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Precipitation of Si revealed by dilatometry in Al-Si-Cu/Mg alloys
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Abstract

In this work, the precipitation sequence in different Al-alloys containing Si, Mg and/or
Cu as major alloying elements is investigated by differential scanning calorimetry (DSC) and
dilatometric tests. The superposed exothermic and endothermal effects due to the precipita-
tion and dissolution of Si are separated by the temperature dependence of the instantaneous
coefficient of thermal expansion (CTE) from the precipitation sequence of θ′/θ and β precipit-
ates of the age hardening elements. Vacancy annihilation during heating of quenched samples
can only be observed by dilatometry of the Si-free alloys.

K e y w o r d s: Al-alloys, precipitation kinetics, thermal expansion, differential scanning
calorimetry (DSC), dilatometry

1. Introduction

Most of the casting Al-alloys contain between 5–
22 % Si which improves the castability. Al-Si alloys
are well known for applications in combustion engines
because of their good thermal conductivity and low
thermal expansion [1]. Dimensional stability is of im-
portance in engine components, which are exposed
to thermal cycling. Residual length changes in motor
components would produce internal stresses affecting
the service life of components.
Wrought Al-alloys of the Al-Si-Mg system are now

being used increasingly for car body components and
are subject of several studies [2–5]. The strengthening
of Al-Mg-Si alloys is based on precipitation hardening
by [6]:

α(sss)→ GPZ→ β′′ → β′ → β,

where α(sss) is the supersaturated solid solution; GP-
-zones are generally considered spherical clusters of
Mg and Si atoms with undefined structure; β′′ are fine
needle-shape precipitates; β′ are rod-shaped precipit-
ates having a hexagonal crystal structure, and the β
phase is usually segregated as Mg2Si platelets.
The addition of Cu to Al-Si system improves

strength and machinability of alloys at the expense
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of reduced castability, ductility and corrosion resist-
ance. Casting alloys with compositions within ranges
of 3–10.5 % silicon and 1.5–4.5 % copper have been
developed where a compromise between these proper-
ties is reached. To date, the precipitation sequence of
Al-Cu and Al-Cu-Mg alloys is well stated as [6]:

α(sss)→ GPZ-I→ θ′′[GPZ-II]→ θ′ → θ,

where GPZ-I stands for monolayer Cu-rich zones; θ′′

are bilayer and multilayer structures; θ′ is a meta-
stable phase (planar precipitates); and θ are precipit-
ates of the Al2Cu-composition (intermetallic phase)
[7, 8]. In Al-Cu-Mg alloys phases θ′′, θ′ and θ are
replaced by S′′, semicoherent S′ and stable S (or-
thorhombic CuMgAl2) [9].
Further investigations have been carried out in or-

der to understand the influence of Si and Cu on the
precipitation sequence in Al-Mg-Si and Al-Si-Cu al-
loys [4, 10, 11]. Usually, the precipitation of Si is re-
ported to be superposed to the formation of β or θ
precipitates. Therefore, its effect on the precipitation
sequence of alloys has been hardly observed [3, 4, 11].
The present work will enhance the understanding of
the precipitation kinetics of Si in Al-Si-Mg and Al-Si-
-Cu alloys as well as the influence of previous thermal
treatment. Wrought and casting alloys were subjected
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Ta b l e 1. Composition of main components of the studied
alloys (wt.%)

Alloy Si Mg Cu Fe

AlSi1Mg0.4 1.00 0.43 0.03 0.26
AlSi8Mg5 [12] 8.40 4.9 < 0.01 0.5
AlMg5.5Si2.5 [12] 2.46 5.50 < 0.01 < 0.15
AlSi8Cu3.5 8.05 < 0.001 3.39 0.07
AlCu4Mg1 0.2 1.37 3.70 0.09
AlSi1.1 [14] 1.11 0.003 < 0.01 0.09
AlSi1.7 [14] 1.74 0.001 < 0.01 0.07

to dilatometric and calorimetric (DSC) experiments
during linear heating and compared with each alloy.
The thermal expansion of these alloys is quantified
and related to the precipitation of supersaturated Si
and distinguished from other precipitates.

2. Experimental methods

The AlSi8Cu3.5 alloy was produced using a squeeze
casting process by LKR, Austria. The strip cast
AlMg5.5Si2.5 was provided by ALCAN, CRV, France
and the AlSi8Mg5 samples were produced by laborat-
ory gravity casting at GPM2/INP-Grenoble, France
[12]. The strip cast AlSi1Mg0.4 and hot rolled
AlCu4Mg1 (2024) alloys were provided by AMAG-
-Rolling, Austria. The compositions of the studied ma-
terials are depicted in Table 1. Further information on
the AlSi alloys as well as experimental details are given
in [13].
Samples of 15 × 4 × 2mm3 size with paral-

lel smoothed faces were prepared in order to per-
form dilatometric measurements in a TMA equipment
(Thermo-Mechanical Analyser 2940 CE). DSC meas-
urements were performed in a DSC2920 equipment
using samples of 6 mm diameter and 1mm thickness
(∼ 80 mg mass) vs. 99.99 % pure-Al. Both DSC
and dilatometric measurements were performed us-
ing a heating rate of 5 Kmin−1 in nitrogen atmo-
sphere. The alloys were tested in the T4 condition
after solution treatment (ST: 540◦C/1 h for Al-Si-Mg;
and 520◦C/1 h for Al-Cu-Mg/Si alloys followed by wa-
ter quenching) and by a second cycle after moderate
cooling rates from 540◦C or 520◦C/15 min to room
temperature at cooling rates of 20, 5 or 3 Kmin−1

(denominated T4a, T4b and T4c, respectively). The
instantaneous CTE at temperature T was calculated
from the ∆l(T )-curves by means of the numerical de-
rivative smoothed within intervals of T ± 12.5 K as:

CTE(T ) =
1
L

dL
dT

, (1)

where L is the length of the specimen at the respective
temperature T.

Fig. 1. Thermal expansion (a) and CTE vs. temperat-
ure (b) of AlSi8Mg5 and AlMg5.5Si2.5 alloys after water
quenching (T4) and slowly cooled conditions from solution

treatment (T4b: 5 K min−1, T4c: 3 K min−1).

3. Results and discussion

The linear expansion of the AlSi8Mg5 and
AlMg5.5Si2.5 alloys in the T4 (water quenched) and
T4b (slowly cooled at 5 Kmin−1 from ST) conditions
is depicted in Fig. 1a. The AlSi8Mg5 sample presents
additional expansion of about 0.07 % between 200 and
360◦C in the T4 condition (comparable to that of Al-Si
alloys containing > 1.7 % [14]), while the T4b con-
dition (slowly cooled at 5 Kmin−1) expands almost
linearly with increasing temperature. This effect is
clearly observed from the CTE(T ) in Fig. 1b, where a
higher CTE(T ) peak can be observed in the T4 condi-
tion due to increasing volume fraction of precipitated
Si. It is important to note that the CTE peak observed
at 355◦C in T4b appears at lower temperature if com-
pared with samples of the Al-Si-system (∼ 380◦C) [14].
This effect is related to heterogeneous nucleation of Si
in absence of vacancy supersaturation. Mg2Si precip-
itates provide stable nuclei for the precipitation of Si
at lower temperatures than in pure Al-Si system. The
CTE(T ) of T4 and T4b conditions decreases below
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Fig. 2. Thermal expansion (a) and CTE(T ) and DSC runs
(b) of an AlSi1Mg0.4 alloy after different thermal condi-

tions (for explanation see text).

the base line (parallel to that of AlMg5.5Si2.5) due to
the dissolution of the Si precipitates above 370 and
395◦C, respectively, as discussed in [14]. On the other
hand, the thermal expansion of AlMg5.5Si2.5 in both
T4 and T4c (slowly cooled at 3 Kmin−1) conditions
increases with temperature almost linearly. Since the
Si content is below the stoichiometric composition, it
is consumed by the formation of Mg2Si precipitates
which produce neither an additional expansion in the
alloy around 300◦C, nor dissolution of Si above 350◦C.
The linear expansion of AlSi1Mg0.4 alloy in wa-

ter quenched (T4) and slowly cooled sample at 20 K
min−1 (T4a) conditions is illustrated in Fig. 2a. Both
water quenched and slowly cooled samples present
an additional expansion around 300◦C of 0.04 % and
0.025 %, respectively. Like in AlSi8Mg5, the reduc-
tion of the cooling rate produces a displacement in
the CTE(T ) peak from 310◦C for T4 to 335◦C for
T4a condition (Fig. 2b). Both are related to the pre-
cipitation of Si into diamond structure. The DSC
runs of the studied alloy in T4 and T4a conditions
are in agreement with those reported by [4, 10, 15].

The DSC curve in T4 shows two exothermic peaks
II and III, and two endothermic effects I and V. The
last one is superposed with an exothermic formation
marked by IV. The trough I, exhibiting a maximum
at 183◦C, is consistent with the dissolution of some of
the GP-zones and clusters that are typically present
in the T4 condition. Subsequently, an exothermic ef-
fect is observed at 240◦C (peak II), which is related
with the formation of needle-like β′′ precipitates. This
peak is followed by the exothermic formation of more
stable rod-shape β′ simultaneously with Si precipit-
ates, which is also observed by dilatometry at the
same temperature range (peak III, 282◦C). After that,
the endothermic dissolution of Si precipitates is super-
posed with the formation of stable Mg2Si-β precipit-
ates at 348◦C, marked IV. At higher temperatures,
only the dissolution of β and Si precipitates is ob-
served (peak V) reaching complete solid solution at
about 500◦C.
For the slowly cooled sample (T4a) it is not sur-

prising that both peaks I and II disappear in the ther-
mogram, since Mg2Si-precipitates are already formed
during cooling. Therefore the observed exothermic
peak at 302◦C (peak III) is related to further forma-
tion of Mg2Si, and the growth of Si-precipitates, both
increasing their volume fraction (as observed for Si by
dilatometry). The formation of stable β precipitates
is superposed with the endothermic dissolution of Si
(around IV) like in T4, but at a slightly higher tem-
perature (408◦C) indicating higher diameters. Above
450◦C, the dissolution of Mg2Si and Si precipitates is
observed in the same way as for the T4 samples.
DSC runs of an AlCu4Mg1 sample in the T4 and

T4a conditions are depicted in Fig. 3a and they are
in agreement with those reported by [9]. Three endo-
thermal and two exothermal effects are observed in the
T4 condition. Peaks I and II are related to the dissol-
ution of single- and multilayer GP-zones, respectively
[16]. The two overlapped exothermic peaks IV and V
recorded at 260 and 276◦C are related to the formation
of θ′′ and θ′ phases, respectively. According to Badini
et al. [9] the formation of θ′ and S′ phases may be
overlapped in this alloy and observed in peak V dur-
ing DSC runs. After that, a large endothermic effect
is observed from about 305◦C, where dissolution phe-
nomena (θ′ + θ phases) and precipitation of θ occur
(peak VI). The slowly cooled sample (T4a) presents
an endothermic effect at 224◦C (III) which is referred
to the dissolution of θ′′ precipitates. After that, the
formation of θ′ and S′ phases appears to occur simul-
taneously between 254–333◦C (V) and the dissolution
of the formed precipitates overlapped with formation
of θ is observed afterwards (VI). The determined CTE
increases linearly with temperature and is comparable
to that of pure-Al in the slowly cooled conditions (T4a,
b).
At the temperature of the thermal effects IV and
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Fig. 3. DSC runs and CTE extracted from dilatometric
tests both at 5 K min−1 heating rate in AlCu4Mg1 (a)
and AlSi8Cu3.5 (b) alloys after different cooling rates from

solution treatment (for explanation see text).

V, there are very small maxima in the CTE which
are not yet explained. Only a drop of the CTE in the
supersaturated T4 condition is recorded between 90–
170◦C (range of GPZ I, II formation), which is correl-
ated with the loss of supersaturated vacancies. The ob-
served linear length change between RT and 170◦C for
the quenched AlCu4Mg1 samples amounts to a con-

traction of 1.3 × 10−4. The vacancy supersaturation
by quenching from 520◦C corresponds to a volume of
3 × 10−4 [17] yielding a linear contraction of 10−4 as
soon as they are annihilated. The precipitation of Cu
platelets produces much less contraction perpendicu-
lar to their habit planes (∼ 10−5). The CTE-Minimum
L is mainly caused by the annihilation of supersat-
urated vacancies which are repelled by vacancy type
GPZ.
The calorimetric curves performed in an AlSi8-

Cu3.5 alloy are somehow different to those of the
AlCu4Mg1 alloy (Fig. 3b). As observed before, the
endothermic effects I, II seem to be related to the dis-
solution of the different GP-zones of the T4 condition.
Contrary to AlCu4Mg1, a single exothermic effect at
280◦C is observed in T4 (peak IV), which is shifted
to higher temperatures (peak V: 315◦C) in the slowly
cooled sample (T4a). These thermal effects (IV and
V) are correlated with the CTE peaks measured dur-
ing dilatometry tests, and therefore, may be related to
the precipitation of Si simultaneously with the θ′ or
S′ phases which may also act as heterogeneous nuc-
lei during Si precipitation. The CTE minimum ob-
served for AlCu4Mg1 around 130◦C cannot be ob-
served in the Si containing alloy. Two endothermic
effects (VIa,b) are observed from about 350◦C in both
T4 and T4a thermal conditions and correlated with
the drop in the CTE curve below ROM (Al+6.8%Si).
These may be related to the dissolution of precipitates
formed at peak IV and V, respectively, but predomin-
antly for Si precipitates.
Table 2 depicts the experimental and calculated

thermal expansion of the studied alloys in the water
quenched condition. The theoretical linear expansion
due to the precipitation of Si is estimated by:

∆lmod =
(VatSi − VatAl)
3 · VatAl f · 100 %, (2)

where VatSi and VatAl are the atomic volumes of Al
(fcc) and Si (diamond structure), respectively, and f is
the concentration of Si in supersaturation. Note that a

Ta b l e 2. Experimental and calculated additional expansion by Si precipitation in the studied alloys in T4 condition

Alloy Si for Mg2Si Si excess Max. diss. (at.%) ∆lcalc. ∆lexp. ∆V
(at.%) (at.%) (Si-0.5Mg) (%) (%) (%)

AlSi1Mg0.4 0.24 0.72 0.48* 0.035 0.04 0.12
AlSi8Mg5 2.35 5.34 0.90* 0.065 0.07 0.21
AlMg5.5Si2.5 > 2.28 0 0* 0 0 0
AlSi8Cu3.4 – 7.92 0.94 *at 520◦C 0.67 0.8 0.24
AlCu4Mg1 – – – 0 0 0
AlSi1.1 [14] – 1.06 1.06 0.075 0.07 0.21
AlSi1.7 [14] – 1.63 1.13 0.081 0.08 0.24

*estimated by Thermocalc�
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maximum of about 0.94 and 1.13 at.% Si can be only
dissolved in Al at 520 and 540◦C, respectively [14].
The results are in perfect agreement with the ex-

perimental data obtained for the T4 condition. The
smaller expansion in the AlSi1Mg0.4 alloy is due to
the lower Si content, while the maximum Si super-
saturation in AlSi8Mg5, AlSi1.7 and AlSi12 is the
same. Therefore, the measured additional expansion
of the mentioned alloys yields the same values. No ad-
ditional expansion is observed in both AlCu4Mg1 and
AlMg5.5Si2.5 alloys. Neither the precipitation of Cu
nor that of Mg2Si produce effects on thermal expan-
sion. AlCu4Mg1 does not contain Si and AlMg5.5Si2.5
does not contain free Si as the Si content is below the
stoichiometric composition for Mg2Si of the alloy and
the solubility of Si (> 350◦C) is related with that of
Mg forming again Mg2Si after quenching.

4. Conclusions

Fast quenching of Al-Si-based alloys causes Si
and vacancy supersaturation. Due to Si precipitation
during slow heating an additional expansion around
300◦C (compared with the thermal expansion of pure
Al or for Al-Si alloys with the eutectic Si according
to ROM) takes place for water quenched Al-Si, Al-Si-
-Cu alloys and Al-Si-Mg with Si in excess of the stoi-
chiometric Mg2Si concentration. The additional ex-
pansion is directly related with the Si supersaturated
above the Mg2Si stoichiometry by quenching from
solution treatment temperatures (> 350◦C). By de-
creasing the cooling rate from solution treatment the
measured peaks observed in both CTE(T ) and DSC
curves are displaced to higher temperatures (between
300 and 350◦C) due to different modifications [14].
The difference in nucleation with and without vacancy
supersaturation is presented in [18]. The magnitudes
of these effects decrease indicating a reduction of the
Si supersaturation owing to slow cooling. Mg2Si and
Al-Cu precipitation does not produce any effect on the
thermal expansion of Al-alloys, except a slight CTE
decrease in AlCu4Mg1. The annihilation of quenched
in vacancies cannot be observed in Si containing al-
loys. Si-vacancy clusters act as nuclei for platelet Si
precipitates on {111} planes [18]. Whereas the super-
saturated vacancies in Al-Cu alloys annihilate sim-
ultaneously to the dissolution of Cu GPZ, which is
revealed by the comparison of the DSC thermogram
with temperature dependence of the CTE.
The thermal expansion and the CTE(T ) of all

Si-containing alloys decrease at least above 400◦C with
respect to that of pure Al due to the dissolution of Si.
Si precipitation is only possible if supersaturation can
be achieved up to the maximum solubility at solution
treatment temperature (see Table 2). The effect of Si
precipitation and dissolution can be identified in DSC

scans of Al-Si-Cu/Mg alloys by comparison with the
calculated CTE(T ) from dilatometric measurements.
In this way, the precipitation kinetics of Si can be dis-
tinguished from the formation of β or β′, and θ or θ′

precipitates, respectively.
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