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The Effect of Natural Aging on Precipitation in Al-Mg-Si Alloys
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Ahbhstract

The effect of clustering during natural aging of three different A1-Mg-5i alloys with equal Mg/Si-ratics, but different Mg+Si contents
has been systematically studied in the present paper. Hardness measurements were performed both during natural aging (NA) and
after ariificial aging (AA) preceded by various NA times. This revealed the existence of three different clustering processes: (i) An
initial process cansing a slight hardness increase during NA | while & strong hardness increase during subsequent AA . (ii) A second
process causing a significant hardness increase during NA while a clear decrease in hardness after subssquent AA. (iii) A third
process causing & hardness increase both during NA and after NA+AA. The processes (i) and (ii} are both finished within ~hours
at room temperature, while process (iii) continues significantly longer (~ months). Since the latter process has & positive effect
on alloy hardness, it eventually leads to a reversal of the so-called negative NA effect observed for alloyvs of high solute content.
The variations in hardness were verified by investigating selected alloy conditions by transmission electron microscopy (TEM).
The results established that measures like the precipitate number density, size and volume fraction vary according to the NA4+AA
hardness curves. Basad on comparisons with previously published results, it is suggested that reaction (i) is due to Si-5i clustering,
reaction (ii) Mg-Mg clustering and reaction (iii) Mg-Si clustering.
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1. Imtroduction

. ) . '
Al-Mg-51 (fiooe series) alloys are frequently used for in- 5888 — solute clusters — GP zones — & (1)

dustrial purposes due to the ease in which they can be
formed, welded, anodized and painted. They are medium
strength materials that can be hardened through artifi-
cial aging (AA) at elevated temperatures (150°C-2007C),
leading to the formation of precipitate particles that 1m-
pede dislocation motion. Since a large energetical barrier
needs to be overcome to form the equilibrium precipitate
phaze, F-MgaSi [1] and the pure Si particles, the process
goes through a number of metastable structures [2):
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Detailed information on the structurally well-developed
intermediate phases, starting from GF zones, can be found
elsewhere [3.4] - but the exact nature of the solute clusters
is still debated [5]. These form during the early stages of
AA heat treatment, but they are also reported to appear
upon so-called natural aging (NA ) at room temperature [6]-
These N A clusters are of the utmost importance - since they
affect the kinetics of precipitate formation throughout the
precipitation sequence. As they impose such strong effects,
and sinee a short period of NA is industrially unavoidahble
due to difficulties in reocating huge amounts of material
in short times, the phenomenon requires a detailed study.
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Most interestingly, it has been ohserved by Reyset et
al. [7] that the effect of intermediate NA before AA heat
treatment varies according to the total solute content of the
alloy. In alloys of Mg48i>1wt' a negative NA effect was
observed, while alloys of Mg4-Si< 1wt displayed a posi-
tive N4 gffect on alloy hardness after AA. Microstructural
studies by TEM (8] revealed that the negative NA effect
was related to a lowering in number density of hardening
precipitates, while APT studies of Chang et al. [9] revealed
that the positive NA effect relates to a boost in precipitate
formation during AA.

The negative NA effect is so-far the most well-known, as
it takes place in the dense, most commeonly apphed Al-Mg-
5i allovs. A simple way to avold their hardness decrease,
resulting from intermediate N A, would lead to huge profits
for the aluminum industry. Allovs could then be strength-
ened at low cost - and aluminum alloys would compete more
strongly against other materials in & wide range of applica-
ticns. The problem 1s, however, that the NA effect 15 cansed
by nmanoscale solute clusters that are not straight-forward
to investigate. Their very small size, together with their co-
herent growth with the surrounding Al lattice, make them
unsuitable for investigation by standard microscopic meth-
ods [10,6). As a result, cur knowledge shout the NA clus-
tering 15 still insufficient - even if the subject has been the
topic of several studies.

The first researchers that aimed to investigate the cariest
stages of phase separation in Al-Mg-51 alloys were Kovacs
et al. [11] in 1972, They showed through simple resistivity
messurements and comparisons with available data on Al-
51 alloys that 51-5i clustering aided by quenched in vacan-
cies was hikely to be the first step of the process. This sug-
gestion was in 1990 supported by Dutta and Allen [12] who,
through differential scanning calonmetry (DSC) studies,
concluded upon the formation of 5i-51 dusters in the early
stages of NA. Later, in 1994, Edwards et. al. [13] showed
through DSC studies that two processes took place in this
early stage of NA. By atom probe field ion microscopy { AP-
FIM ) they found evidence that these two processes could be
connected to the formation of separate Mg and 5i clusters.

‘With the advent of the three dimensional atom probe
(3DAP), more in-depth studies of cluster sizes and com-
positions could finally be made [6,14]. These revealed that
in addition to the separate Mg-Mg and 51-51 dusters, Mg-
5i co-clusters are forming upon long NA storage times or
slightly higher aging temperatures. This was later verified
by 3DAP studies by De Geuser et. al. [15] in 2006 and
Torsster et. al. [16] in 2010, where all three kinds of clus-
ters were observed in both studies.

Draft version 09.06.11, from F. Martinsen’s Master thesis.

The previously reported studies add some pieces to the
puzzle, but an explanation of why the positive and the neg-
ative NA effects take place is still far from being found.
Results obtained in different groups are difficult to com-
pare due to the extreme sensitivity of early-stage cluster-
ing to variations in heat treatment procedure, Mg/Si ratio,
Mg4-5i content and possible additions of other impurity el-
ements. Consequently, we will in this work report a com-
prehensive study displaying exactly how variations in NA
storage time affect the alloy microstructure after AA. This
1= investigated both by hardness measurements and trans-
miszion electron microscopy (TEM). The study involves al-
loys of different solute content (high, medium, low), but
the alloy Mg/51 ratio 15 kept fixed for all three. Our results
verfy many of the hypothesis made by other researchers -
but a novel key observation 15 made: the negative NA ef-
fect 1= reversed upon long NA storage times. This means
that resources spent in quickly transferring large amounts
of aluminum from one oven to another are in vain - as hard-
ness would be gained by just introducing a delay in the
production process allowing the alloy to rest at room tem-
perature for about two months before artificial aging heat
treatment. In addition, this observation provides informa-
tion allowing for a physically sound deseription of the NA
clustering process.

2. Experimental

Three industrial Al-Mg-5i alloys with equal Mg,/Siratios,
but different solute content {Mg4-5i), were investigated in
the present work. Their nominal compositions are given
in Tahle 1, where they are labeled according to ther level
of solute: HS = high =solute content, M5 = medium sclute
content and LS = low solute content. All three alloys are
seen to contaln similar amounts of iron and manganese.

Table 1
Content of alloying elements in the different alloys in wt %

Alloy type  Label Al Mg § Fe Mn
L3 6060 9883 03T 045 02 005
MS GI05 08511 0555 0V 02 0016
HS 6181 0805 0% 003 02 008

The onginal samples were long extrusion made hillets
with either circular or rectangular shape and were received
from Hydre Al Samples were made by cutting out ~3x3
em pieces of thickness < 3mm, and these were given a ini-

tial SHT of 540°C for one hour in a salt hath before he-



ing water quenched (WQ) to room temperature (RT). The
samples were further divided into two groups, depending on
whether or not they were going to be artificially aged. The
first group of samples were only left for RT-storage and were
regularly measured for hardness during the storage. The
samples in the other group were left for vanous RT-storage
times before they were subsequently artifically aged for 26
hours in an oil bath at 175" and then water quenched to RT.
The samples were then further polished and measured for
hardness. The temperatures in the oil and salt baths were
measured to be within +2° of the quoted value using a Dhg-
itron Instrumentation K-type thermocouple. The hardness
measurements were carried out on a Matzuzawa-15 unit
using & load of 1000 grams, 15 seconds loading time and a
load speed of 100pm /second. The instrument was consis-
tently manually ealibrated each time it was being used in
order to obtain comparable results. Two types of hardness
measurements were made: ordinary measurements where
the average over 10 indents results in a point on the hard-
ness curve, and measurements denoted confinuouws - where
the measurement value of each indent is plotted. The lat-
ter plots were made to map the very quick initial hardness
changes for each alloy.

From the NA4AA hardness results, three samples from
the HS alloy and two from the LS alloy were selected for
investigations by TEM. Specimens were polished using a
Stuers Kuth Rotor gnnding deviee mounted with silicon
carhide gnnding paper, before they were electropolished
using an electrolyvte of one part nitric acid and two parts
methanol. The electropolishing was carmied out using a
Stuers TenuPol-5 operated at 20V with a hght stop value of
120, & pump fow rate of 38 and with the electrolyte held be-
tween -207 and -30°C during polishing. The specimens were
further investigated in a Philips CM30 TEM with a LaBg
filament operated at 150 kY. Thickness measurements were
performed using a Gatan model 601 parallel electron energy
loss spectrometer (PEELS) equipped with an EL/F soft-
ware. For each alloy condition, a series of ten TEM images
(x 144000 magnification) were taken together with corre-
sponding thickness measurements for the purpose of quan-
tifying the average precipitate sizes and nmumber densities.
Pictures with x 491000 magnification were taken in order
to calculate the average precipitate cross sectional areas.
The reason for taking 10 images was to reduce the effects
that possible inhomogeneities of precipitates would cause
on the results.
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3. Results

Natural aging: The hardness of the three alloys during
natural aging can be seen in Figures la, le and le. The
results extending over the whole interval of different NA
times have datapoints representing the mean of ten inden-
tations. Additional series are included for short NA times,
denoted confinuous, where one datapoint represents one
indent with the hardness measurement machine.

The hardness of the HS alloy (Figure la) is seen to
increase rapidly for short NA times before it gradually be-
comes proportional with the loganthm of time after about
five hours. The hardness of the MS allov (Figure 1c) 1= ob-
served to increase slowly for short NA times, then increase
rapidly between 30 min and 10 hours and furhter slowing
down again after 10 hours. The LS alloy (1d) is observed
to increase more or less proportionally with the loganthm
of time during the entire investigated time interval with
only a slight change in slope visible for short NA times.

Natural aging + subsequent arisficsal aging: The hard-
ness variations of the three alloys as a function of NA time
before the fixed AA heat treatment are shown in Figures
1b, 1d and 1f. The HS alloy (Figure 1b) i3 seen to decrease
in hardness for NA storage times up to about five hours.
For prolonged NA, the hardness is observed to increase,
and this continues for all further NA times. The MS alloy
(Figure 1d) is ohserved to incresse in hardness for NA
storage times up to 30 minutes. Further, the hardness de-
creases abruptly - before it stabilizes after about 10 hours
MA. In this latter interval only a slight hardness increase
15 oheerved. The LS alloy (Figure 1f) is seen to increass in
hardness with NA times up to two hours. Further, the alloy
15 ohserved to drop slightly in hardness, before it increases
again upon prolonged intermediate NA times.

TEM-results: Based on the NA+AA curves (Figure 1b,
1d and 1f), three samples from the HS alloy and two from
the LS alloy were selected for TEM analysis. The HS sam-
ples had been stored at RT for 18 seconds, 7 hours and
119 days before the fixed AA heat treatment, while the
samples selected from the LS alloy had been naturally
aged 18 seconds and 209 dayvs before AA It was found
that all samples contained mainly the needle shaped 7
phase, and only a few 3" and B’ precipitates were observed
along grain boundaries. Hepresentative TEM images for
the LS alloy conditions are provided in Figure 2, and they
show that the microstructure of the alloy becomes finer for
prolonged intermediate NA times. For the HS alloy, rep-



Draft version 09.06.11, from F. Martinsen’s Master thesis.

100 Rapid 130 Favorable
P —TEM __{  process
FOCess
B P .
- ) (i ]
= Slow
2 6 process oy
= =
L1
an Deetrimental
]
X L1
ool 1 (L) 1000 (LR 01 1 1nn 1000
Matural aging |hours] Natural aging [hours]
{al (b)
L M Detrimental
¥ 1 . [ process
' [
A g S 105 A
> ™ . I Favorable
process o Slow process
= 30 L rocess = 100 { *
ES ' : = {- } i H
i"."'.'“ Rapid . -
40 . process o3 . Favorable
process LT
an o
ool | 1nn 1000 (R 0.1 1 1nn 1000
Matural aging [hours] Matural aging [hours]
() (d)
a0 Ly
Rapid Slow Detrimental : Favorable
45 process " process process
Slow i \‘1_ ‘\‘
— i
- process - Favorahble
£ 0 ! £ B0 process
4
N . e
i M
o
in i 1
0.0l | oo TR0 (LMK 0l 1 oo TR0
Matural aging [hours] Matural aging [hours]
() (£)

Fig. 1. The hardness results from the HS-alloys (a)-(b), MS-allay ()-(d) and LS alloy (2)-(F) plotted for both during NA (left) and after
Ma—+aa (right). The colored lines are inserted a8 a guide for the aye, while the vertical dotted lines indicate where 2 change in slope of the
curves are evident. These changes are seen to coincide for both Na and Na+AA hardness evolutions. This suggests that the effescts appeanng
during NA are the ones causing the changes in the NA+AA curves. For figure (2) no evident changes are obserable, and the applied hnes are
drawn at equal times as in {f). The samples chosen for TEM-immvestigations are marked with dotted red rings.
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(b)

Fig. 2. TEM pictures of the LS alloy. Samples stored (a) 12 seconds
and (b) 209 days at RT before AA. The sample in (a) can be observed

to have a coarser microstructure than the one in (b).

resentative TEM images are given in Figure 3 - and they
show that the microstructure qualitatively displays a clear
fine— coarse— fine evolution for prolonged intermediate

NA times.
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A guantification of the microstructural details calculated
based on TEM images can be seen in the plots in Figure
4. The volume fraction iz here calculated by multiplying
the other three quantities. As expected from qualitative
observations, the precipitstes of the HS alloy become larger
and fewer if the sample is stored ~hours compared to if it is
stored for ~seconds. For even longer NA storage times the
precipitates in the HS alloy are observed to again become
smaller and more numerous, but not as small and numerous
as for the sample where NA storage was kept at a minimum.
The volume fraction of precipitates for the various HS alloy
conditions is seen to be almast equal for the samples stored
I8 seconds and T hours, but it increases for the sample
stored 119 days. For the LS alloy, the precipitates become
smaller and more numerous for prolonged intermediate NA
times - but the volume fraction is observed to be equal for
the two investigated alloy conditions.

4. Discussion
4.1. Three processes

The hardness curves of the three alloys during NA (Fig-
ure la, lc and le) can be directly compared with the hard-
ness curves after NA+AA (Figure 1b, 1d and If). The
TEM results obtained from chosen points of the latter
curves (Figure 4) justify that the variations observed in
the NA+AA curves actually mirror real microstructursl
changes in the alloys. The ohservation that there seems
to be a correlation between the occurence of a process in
both the NA and NA+AA curves justify the division of the
curves into regions where different processes are believed
to take place.

For the HS alloy a process is observed to happen between
0 and 5 hours of intermediate NA. This causes a rapid
increase in the hardness during NA and a rapid decrease
in hardness in the NA+AA curve. From TEM this process
is found to lead to a coarsening of the microstructure. A
second process is ohserved for prolonged NA times: the
hardness during NA continues to increase, but the slope is
less steep, and the NA+AA curve rises again. By TEM the
process is found to lead to a finer microstructure.

For the MS alloy the clustering during NA can be divided
into three parts: (i) A first reaction happening between 0
and 30 min of intermediate NA storage. It leads to a slight
increase in hardness during NA, but causes a major increase
in hardness after NA+AA. (i) A second process happen-
ing between 30 minutes and 10 hours of intermediate NA
storage. It leads to a large increase during NA, but a de-
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Fig. 3. TEM pictures of the HS alloy. Samples stored (a) 18 seconds, (k) 7 hours and () 119 days at BT before A4 . The microstruocture can
be obasrved to follow a Very fine—ooarse—fine pattern for prolonged intermediate NA times.

erease in the NA+AA curve. (1) A third process observed
to start after about 10 hours of intermediate NA and con-
tinue for all investigated prolonged NA times. [t causes an
increase in hardness during NA, but leads to a decrease in
hardness for NA+AA.

For the LS alloy it 1s more difficult to divide the clustering
processes into different parts. By interpreting the WA+ AA
hardness curve in the same way as for the MS allov, however,
one can explain some of the changes observed. The "bump”
after 2-3 hours of intermediate NA storage can then be
seen to correspond to the larger bump observed for the MS
alloy. Az there 15 much less solute in the LS alloy, the shift
of the bump to longer NA storage times 15 a8 expected -
sinee solute atoms statistically need to travel over longer
distances to cluster in this alloy. The left part of the bump
then indicates a fist process that lasts between 0 and 2
hours of intermediate NA, leading to no hardness inecrease
during NA - but a visible increase in the NA+AA curve.
The second process starts at the top of the bump, and ends
at the hottom of it (after about 10 hours of intermediate
NA). This process gives a visible hardness increase dunng
NA and a visible decrease after NA4+A A Further, a thrid
process takes place - starting after about 10 hours of NA and
lasting throughout the investigated interval of intermediate
MNA storage times. It gives a hardness increase both dunng
MA and after NAFAA.

As was acknowledged for the LS and MS curves, a strik-
ing resemblance 1s observed between the clustering behav-
101z 1n the various alloys. Assuming that the same "bamp-
interpretation” can be transferred to the HS alloy, the left
part of the bump is here impossible to investigate. This is

as expected, since this alloy 1= so packed with solute ele-
ments that statistically clustering can happen very quickly.
The first measurements are thereby made at the top of the
bump, meaning that the frst process is already finished
hefore measurements have started.

Insummary, it is likely that three clustering processes can
be distinguished for all Al-Mg-51 alloys: ( A) Favorable pro-
cess giving little hardness incresse during NA, but provid-
ing an increase in hardness after NA4+AA, (B) Detrimental
process giving a rapid hardness incresse during NA, but
leading to a decrease in alloy hardness after NA+AA (C)
Favorable process giving a steady hardness increase during
MA, and providing an increase in hardness after NA+LAA.
All three processes are observed to shift towards shorter
MA times for increasing solute content, explaining why only
the two last processes are obeerved for the HS allov.

4.2, A formation barrer

Metastabhle phases appear earlier than the equbibriom
phase in the precipitation sequence (1) because they are as-
sociated with a smaller formation barrier. This also applies
to clusters, meaning that those associated with a small bar-
rier will form before those associated with a larger one [17].
In literature it is reported that 5i-51 and Mg-Mg clusters
form first [14], and these are therefore likely to be associ-
ated with a lower formation barrier than the Mg-5i clusters
that are reported to form later [6,18). However, if an encrgy
harrier needs to be surmounted to form the clusters, the
same harrier must be surmounted to dissolve them. This
stabilizes the clusters, and explains why only Mg-5i clus-
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Fig- 4. An overview over the evolution in microstructure for the L8 and the HE alloy as a function of NA time. (a) The variation in average
precipitate length, (b) the vanation in average cross section and (¢} the vanation in precipitate number density. The volume fraction vanatiom

displayed in (d) is found by multiplying the other three guantities.

ters survive heat treatment at 100°C [16]. It is also very
likely that these slowly forming Mg-5i clusters enhance GP
zone formation, as both structures are reported to have
Mg/ Si~1 [6,16].

A recent study of Chang et al. [19] for the first time re-
vealed three clustering peaks in DSC spectra, where the
two first reactions happened very quickly - and the latter
more gradually. This is in agreement with the three pro-
cesses observed in our study, and by companng to the pre-
wviously reported sequence of clustering [14,15,13] it is likely
that process A corresponds to 51-8i elustering, process
B to Mg-Mg clustering and process C to Mg-5i cluster-

=T

ing. This makes Mg-Mg clustering responsible for the detri-
mental effect of NA. The reversal of the negative effect can
then be assumed to be related to the Mg-51 clustering. As
this is slow and thereby barrier related, it forms more sta-
hle complexes - that are hkely to dominate the alloy mi-
crostructure upon prolonged aging (by forcing less stahle
aggregations to give up solute atoms, and therehy growing
on their expense]. The reversal of the negative NA effect
will thereby correspond to the point where the stable Mg-S1
clusters outnumber their less stable competitors.
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5. Conclusion

The effect of clustering during natural aging of three Al-
Meg-5i alloys with equal Mg/ Si-ratios, but different Mg4-Si
contents have been studied by hardness measurements and
transmission electron microscopy [TEM). Based on the
results, the following conclusions may be drawn:

® Clustering during NA of Al-Mg-58i alloys is found to
happen through three different processes. These pro-
cemses may be labeled A, B and C, and appear during
NA in the same order as listed below:

Process A: Found to cause a positive effect on hardness
during NA and after NA4+AA with unknown effect on
the microstructure. The clustering is likely to be assoc-
ated with a low formation barrier, as it happens quickly,
and according to previcusly reported results on cluster
compositions it iz likely related to Si-51 clustening.

Proceas B: Found to cause a major increase in hardness
during NA, and a decrease in hardness after NAJAAL
The process is observed to cause a major coarsening in
microstructure after AA, and it is this that causes the
lowering 1n strength of the material. The clusterning 1s
likely to be associated with a low formation barrier, as it
happens quickly, and according to previously reported
results on cluster compositions it is likely related to
Mg-Mg dustering.

FProcess O Found to cause an increase in hardness both
during NA and after NA+AA. As the clustering reaction
is slow, it i= likely to be associated with a relatively high
energy barrier, causing the resulting clusters to become
more stable than those formed in the quick processes A
and B. The more stable product of the reaction is, how-
ever, likely to eventually dominate the microstructure,
forcing less stable complexes to dizssolve or transform
into such phases. By comparning to previously reported
results on cluster compositions, this reaction is likely to
be related to Mg-Si clustering.

& A new precipitation sequence is suggested, adding the
three above processes in an early part of the sequence.
As the three clustering processes can overlap, the clus-
tering reaction that at any stage dominates the alloy mi-
crostructure is written in boldface:

5588 — Si clusters — Si clusters, Mg clusters (2]

— 51 clusters, Mg clusters, Mg-Si clusters

— GP zones — 3" — F,U, U, B' — 3/8i
The precipitate types formed during AA are found to be
independent of NA. For the investigated heat treatment
of 1 hour SHT at 540°C and 36 hours at 173°C the re-
sulting precipitate types are dominated by 7.
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