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Abstract

In this study the role of Mg,Si-co-clusters formed during long-
term natural aging on the artificial aging behavior was
investigated by hardness measurements for the alloys AA6061
and AA6060. It was found that kinetics and age hardening
response of artificial aging at common temperatures (e.g. 170 °C)
are lowered by a strong presence of co-clusters, but enhanced at
high temperatures (e.g. 250 °C) for AA6061. Co-cluster formation
in the alloy AA6060 increases the age hardening response at
170 °C, but barely influences kinetics in both temperature regions.
The co-cluster dissolution was analyzed by a model based on
temperature dependent reversion of the hardness, which showed
similar activation energies for both alloys. It is supposed that the
different behavior of the alloys AA6061 and AA6060 can be
explained by solute-vacancy interactions.

Introduction

Nowadays Al-Mg-Si alloys are the commercially most frequently
used group of age hardenable aluminum alloys [1]. Although they
were developed 85 years ago, several aging phenomena are still
poorly understood. This arises from the limits of available
experimental methods [2] and the complexity of early stage
precipitation reactions in this alloy system. Especially the
influence of natural pre-aging on artificial aging, which depends
on the type of Al-Mg-Si alloy and the temperature where artificial
aging is performed [3], is not fully resolved even though it has
been investigated over the last 70 years [2]. The alloys AA6061
and AA6060 are important members in the family of Al-Mg-Si
alloys and mark two extreme cases concerning the influence of
natural pre-aging [4]. Alloys with higher alloying content such as
AA6061 are used for applications that require higher strength
such as construction, automotive engineering, shipbuilding and
the aircraft industry. For these alloys a strong adverse influence of
natural pre-aging on the precipitation kinetics and the hardening
response at common artificial aging temperatures (e.g. 170 °C)
has been reported [5-8]. Further it has been reported recently that
kinetics and age hardening response of AA6061 can also be
enhanced by natural pre-aging, when artificial aging is performed
at unconventional high temperatures (e.g. 250 °C) [3]. Lean alloys
such as AA6060 provide a medium strength and are often used for
extrusions in transportation [4]. In contrast to rich alloys a
positive influence of natural pre-aging has been found at common
artificial aging temperatures [8,9].

Beside the fundamental aspect of understanding the mechanisms
responsible for the ambiguous influence of natural pre-aging, the
negative effect in rich alloys is of considerable industrial
importance because the production of many heat-treated semi-
finished products is affected by logistically unavoidable natural
pre-aging [4]. Furthermore, the use of such alloys for automotive
outer panel applications is restricted by the sluggish kinetics after
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intermediate natural aging. This led to the development of
numerous heat treatments strategies to minimize the negative
effect of natural pre-aging [10-15]. The industrial importance of
the negative effect might be the reason that rich alloys have been
extensively studied at common artificial aging temperatures, while
lean alloys and unconventional artificial temperatures have been
barely investigated. For an appropriate examination of these two
previously untended issues the precipitation sequence of Al-Mg-
Si alloys should be addressed first [16}:

SSSSS — Individual clusters — Co-clusters — GP-1 zones —
B"— B and others — B

Note that this general sequence is not without controversy in the
early stages, can differ with the alloy composition, and is only
valid during linear heating. After the first stages including
individual solute clustering of Si and Mg and cluster dissolution
reactions, Mg, Si-co-clusters are formed from the super-saturated
solid solution (SSSS) [16]. Co-clusters [2,9,16,17-19] were also
found after long-term room temperature exposure, whereat
Banhart et al. [1] recently reported that natural aging of Al-Mg-Si
alloys is a rather complex process taking place in several
individual stages. Since the notation of the finally formed clusters
is not consistent in the literature (co-clusters are termed as both
initial-B"* [20] and GP-zones [21]) in this work the term co-cluster
is only used for clusters formed after long-term natural aging.
Consecutively formed GP-1 zones [22-24] are thermally more
stable, contain more solute atoms, and are most often found to be
spherical, with a typical size of 1 to 3 nm [25]. At peak aged states
needle-like monoclinic B'* (MgsSis) precipitates were found to be
responsible for the major hardness increase [25,26]. For overaged
microstructures  various  hexagonal  rod-shaped  phases
[16,21,22,27-29] have been reported (B° and others). The
equilibrium phase is the platelet-like B precipitate (Mg,Si)
[16,20,21,30]. In the past many researchers argued on the negative
influence of natural pre-aging at common artificial aging
temperatures more or less addressing the role of co-clusters during
artificial aging. Ried et a/. [8] thought that natural aging reduces
the vacancy concentration and solute super-saturation (due to the
formation of co-clusters), which should rise the critical nucleation
size for B [31]. Murayama et al. [18] expected that co-clusters,
which form during room temperature storage, are too small to act
as nucleation sites for $°° and would be completely reverted at
common artificial aging temperatures. Resent results indicate that
artificial aging kinetics of AA6061 is controlled via the
concentration of mobile vacancies, which is determined by a
temperature-dependent dissolution of co-clusters associated with
the release of imprisoned quenched-in vacancies. Due to a very
slow co-cluster dissolution at low temperatures the precipitation
process is strongly retarded at common artificial aging
temperatures and enhanced at high artificial aging temperatures
[3]. The positive effect has not been investigated



comprehensively, but Chang et al. [9] assumed that in lean alloys
a different nature of co-clusters might exist, which dissolve very
slowly and could serve as nuclei for subsequent phases. However,
the picture of the role of co-clusters during artificial aging at
different temperatures for various Al-Mg-Si alloys is far from
complete. Thus, the present work was performed to investigate the
artificial aging behavior at common and high temperatures of two
principal Al-Mg-Si alloys especially focusing on the role of co-
clusters.

Experimental Methods
The alloy AA6061 was supplied by AMAG Rolling and the alloy
AA6060 was provided by Light Metals Technologies Ranshofen.

Their composition is given in Table I.

Table 1. Composition of alloy AA6060 and AA6061

Alloy\wt% | Si Fe Cu | Mn | Mg [ Cr
AA6060 041 ] 017 - - 0.43 -
AA6061 0.60 1052 (022}0.11 [ 0.82 ] 0.15

Solution heat treatment was performed in a circulating air furnace
(Nabertherm N60/85 SHA) at 570 °C for 20 min. Specimens were
then heat treated according the time-temperature sequences
described in Figure 1. Quenching was carried out in water at RT,
followed by natural pre-aging for 1.2:10*s (81) and 1.2:10° s (B2)
at 25 °C. In order to achieve a good temperature accuracy during
artificial aging, an oil bath (LAUDA Proline P 26) with an
integrated basin filled with a low-melting alloy as a high
performance heat transfer medium (Bi57Sn43) was used. Samples
were positioned in a cage near a platinum thermometer (Pt100),
which facilitated a temperature accuracy of = 0.1 °C.
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Figure 1. Heat treatment procedure

Brinell hardness measurements were performed in an EMCO-Test
M4 unit. For the alloy AA6061 HBW 2.5/62.5 was used.
Especially for the lower range of the hardness of the softer alloy
AA6060 this method is not optimal. Therefore HBW 2.5/31.25,
which facilitated a more accurate measurement in terms of
deviation of the measured hardness values, was used. Note that
hardness values measured with different methods cannot be
exactly converted into each other in principal. But for the present
study it was proven experimentally that both values do not differ
strongly in the investigated range and can therefore be roughly
compared.

Experimental Results
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Natural Aging

Hardness curves for natural aging at 25 °C of AA6060 and
AA6061 are shown in Figure 2. After a slow initial change and a
rapid hardness increase a nearly constant value of 39.2 HBW
2.5/31.25 was reached for AA6060 (Figure 2a). AA6061
exhibited the same three stage behavior resulting in a nearly
constant hardness value of 73 HBW 2.5/62.5 (Figure 2b). The
natural aging kinetics of AA6060 is only slightly slower than for
AAG6061, but the total increase of the hardness is much lower for
the alloy AA6060.
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Figure 2. Hardness curve for natural aging at 25 °C of a) AA6060
and b) AA6061

Artificial Aging

Hardness curves obtained by the artificial aging procedures Bl
and B2 at 170 °C are shown for AA6060 and AA6061 in Figure 3.
In order to help the reader, additionally the hardness measured
after long-term natural aging (n.a.) is plotted. Examining alloy
AAG6060, the intermediate natural aging (B2) shifted the hardness
curve to higher values, whereby the contribution of co-clusters to
the hardness seems to be constant over a long aging time and no
significant reversion was observed (Figure 3a). Kinetics was not
affected by long-term natural pre-aging (B2) and has been found
to be similar but very slow for Bl and B2. The alloy AA6061
exhibited a totally different behavior (Figure 3b). Artificial aging



directly after quenching (B1) resulted in very rapid kinetics and
high peak hardness. For B2, kinetics was found to be strongly
retarded and nearly as slow as for the alloy AA6060. Furthermore,
the peak hardness of B2 is lower than for B1. Similar to AA6060
no observable reversion of co-clusters took place.
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Figure 3. Hardness curves for artificial aging procedures B1 and
B2 at 170 °C for (a) AA6060 and (b) AA6061

The hardening behavior of the two alloys applying procedure B1
and B2 at 250 °C artificial aging temperature is shown in
Figure 4. Beside a rapid reversion of the hardness, reached after
natural aging and a slightly higher peak hardness for B2, both heat
treatment procedures exhibited similar kinetics for the alloy
AA6060 (Figure 4a). Compared to artificial aging at 170 °C faster
kinetics has been found for B1 and B2, so that the initial period
till the first hardness increase occurred, reduced from ~ 310%sto
~ 10% 5 and the time to peak hardness decreased from ~ 7-10% s to
~ 3-10% 5. For the alloy AA6061 a different behavior has been
found (Figure 4b). Beside a rapid reversion, procedure B2 showed
accelerated aging kinetics and significant higher peak hardness
than Bl. Compared to artificial aging at 170 °C extremely
enhanced Kinetics has been found for B2, so that the initial period
till the first hardness increase occurred, reduced from ~ 2:10% s to
~2-10' s and the time to peak hardness decreased from ~ 1-10° s to
~9-10% 5. Interestingly, B1 revealed nearly the same initial period
till the first hardness increase occurred (~ 107 s) at both
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temperatures, while the time to peak hardness decreased from ~
3:10*sto~3-10%s.

a)
—4—n.a. ~—
—e— it o N
g °1 B2 ¥ /\ %
ol . ng
N [/ 3G\
o i
2 40 4 / 2 =
P L e 4
% T
§ 354 2 ﬁ."ﬁ{
c . - . !’
B b | A l'/.'
ha) LT - ar
T . A
304 & .T' L]
T ey T T
10’ 10° 10° 10*
Time [s]
b)
+—N.a. I E i
=9 . B Ay
- BZ A
E. 3( e
o e e e L wifn. G +
] ;
& 70 S’
o —a 2
g { » ..ll”
-
Z e0{ X
] ", W
7] Y -
2 Lt e 1 /
] 3
g 50+ s w
t
40 T T w L
10' 10° 10° 10*
Tirme [s]

Figure 4. Hardness curves for artificial aging procedures B1 and
B2 at 250 °C for (a) AA6060 and (b) AA6061

Co-cluster Dissolution

The reversion of the hardness is a good indicator for the
dissolution of co-clusters formed during long-term natural aging,
which can be analyzed by a simple model already used for this
purpose in [3]. Its basic assumptions have to be considered and
should be briefly recapitulated. The hardness is supposed to be
proportional to the contribution of co-clusters, treated as shearable
obstacles [32-34], to the yield strength. Furthermore, the slightly
increasing solution strengthening is neglected. Accepting this, a
relationship between the relative volume fraction of co-clusters
(%) and the hardness during early stages of the reversion,
where the contribution of aging is negligible, can be express by
Eq. (1). The hardness after long-term natural aging (H, s ) was set
to 39.2 HWB 2.5/31.25 for AA6060 and to 73 HBW 2.5/62.5 for
AA6061. For AA6060 the as-quenched hardness (Hg,) was
found to be 29 HBW 2.5/31.25 and for AA6061 a value of 43
HBW 2.5/62.5 was measured.

H—Hggq
Hn.a. - Ha.q.

n.a.
na. o

8]



The time-dependence of f;% during reversion can be described
by Eq. (2), which basically results of a mathematical model for a
diffusion-controlled solution of a second phase in an infinite
matrix [34]. B is a factor with an Arrhenius temperature
dependence (Eq. 3), characterized by the activation energy for the
dissolution of co-clusters (Qg;ss) and the pre-exponential factor
By. The activation energy for the dissolution of co-clusters
includes the enthalpy of solution of co-clusters (Q;) and the
activation energy for diffusion (Q,) (Eq. 4).

frn.a. - (1 —B: t0'5)3 (2)
Quiss = Qs + Qz_d C))

In Figure 5 the relative volume fraction of co-clusters during the
early stage of artificial aging according to procedure B2 obtained
from hardness measurements is shown for different aging
temperatures for AA6060 (Figure 5a) and AA6061 (Figure 5b).
Furthermore, the results of fitting the experimental data by a least
squares algorithm according to Eq. (2) are shown. Values of B
obtained by fitting are listed in Table II.

Table I1. B-values of alloy AA6060 and AA6061

B [5-0,5]
T[°C] AA6060 AA6061
190 1.42E-2 1.24E-2
200 1.81E-2 2.54E-2
210 3.13E-2 3.39E-2
220 441E-2 5.07E-2
230 7.47E-2 7.77E-2
240 9.84E-2 1.01E-1
250 1.31E-1 1.28E-1

The activation energy for the dissolution of co-clusters and the
pre-exponential factor By can be determined by an Arrhenius plot
of Eq. (3) (Figure 6). For AA6060 the value for Q55 was found
to be 79 kJmol ™! and B, revealed a value of 9.8-10° s The alloy
AA6061 showed insignificantly lower values for the activation
energy (77 kJmol™) and By (6.6:10° 5%,

Discussion

The present study reveals a totally different influence of the co-
cluster formation during long-term natural aging on subsequent
artificial aging at common (e.g. 170 °C) and high temperatures
(e.g. 250°C) for the alloys AA6060 and AA6061. A significant
increase of the hardening response, but no influence on kinetics
was observed for AA6060 at 170 °C (Figure 3a). At 250 °C the
long-term natural aging showed a rather small influence,
excepting the dissolution of co-clusters at the very beginning of
artificial aging (Figure 4a). For AA6061 kinetics and age
hardening response of artificial aging at 170 °C are strongly
lowered by the presence of co-clusters, while both are
significantly enhanced at 250 °C (Figure 3b, Figure 4b).
Interestingly, the analysis of the dissolution of co-clusters during
artificial aging revealed a similar behavior for both alloys (Figure
5, Figure 6).
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Figure 5. Relative volume fraction of co-clusters during reversion
at different temperatures for (a) AA6060 and (b) AA6061

Note that the values found for Qg4 are comparable to the value
given in [34]. This findings contrast the idea of Chang et al. [9],
who speculated that a different nature of co-clusters exists in lean
alloys, dissolving very slowly and serving as nuclei. Instead, we
believe that the rather complex effects of long-term natural aging
of different Al-Mg-Si alloys can be explained on the basis of
quenched-in vacancies, which has been shown to be necessary for
the nucleation of B’ [35] in Al-Mg-Si alloys. Therefore two
principal assumptions concerning vacancy-solute interactions
have to be made:

i) Co-clusters can contain and release quenched-in vacancies.
ii) The mobility of quenched-in vacancies depends on their
interaction with solute atoms.

Assumption (i) has been previously described in [3] as the so-
called ‘vacancy prison mechanism’ and explains the influence of
long-term natural pre-aging on artificial aging of AA6061 via the
concentration of mobile vacancies, which is determined by a
temperature-dependent dissolution of co-clusters associated with
the release of imprisoned quenched-in  vacancies.
Assumption (ii) is somehow comparable to the ‘temporarily
stabilization® of vacancies used in [3] explaining a retarded
annihilation. For the current discussion this concept is used in a
more general way.
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Figure 6. Arrhenius plot of Eq. (3) for (a) AA6060 and (b)
AA6061

Although the exact binding energy of Mg and Si with vacancies is
still under discussion [36] an association tendency of vacancies
with Mg atoms during natural aging has been shown by positron
annihilation  lifetime  spectroscopy (PALS) [19,37,38].
Furthermore, it has been found that the annihilation of quenched-
in vacancies is prevented by Mg in aluminum at room temperature
and delayed at temperatures above 100 °C [39,40]. In general
lattice sites next to attractive solute atoms are energetically
preferential for quenched-in vacancies whereby the formation of
vacancy-solute pairs or complexes is promoted [41]. Note that
also in the equilibrium state solute-vacancy complexes, at least as
pairs, exist if attractive interactions to solute atoms are present
[42]. Barnhart et al.]1,2] reported that an association tendency of
vacancies and solute within the first few minutes of natural aging
or even during quenching is very likely in Al-Mg-Si alloys. In
such constellation, solute atoms can either change their lattice
sites with the vacancy, or matrix atoms jump into the vacancy
around the solute atom, which leads to a preferential movement of
the vacancy around the solute atom. Compared to pure metals,
jumps are therefore not longer random. From this non-random
walk it is evident that the statistical length which a quenched-in
vacancy can move to an annihilation sink is reduced, and
annihilation is retarded. Consequently, annihilation depends on
the chemical composition, assuming a similar number density of
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annihilation sites such as free surface, grain boundaries and
dislocations {43].

AA6060

Intermediate long-term natural aging (B2) shifted the hardness
curve, obtained by artificial aging at 170 °C, to higher values
(Figure 3a). This can be explained by the contribution of co-
clusters, slowly dissolving at this temperature. Note that the
difference in the hardness is constant over a long period and
reduces just in late stages of aging. Due to slow but similar
kinetics found for B1 and B2 (Figure 3a), the precipitation process
during artificial aging is assumed to be controlled by the same
mechanisms. For artificial aging at 250 °C a rapid reversion took
place for B2. Thereafter, both heat treatment procedures exhibited
similar kinetics and just small differences in the hardness (Figure
4a). The fact that the precipitation process including nucleation
(simplified here as the initial period until the hardness starts to
increase) and growth is accelerated with rising temperature can be
easily explained by thermally activated diffusion (increasing
equilibrium concentration of vacancies) in a super-saturated solid
solution with large undercooling [44]. In contrast to AA6061 [3] it
is believed that co-clusters in AA6060 contain no vacancies which
can be released during B2. Furthermore, a rapid annihilation of
quenched-in vacancies during quenching and initial stages of
artificial aging according to B1 is supposed. Both can be
explained by a low concentration of solute in lean alloys, which
provide a low number density of preferential sites for vacancies
next to attractive solute atoms (assumption (ii)). Quenched-in
vacancies might anneal out during natural aging for B2 or before
the critical size for the nucleation of B°* is reached in the case of
B1. Conclusively, the precipitation process in AA6060 is
governed by the same concentration of vacancies near the
equilibrium for Bl and B2, which is in good accordance with
thermally activated diffusion controlling the precipitation
reaction.

AA6061

The influence of natural aging on artificial aging of AA6061 has
been already explained in [3] by the temperature-dependent
release of imprisoned quenched-in vacancies from co-clusters.
Anyhow, it is necessary to make some remarks to get a complete
picture of Al-Mg-Si alloys including lean alloy. For heat treatment
procedure B2, co-clusters act as ‘prisons’ for quenched-in
vacancies at 170 °C artificial aging temperature and therefore
strongly retard the precipitation process. Note that kinetics is just
slightly faster as for B1 and B2 of AA6060 (Figure 3). At 250 °C
imprisoned quenched-in vacancies are released from dissolving
co-clusters and precipitation kinetics is enhanced. Note that for
B2, kinetics (especially the nucleation time) is much stronger
accelerated than for the alloy AA6060 by rising the temperature.
The fast kinetics found at 170 °C for AA6061 according to B1 has
been attributed to a high concentration of quenched-in vacancies
[3]. Because they are essential for the nucleation of B''[35], the
critical size of nuclei must be reached before most quenched-in
vacancies have been annealed out. This can be easily understood
applying assumption (ii) to rich alloys with a high number density
of preferential lattice sites for vacancies. A further indication of
the importance of quenched-in vacancies during initial stages at
170 °C for B1 is that the nucleation time does not significantly
differ for B1 at 170 °C and 250 °C and is in the same range as for
AA6060 at 250 °C. A decreasing time to peak hardness with



rising temperature for Bl can be explained by the fact that
thermally activated diffusion is getting dominant after annihilation
has finished.

Conclusions

The objective of this study was to shed more light on the influence
of co-clusters formed during long-term natural aging on artificial
aging at common and high temperatures for the two principal
types of Al-Mg-Si alloys.

In lean alloys, artificial aging is controlled by thermally activated
diffusion, independently of the thermal history. After natural pre-
aging, slowly dissolving vacancy free co-clusters contribute to the
hardness at common artificial aging temperatures which has been
previously called the ‘positive’ influence.

In the case of rich alloys and natural pre-aging, artificial aging is
controlled by a temperature dependent dissolution of co-clusters
and a concurrent release of imprisoned vacancies [3]. The
enhanced kinetics at common artificial aging temperatures for
direct aging can be explained by quenched-in vacancies, which
contribute to the nucleation before they anneal out.
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