs needle shaped precipitates are gno =
observed. These precipitates are identified to
be G.P. zones, which cause marked § 100
precipitation hardening in Al-Mg-Si alloys. g ‘ ./’/N
In Fig.3 it is found that the pre-aging at 373K E . 5 ==
results in the increased number density of 5 80<>~ - & o
precipitates for a 9B alloy (see(a) and(b)), e 'r,/"
while the decreased number density for a 9S ;Spre_agmg e fo 1!102 o

alloy (see(c) and (d)). These results clearly Pre-aging time, t1/ ks

indicate that the hardness changes of 9B and

9S alloys are associated with the number Fig.2 Hardness of a 9B alloy aged at 453K for 36ks and

density of G.P. zones. a 9S alloy for 18ks after pre-aging treatment at 373K.

The effect of the S.Q. treatment on the hardness changes is also demonstrated in Fig.1 and Fig.2.
The hardness of both 9B and 9S alloys single aged (no-preaging) after the S.Q. treatment are
smaller than those of the alloys after the W.Q. treatment. These results are explained in terms of
quenched-in excess vacancies. It should be noted that the S.Q. treatment results in the increased
hardness for both alloys pre-aged at 373K, while results in the decreased hardness for the alloys
pre-aged at R.T.. These results suggest that the two-step aging behavior is also closely related with
the amount of quenched-in vacancies.

The two-step aging behavior of Al-Mg-Si alloys and the effect of the S.Q. treatment on the
precipitation behavior should be understood based on the phenomena taking place during pre-aging
at low temperatures. Therefore, it is necessary to elucidate the pre-precipitation behavior in more

details.
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Fig3 Electron micrographs for (a) 9B alloy aged at 453K for 36ks, e
(b) 9B alloy aged at 453K for 36ks after pre-aging at 373K for 86 4ks, 100nm
(c) 9S alloy aged at 453K for 18ks,

(d) 9S alloy aged at 453K for 18ks after pre-aging at 373K for 86.4Kks.
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3.2 Pre-precipitation behavior

Fig.4 shows isothermal aging curves of hardness for a 9B alloy during pre-aging at R.T. to 373
[t is noteworthy that the shapes of aging curves change depending on the pre-aging temperauy.
Two curves of R.T. and 373K aging are different from each other in their shapes; i.e. the curve
R.T. aging shows a gradual increase from the beginning of aging, while the curve of 373K Aging
shows a delayed increase at the beginning of aging. The curves of 323 and 348K aging exhibi .,
two-stage increase in hardness, indicating that two types of clusters are formed. In this work, .
two-stage increase is designated as Stage 1 and Stage 2, respectively. The positive effects on the
second aging at 453K is observed when the pre-aging temperature is 323 to 373K for a 9B alloy, s
mentioned in the section 1. In the present results, the products formed at Stage 1 of pre-aging give A
negative effect on the peak hardness of the second aging at 453K, while the products formed .
Stage 2 cause a positive effect.

The similar behavior was also observed in a 9S alloy during low temperature aging. Howeve,
basically only negative effects are observed in a 9S alloy at all pre-aging temperatures examingg.
The behavior of the negative effect in excess Si alloys can not be simply explained by the mechanigyy,

working in  quasi binary alloys. Some 190
additional effects should be taken into 9o | ORT
. X . i i . O 323K
consideration in excess Si alloys. The increased < 8o} e
crr. z h i
number of Si-vacancy clusters, for example, % 7o} 373K
are possibly formed in excess Si alloys £ soik
. . . . . (x]
compared with quasi-binary alloys. This is W -
. . . ) b
considered later in more details. ]
. . . . g A0 =
The electrical resistivity changes during g be e B
. . i =z 30
pre-agingat R.T. and 373K were also examined
) ) . , ) . 20
and are shown in Fig.5 and Fig.6. These A, 110 1x1 6 1x10° 110
increment behaviors of the resistivity well Aging time, ¢ /ks
agree with the previously reported results. The Fig.4 Isothermal aging curves of hardness
results for the S.Q. treatment are also for a 9B alloy during pre-aging at R.T. to 373K.
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Fig.5 Increments in resistivity for a 9B alloy during Fig.6 Increments in resistivity for a 9S alloy during

pre-aging at R.T. and 373K. (A p=p - pA.Q. ) pre-aging at R.T. and 373K.
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IYig.7 The difference of resistivity between W.Q. Fig.8 The difference of resistivity between W.Q.
and S.Q. treatments, as a function of aging time and S.Q. treatments, as a function of aging time
at R.T. and 373K for a 9B alloy. at R.T. and 373K for a 9S alloy.

represented in Fig.5 and Fig.6. The increments in resistivity become small by the S.Q. treatment
compared with the W.Q.treatment. If carefully observed, the resistivity discrepancy between the
W.Q. and S.Q. treatments is found to be large at different stages of aging for R.T. and 373K. To
demonstrate these points, the difference of resistivity between the W.Q. and S.Q. treatments, ( 0
wo- P sa), is shown in Fig.7 and Fig.8. Both of Fig.7 and Fig.8 show that the valuc of ( 0 o0 ¢p)
becomes increased at Stage 1 at 373K. These results indicate that the formation of products at Stage

I is suppressed by the S.Q. treatment due to the decreased amount of quenched-in vacancies.

4. DISCUSSIONS

The hardness changes during aging at low temperatures exhibit a two-stage increase, suggesting
the formation of two types products. This can be also detected in the resistivity changes. The
increment in the resistivity at Stage 1 is higher in a 9S alloy than in a 9B alloy. Therefore, the
products at Stage 1 are considered to be associated with Si atoms. The products are also influenced
by vacancies. In this work, the products at Stage 1 are assumed to be Si-vacancy clusters, while the
products at Stage 2 are assumed to be Mg-Si co-clusters. Based on the above assumption, the
two-step aging behavior obtained in this work is well explained. The Si-vacancy clusters will
suppress the formation of G.P. zones due to the reduced Si atoms and free vacancies in the matrix.
On the other hand, the Mg-Si co-clusters formed at Stage 2 will act as nucleation sites for G.P.
zones, resulting in the increased number of G.P. zones.

The effect of the S.Q. treatment is also explained in terms of the above assumption. The S.Q.
treatment decreases the amount of quenched-in vacancies and results in the reduced Si-vacancy
clusters. Then, the formation of Mg-Si co-clusters is resultantly accelerated and the number density
of G.P. zones increases. Therefore, higher hardness is obtained in the S.Q. treated alloys. The above
behavior should be also confirmed in 14B and 14S alloys in details. It is also important to detect

and identify the Si-vacancy clusters and Mg-Si co-clusters experimentally.
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5. CONCLUSIONS

The two-step aging behavior and the pre-precipitation behavior at low temperatures (R.T.-3%3
for an Al-0.9%Mg2Si alloy (9B) and an Al-0.9%Mg2Si-0.6%Si (9S) alloy were investigated
two kinds of quenching methods; i.e. water-quenching(W.Q.) and step-quenching(S.Q.). The obt
results are summarized as follows.

with

Aned

(1) The values of hardness for both 9B and 9S alloys single aged at 453K (no-preaging) after S.Q.
treatment are smaller than those for the alloys after W.Q. treatment.

(2) The S.Q. treatment results in the increased peak hardness for both alloys pre-aged at 373K
compared with the W.Q. treatment, while the S.Q. treatment results in the decreased peak harqn;\\
for the alloys pre-aged at R.T..

(3) The experimentally obtained results are well explained taking into account of the formatigy,
two types clusters during pre-aging.
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