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Equal channel angular pressing (ECAP) was carried out on solution annealed samples of Al-Mg—Si—Zr and Al-Mg—Si—Zr—Sc al-
loys to achieve a substantial grain refinement of the materials. Post ECAP aging was then investigated on the ultrafine grained al-
loys by DSC and TEM analyses.

DSC scans were carried out with heating rates ranging from 5 to 30°C min™'. Peak identification was performed by the support
of literature information and TEM analyses. Precipitation kinetics revealed to be similar for both alloys but the Sc-free alloy showed
arecrystallization peak at temperatures ranging from 310 to 340°C, depending on the strain accumulated during ECAP. On the con-
trary, the Sc-containing alloy showed a greater grain stability. Analyses of peak positions and of activation energies as a function of
ECAP passes experienced by the samples revealed large modifications of precipitation kinetics in the ultrafine-grained alloys with

respect to the coarse-grained materials.
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Introduction

Al-Mg-Si alloys are an important group of materials,
widely used for demanding structural applications.
Their age hardening response can be very significant,
leading to remarkable improvement of strength after
an appropriate heat treatment. The precipitation se-
quence of AI-Mg-Si alloys has been studied for many
years but only in recent times a satisfactory agreement
on phase evolution occurring during aging has been
achieved [1-7]. A large number of wrought
Al-Mg-Si alloys contain an excess of Si, above that
required to form Mg,Si, to improve the age hardening
response. For these alloys the accepted precipitation
sequence starting from a supersaturated solid solution
is: separate clusters of Si and of Mg atoms; co-clus-
ters containing Mg and Si atoms; spherical GP
zones; needle like metastable B~ phase; rod like
metastable 3 phase; Si precipitates; platelets of equi-
librium 3 phase (Mg,Si). Among these, the B precip-
itates are considered to give the main contribution to
strength and hence they are mostly responsible for the
maximum age hardening effect [2, 4, 5].

It was also reported that the B precipitates form
by direct nucleation from the GP zones. The distribu-
tion and density of the main strengthening particles is
therefore largely affected by the structure formed dur-
ing a pre-aging stage then can occur even at room
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temperature [6]. High-resolution electron microscopy
analyses also revealed that, in addition to the
metastable B’ phase, other types of precipitates can
exist at an advanced stage of aging. The type-B pre-
cipitate is reported to appear at the same time of f’
during aging. In a subsequent stage, these phases tend
to be replaced by the type-A precipitates and by a
small fraction of the so-called type-C precipitates, be-
fore reaching the overaged condition where Mg,Si
and Si are the predominant phases [3].

Several research works also suggest that the pre-
cipitation sequence and kinetics are deeply changed
when the alloy structure is plastically deformed.
Zhen et al. [5, 8] showed that when Al-Mg-Si alloys
had been extensively cold rolled and solution treated for
short periods, their curves collected during aging fea-
tured a decrease of the precipitation temperatures of
some phases. It was suggested that the increased density
of defects in the crystal structure would enhance appre-
ciably the diffusion distance of Si and hence promote
the formation of a more obvious peak for the GP zones,
the anticipation of the metastable 3”’/p’ peak tempera-
tures and the reduction of the amount of Si and Mg,Si
phases that eventually formed.

Similar modifications in the precipitation sequence
were also found in alloys deformed in the severe plastic
deformation (SPD) regime at moderate temperatures, to
produce ultrafine grained alloys by a continuous
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recrystallization process [9, 10]. The issue of precipitate
evolution in SPD processed microstructures is of great
importance because, even though remarkable properties
can be achieved directly after SPD, it is only by an ap-
propriate aging treatment after the grain refining process
that ultra-high strength levels exceeding 600 MPa can
be achieved in Al alloys.

Murayama et al. [11] investigated a solution
treated Al-Cu binary alloy processed by equal chan-
nel angular pressing (ECAP) to refine its structure at
room temperature. By careful DSC and TEM analyses
they stated that during post-ECAP aging, the forma-
tion of GP zones and of transition 0” precipitates was
suppressed and that the precipitation of 6’ and 0
phases was enhanced and occurred at lower tempera-
tures in the heavily deformed structure of the alloys.
Investigations on other aluminium alloys also con-
firmed accelerated kinetics of the aging proc-
esses [12—14].

The use of stable dispersoid forming elements in
aluminium alloys to be processed by SPD has at-
tracted the attention of researchers in view of the pos-
sibility of increasing the resistance to recrystallization
of the ultrafine grained alloys during high tempera-
ture service or post-SPD heat treatments. Scandium
represents one of the most powerful elements from
this perspective since the resulting precipitation of
coherent Al;Sc (L1, type crystals) particles is able to
retain the original deformed microstructure of the al-
loy even after high-temperature annealing [15-18]. It
is also well accepted that the effect of Sc is amplified
by the simultaneous presence of Zr, giving rise to the
formation of complex Al;(ScyZr, x) precipitates.

From recent research works, it was also con-
firmed that Sc/Zr-modified Al alloys can be effec-
tively refined to submicrometer grain-size levels by
severe plastic deformation (SPD) techniques and that
the produced microstructure retains a reasonably high
thermal stability [19-26].

In the present study a combined investigation is
presented on aging behaviour of experimental
Al-Mg-Si alloys processed by ECAP at different lev-
els of strain, pertaining to the SPD regime. The effect
of the different amount of stabilizing dispersoids is
considered by investigating two materials modified
by Zr and Zr+Sc addition.

Experimental
Materials

Two experimental AI-Mg—Si—Zr alloys supplied in
the form of extruded bars with a diameter of 10 mm
were investigated. Their chemical composition is
given in Table 1. The first alloy is to be considered as
a standard 6082 alloy modified by the addition
of 0.10% Zr while the second material represents a
modified version of the former, obtained by a further
addition of 0.12% Sc.

Samples of the alloys were cut into cylinders
having a length of 100 mm, solution treated in a muf-
fle furnace at 530°C for 1.5 h, water quenched and
stored at about —5°C to prevent significant artificial
aging to occur before testing.

ECAP was carried out at room temperature, using
a die with channels intersecting at an angle ®=90° and
with an external curvature angle WY=20°, correspond-
ing to a theoretical strain of 1.05 at each pass [27].
Samples were processed by the so-called route C (rota-
tion by 180° of the specimen at each pass) to accumu-
late up to six passes, for a total equivalent strain of 6.3.

Analyses on grain structure evolution after SPD
and on precipitates developed during aging was car-
ried out on ECAP processed and post-ECAP aged
samples of the two alloys by transmission electron
microscopy (TEM). Samples were prepared by longi-
tudinally cutting 1 mm thick disks from the billets,
manually grinding and polishing. Twin jet electrolytic
thinning was then carried out at —35°C with
a 30% HNOj; solution in methanol at 18 V.

Samples of the processed alloys were also sub-
jected to differential scanning calorimetry (DSC)
analyses to investigate the influence of SPD on phase
precipitation during aging. Specimens were cut from
bulk samples with a metallographic diamond cutting
saw, and grounded with emery papers to final flat cyl-
inder shape. The final mass of each DSC sample was
about 100 mg.

Tests have been performed with a Setaram
Labsys TG-DTA system, equipped with a detector
configured for DSC analysis in a temperature range
from 77" up to 800°C, using alumina crucibles. Tem-
perature and heat flow calibration has been carried
out using pure indium and zinc melting points. The
heating chamber was fluxed with argon. The sample
mass was checked before and after DSC runs with a

Table 1 Chemical composition (mass%) of the alloys investigated

Material Mg Si Fe Mn Zr Sc Al Excess Si
Al-Mg-Si 0.34 0.51 0.16 0.014 0.10 - bal. 0.27
Al-Mg-Si-Sc 0.36 0.50 0.14 0.013 0.10 0.12 bal. 0.26
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high accuracy balance. No significant increase of the
mass was observed. Tests were performed by heating
at 5-10-20-30°C min ', and then by cooling to rT'
at 30°C min" in all cases. Scans test were replicated
for the as solubilized material, revealing good
repeatibility of the curves. The effects associated to
transformation reactions were isolated by subtracting,
with instrument software, a baseline of a high purity
aluminium run. In addition, TEM observations were
carried out on thin discs cut from the ECAP processed
billets that underwent interrupted temperature ramps
in the DSC apparatus, up to the level corresponding to
appearance of the main precipitation peaks. This
method allowed achieving a direct comprehension of
the possible modification of aging sequence as
induced by SPD processing and by the presence of
Sc/Zr dispersoids.

The set of DSC data obtained at different heating
rates for each material condition were further ana-
lysed using a isoconversional analysis. Isocon-
versional methods allow evaluating the Arrhenius pa-
rameters of a reaction independently from the reac-
tion model [28-31]. In particular, according to the
Kissinger method, the set of DSC data collected at
different heating rates for each material condition can
be analysed starting from the fundamental kinetic

Eq. (1),
do/di=k(T)f( ) (1)

where ¢, a, k(T), flo) are time, extent of conversion,
rate constant, reaction model, respectively. k(7) is
generally expressed by the Arrhenius equation:

k(T)=Aexp(-E./RT) )

where A4, E,, R are Arrhenius pre-exponential factor,
activation energy, gas constant in the order.

In the case of constant heating rate tests, the fol-
lowing relation can be derived:

In(T} /¢)+E, /RT, =constant (3)

where ¢, Tp are heating rate and peak temperature of a
defined transformation, respectively.

Once the experimental data are plotted in the
form In(7,}/¢) vs. 1/T given by Eq. (3), E, can be
readily evaluated.

Results

The typical structure of the two alloys after the solu-
tion treatment and before ECAP processing is de-
picted in the optical micrographs given in Fig. 1. The
Al-Mg—Si—Zr alloy featured a fully recystallized
coarse grain structure whereas the AI-Mg—Si—Zr—Sc
alloy maintained the elongated grain structure inher-
ited from the extrusion. TEM observations also
showed that a substructure made up of well recovered
subgrains free from dislocations at their interiors was
present in both the solution treated alloys.

Details about the evolution of the grain structure
with increasing ECAP passes have already been given
elsewhere [24]. Both alloys underwent similar struc-
tural changes by increasing severe plastic deforma-
tion, and developed a significantly refined grain
structure according to the well established mecha-
nisms [32-34]. Figure 2 demonstrates that already af-
ter four passes, an ultrafine grain structure was
formed in both alloys.

DSC scans were recorded for the different materi-
als and SPD conditions at four different heating rates,
from 5 to 30°C min . Figure 3 reports a collection of the
heating curves for the as solution treated (0 ECAP
passes) Al-Mg—Si—Zr alloy. Curves were shifted along
y-axis to help data observation. The best resolution and
heat flow signal was achieved at the rates of 10
and 20°C min . Interpretation of the aging peaks and
comparisons among different materials will therefore be
carried out mainly by referring to these data.

Figures 4 and 5 summarize the modification of
the DSC results as a function of ECAP passes for the
two materials investigated. Interpretation of the pre-
cipitation and dissolution peaks can be made on the
basis of strong similarities found in the DSC curves of
Al-Mg-Si alloys with excess of Si published in litera-
ture [1, 2, 4, 5, 7, 8]. Considering the curves
for 0 ECAP passes, the broad exothermic peaks at
about 270°C (upward peaks in the figures) has to be
interpreted as two partially superimposed sub-peaks
that correspond to the formation of the ” and [’
metastable phases at temperatures of 250 and 280°C,
respectively. A broad dissolution endothermic peak
(downward peak in the figures) of the above phases

b

Fig. 1 Representative optical micrographs of longitudinal sections of a) Al-Mg—Si—Zr and b) AI-Mg—Si—Zr—Sc alloys
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Fig. 2 TEM micrographs of a) AI-Mg—Si—Zr and b) Al-Mg—Si—Zr—Sc alloys after 4 ECAP passes

appear at about 380°C while the second marked exo-
thermic peak at 420°C and the corresponding dissolu-
tion peak at 470—480°C are related to formation and
dissolution of the equilibrium -Mg,Si phase.

The ECAP processed alloys feature marked differ-
ences in the position and shape of the peaks. The above
mentioned partially superimposed peaks accounting for
the formation of B and 3’ precipitates now appear as a
more narrow peak occurring at 240°C, irrespective of
number of ECAP passes and alloy composition. The
formation of the stable [ precipitates in the severely de-
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Fig. 3 DSC curves of the solution treated Al-Mg-Si—Zr alloy.
Curves are shifted along y-axis to reduce superimposition
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Fig. 4 DSC curves of the AI-Mg—Si—Zr alloy as a function of
ECAP passes (heating rate 10°C min™"). Curves are
shifted along y-axis to avoid superimposition
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Fig. 5 DSC curves of the Al-Mg-Si-Zr—Sc alloy as a function
of ECAP passes (heating rate 10°C min™"). Curves are
shifted along y-axis to avoid superimposition

formed alloys reveals to be markedly anticipated and of
decreasing intensity with increasing number of ECAP
passes (compare to the reference peak at 420°C of the
undeformed alloys). Finally, it is worth noting that a
new peak appears in the temperature range 310-340°C
for the ECAP processed Al-Mg—Si—Zr alloy (Fig. 4).
The heat flow released apparently increases with in-
creasing number of passes whereas the peak tempera-
ture moves from 340°C of the sample processed to a sin-
gle pass, down to 310°C for the sample processed to
four passes.

Figure 6 depicts the precipitate structure ob-
served by TEM for the two solution treated alloys
(0 ECAP passes) aged up to 350°C in the DSC. Their
structural condition reproduces that found just at the
end of the broad peak in both alloys and roughly cor-
responds to the peak-aged condition produced in in-
dustrially treated alloys. B”/B’ needle-shaped precipi-
tates aligned along the <100>,, direction can be iden-
tified in the aged matrix structures. In addition, in the
Sc-containing alloy (Fig. 6b) a large number of coher-
ent Al3(ScyZr; ) type dispersoids are observed. The
introduction of ECAP processing after the solution
treatment but before aging up to the first peak of the
/B’ phases led to the structure shown in Fig. 7. In-
spection of the TEM micrographs reveals that aging

J. Therm. Anal. Cal., 87, 2007
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Fig. 6 Precipitate structure of the alloys after solution treatment and aging up to 350°C; a) Al-Mg—Si—Zr, b) AI-Mg—Si—Zr—Sc

in the DSC up to the temperature of 300°C did not
modify significantly the ultrafine grain structure
achieved by SPD (Fig. 7a). In both alloys, the
strengthening precipitates maintained their nee-
dle-like shape and the <100>,, direction but the aver-
age size (here evaluated only qualitatively) and
volume fraction were remarkably reduced (Fig. 7b).

The analysis of the DSC curves revealed an un-
expected peak in the range 340-310°C of the ECAP
processed Al-Mg—Si—Zr samples. Figure 8 depicts
TEM images taken on samples aged in the DSC im-
mediately before the onset and after the offset of this
peak. The changes observed in the grain structure of
the Sc-free alloy clearly demonstrated that the alloy
underwent a recrystallization process in this
temperature range.

In Table 2 the data about peak temperatures and
activation energies evaluated by the Kissinger
method are summarized for the transformations of
greater interest for this study. Data about the coeffi-
cient of regression R that was used to calculate the ac-
tivation energy are also given as a further parameter
for data evaluation. For both alloys it is shown that
the B/’ precipitation peak temperatures clearly de-
crease when ECAP is carried out before aging, but no

significant effect due to the amount of plastic defor-
mation given by ECAP can be noticed from the fig-
ures (compare the T, data for 1, 2 and 4 passes). The
calculated values of activation energies of the solu-
tion treated alloys (0 ECAP passes) have to be re-
garded with caution since during the analysis it was
not possible to resolve the broad /B’ peak into the
two distinct peaks. In addition, in several curves, un-
certainties have been found in the identification of the
baseline and therefore in the definition of onset and
offset temperatures of the peaks. The low value of the
coefficient of regression R also confirms the uncer-
tainties that have been encountered when trying to
analyse the two superimposed peaks.

Table 2 further confirms that the formation of the
stable -Mg,Si phase occurs at increasingly lower
temperatures when increasing the number of ECAP
passes. Correspondingly, the activation energy values
tend to decrease. It is also worth considering that in
the Sc-containing alloy, the B transformation system-
atically occurs at lower temperatures and by reduced
activation energies with respect to the Sc-free alloy.

Finally, the recrystallization peak that was no-
ticed only in the AI-Mg—Si—Zr alloy features decreas-
ing peak temperatures with ECAP passes and a con-

Table 2 Peak temperatures and activation energies evaluated form DSC runs

Al-Mg-Si—Zr Al-Mg-Si—Zr-Sc
Passes
0 1 2 4 0 1 2 4
T, (10°C min’l)/°C 288.3 235.8 237.6 239.7 283.2 243.1 237.4 239.8
B/’ T, (20°C min’l)/°C 283.7 257.6 2554 254.5 275.6 257.6 2553 255.0
EJ/K]) mol ™! 71.9 84.7 96.7 95.7 101.7 78.9 85.8 86.2
R 0.84 0.98 0.97 0.98 0.85 0.99 0.99 0.99
T, (10°C min’l)/°C 424.1 414.5 385.8 369.4 413.2 385.9 357.9 349.1
B T, (20°C min")/°C 432.8 4245 403.8 385.0 422 .4 402.8 388.1 359.8
EJ/K]J mol™! 223.8 166.7 138.0 162.5 215.8 150.7 103.8 75.3
R 0.98 0.99 0.99 0.94 0.99 0.95 0.96 0.94
T, (10°C min’l)/°C 3354 319.4 308.5
RX T, (20°C min’l)/°C 359.5 332.8 318.5
EJ/K]) mol™ 129.9 124.7 132.7
R 0.95 0.99 0.98
J. Therm. Anal. Cal., 87, 2007 281
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Fig. 7 Structure of the AI-Mg—Si—Zr—Sc all
a) grain structure, b) precipitate morphology

4

Fig. 8 Structure of the AI-Mg—Si—Zr alloy after solution treatment, ECAP processing to four passes and aging a) up to 280 and b) 350°C

stant activation energy, in good agreement with estab-
lished physical laws on recrystallization process of
workhardened metals.

Discussion

A large number of literature reports is currently avail-
able on synthesis and properties of ultrafine and
nanocrystalline metallic alloys produced by SPD.
Their remarkably high mechanical properties are ba-
sically explained by the strengthening due to grain re-
finement and partly due to dislocation strengthen-
ing [9, 10]. Precipitation strengthening is a further
mechanisms available to create obstacle for plastic
deformation and hence to attain even higher perfor-
mance in ultrafine and nanostructured alloys. Indeed,
recent works showed that a pre-ECAP solution treat-
ment combined with post-ECAP low-temperature ag-
ing is very effective in enhancing the room tempera-
ture strength of Al-Cu and Al-Mg-Si commercial
alloys [12—14, 35, 36]. However, all the available ex-
perimental data show that the aging kinetics of SPD
processed alloys is significantly accelerated. This
phenomenon is generally accounted for by the large

282

oy after solution treatment, ECAP processing to four passes and aging up to 300°C;

fraction of non-equilibrium grain boundaries found in
the ultrafine metal structure and in the large fraction
of lattice defects that dramatically increase the
diffusivity of alloying elements.

The DSC analyses presented in this study con-
firmed that the aging kinetics and precipitation sequence
in Al-Mg—Si—Zr alloys is clearly altered by ECAP pro-
cessing. A proposed interpretation of the peak modifica-
tion and shift found in the deformed alloys can be based
on speculations about the Mg—Si balance in the alloy
compositions. Gupta et al. [1] already noted that an in-
crease in the excess of Si with respect to that required to
form stoichiometric Mg,Si, made the two subpeaks re-
lated to the formation of 3 and > more resolved and
progressively suppressed the formation of the stable 3
peak during the last stages of aging. In the alloys of the
present work, the excess of Si estimated according to [1]
is of the order of 0.27%, as opposed to more than 1%
excess Si considered in the study of Gupta et al. [1].
However, it is believed that the increased atom mobility
in the disordered SPD structure, not only accelerates the
aging kinetics but would also emphasize compositional
effects such as those concerned with the Mg—Si balance.
From the combined analysis of DSC curves and TEM
micrographs presented in this work, it can be supposed

J. Therm. Anal. Cal., 87, 2007
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that, owing to the higher Si amount available due to in-
creased diffusivity, only the B phase would form dur-
ing post-ECAP aging of the samples, while the precipi-
tation of B’ is suppressed or at least strongly reduced.
The reduction of the B’ precipitates in alloys with excess
Si was also stated by Matsuda et al. [3]. These authors
demonstrated that in such alloys, Si-rich metastable
phases (type-B and type-A) are formed as a competing
phase to B, and that the possible depletion in Si from
the matrix could also reduce the formation of the stable
B-Mg,Si phase.

A further important aspect to be considered con-
cerns the effects of Sc in the alloy composition. There
is a good agreement in literature on the increased
grain stability and the acceleration of the refinement
mechanism in SPD processed Al alloy containing Sc
and Zr+Sc. These statements are confirmed also by
the present study since a recrystallization peak was
found only in the DSC curve of the Sc-free alloy. It
was thus confirmed that the combination of Zr+Sc can
effectively control the grain size of the structure
during the post-ECAP aging process.

A further question arises on the possible interrela-
tion that could exist between the effects of the coherent
Al;(ScZry x) type dispersoids controlling recrystalliza-
tion and grain size and the aging process. For this pur-
pose, a detailed analysis was carried out on the positions
and related activation energies of the DSC peaks. Tak-
ing into account the formation of 3 and B’ precipitates
that are responsible of the peak hardness of the
Al-Mg-Si alloys, it is possible to state that Sc does not
have any significant effect. Both peak temperatures and
activation energies have comparable values, irrespective
of the presence of Sc in the alloy.

On the contrary, Sc appears to be responsible of
slight modifications detected in the precipitation of the
B-Mg,Si phase, which would correspond to extensive
overaging of the alloys. Although the general trend of
peak characteristics as a function of ECAP passes is
maintained, it can be stated that the presence of Sc in-
duces a reduction of the B peak temperatures and of the
activation energies. Deeper analyses would be required
to clarify this point, but it could be supposed that nu-
cleation of the B phase could be favoured by the
Al3(ScyZry ) precipitates. This statement is also sup-
ported by the fact that increasing the possibility for het-
erogeneous nucleation of the 3 phase would be estab-
lished when the Sc-containing precipitates lose coher-
ency with the Al matrix. Loss of coherency is reported
to occur generally at temperatures in the range
400-450°C [16, 18]. It is also expected that increased
lattice strain, as induced by increasing ECAP passes,
would progressively anticipate this critical tempera-
ture, in accordance to the measured trend.

J. Therm. Anal. Cal., 87, 2007

Conclusions

The aging behaviour of ultrafine AI-Mg-Si—Zr and
Al-Mg-Si—Zr—Sc alloys was investigated by DSC and
TEM analyses. Different amounts of plastic deforma-
tion were given by ECAP to the solution treated alloys.
Post-ECAP aging studies were then carried out to in-
vestigate the effect of severe plastic deformation on ag-
ing kinetics and precipitation sequence. The results al-
lowed to draw the following conclusions.

+ Analyses of the peak positions, activation energies
and precipitate morphology as a function of ECAP
passes experienced by the samples revealed large
modifications of precipitation kinetics in the
ultrafine-grained alloys with respect to the coarse-
grained materials.

* The precipitation of the ” and 3’ phases occurred
at significantly lower temperatures with increasing
ECAP strain. It was also supposed that the forma-
tion of the B’ precipitates is suppressed or at least
strongly reduced due to expected precipitation of
competing Si-rich phases in the heavily deformed
alloy structure.

+ Formation of the stable 3 precipitates during aging
of the severely deformed alloys revealed to be
markedly anticipated and of decreasing intensity
with increasing number of ECAP passes, owing to
Si depletion from the matrix.

» The presence of Sc did not affect significantly the
precipitation behaviour in the transformation range
concerned with peak aging treatments. On the con-
trary, Sc promoted slight modifications in the pre-
cipitation of the 3-Mg,Si phase, which corresponds
to extensive overaging of the alloys. The reduction
of the B peak temperatures and of the related acti-
vation energies were tentatively accounted for by
increased nucleation favoured by the Al;(ScyZr; )
precipitates.

* The Sc-free alloy showed a recrystallization peak at
temperatures ranging from 310 to 340°C, depending
on the strain accumulated by ECAP, while the
Sc-containing alloy showed a greater grain stability.
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