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The effect of Mg content on the solidification and precipitation behaviour of both
unmodified and Sr-modified Al-7Si-Mg casting alloys has been investigated at various
solidification rates using cooling curve analysis, differential scanning calorimetry (DSC) and
optical and electron microscopy. The Mg concentrations covered the range from 0.3 wt% to
0.7 wt%. The results indicate that increasing Mg content or cooling rate lowers the liquidus
and binary Al-Si eutectic transformation temperatures. The latent heat of fusion of these
alloys is strongly dependent on the level of Si present, but there is no observed dependence
on Mg content. The solidification reactions observed under DSC are identified and it is
noticed that the ternary eutectic solidification reaction L→Al+Si+Mg2Si is only observed
at Mg levels of 0.6% and higher. The minor phases formed on solidification are identified
and their response to solution heat treatment is examined. Increasing Mg content usually
enhances precipitate hardening. However when Mg levels are increased above 0.5wt%, no
apparent increase of yield strength with Mg is observed. This is correlated with dissolved
Mg levels and energy released during reprecipitation. C© 2001 Kluwer Academic Publishers

1. Introduction
Al-Si-Mg casting alloys are being increasingly used in
automotive and aerospace industries for critical struc-
ture applications because of their excellent castability
and corrosion resistance and, in particular, good me-
chanical properties in the heat-treated condition.

In these casting alloys, Mg is intentionally added to
induce age hardening through Mg-Si precipitation [1,
2, 3]. However, the increased Mg content decreases
the ductility and fracture toughness of the materials
[4, 5]. This suggests that, while Mg achieves the aim of
making the aluminium matrix age-hardenable, it might
also influence the microstructure and particularly the
type and morphology of brittle phases. This has been
substantiated by some excellent work published in the
literature. Bäckerudet al. [6] studied three types of Al-
Si-Mg casting alloys (A356.1, A356.2, and A357.2)
and discussed the solidification characteristics of these
alloys under three cooling rates. It was observed that
the addition of Mg changed the solidification sequence
and the type of Fe-bearing intermetallics. However, it
is difficult to conclude the actual effect of Mg because
their higher Mg alloy (0.56%Mg) contained a small
amount of beryllium, which is known to strongly influ-
ence the behaviour of Fe. Grangeret al. [7] in their study
found that beryllium-free alloy (A357.0) had an insol-
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uble Fe-bearing phase containing Mg, while the alloy
with beryllium (A357.2) did not. Tanet al. [8] obtained
similar results. Joenoes and Gruzleski [9] studied the
effect of Mg content in iron-free synthetic alloys at a
constant cooling rate. They found that a small amount
of Mg changed the morphology and size distributions
of the silicon phase. In the modified alloy, Mg also
combined with Sr to form a complex Mg2SrAl4Si3 in-
termetallic compound which was thought probably to
have been formed prior to the eutectic transformation.

Although the influence of Mg on the eutectic Si par-
ticles has been recognized in the literature, there is a
dearth of information pertaining to the optimization
of Mg addition. The mechanisms by which Mg influ-
ences the formation and distribution of the minor phases
(in particular the Fe-bearing intermetallic phases) are
still not well understood. In one recent work that ad-
dressed this issue, Mackay and Gruzleski [10] studied
the interrelation between Fe and Mg levels on cooling
curve characteristics in an unmodified Al-7.2%Si al-
loy. They reported that at Mg levels below 0.5 wt%, the
only solidification reaction involving Mg-based phases
that was discernible on the cooling curves was the
ternary eutectic forming Al, Si and Mg2Si, starting at
approximately 555◦C. At Mg levels above 0.5% (un-
less Fe was very high) a separate reaction was observed
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starting 10◦C higher in the cooling curves and form-
ing Al8Mg3FeSi6 in addition to the above three phases.
Even more recently, Tayloret al. [11] have examined in
detail the influence of Mg on solution heat-treatment of
the cast alloys and they have reported relative volume
fractions of each of the minor phases. In the as-cast
state theπ -phase was found at levels of around 1% by
volume, independent of Mg level, whileβ-phase and
Mg2Si were each generally less than 0.1 vol%, with
Mg2Si rising to about 0.2 vol% at 0.7 wt% Mg. Solu-
tion heat-treatment reduced the amount of Mg2Si at all
compositions but substantially reduced the amount of
π -phase only in the alloys where Mg levels were 0.3 or
0.4 wt%.

This work is aimed at evaluating the effect of Mg
content on the solidification and precipitation behaviour
of commercial Al-Si-Mg castings solidified at different
cooling rates, and at providing a basis for optimizing
the Mg content of these alloys.

2. Experimental procedure
2.1. Materials
Commercial unmodified Al-7%Si-0.3∼ 0.7%Mg cast-
ing alloys (alloys 601 and 603, Australian nomencla-
ture, similar to the US A356.0 and A357.0) were used in
this investigation. Modification was achieved by adding
an Al-10%Sr master alloy to the unmodified melt just
prior to degassing. The chemical compositions of the
alloys are shown in Table I. Throughout this work, al-
loys are suffixed by “um” for unmodified and “Sr” for
strontium-modified. Samples with a range of secondary
dendrite arm spacing were produced by an end-chill
sand casting procedure, details of which have been de-
scribed elsewhere [12, 13].

A laboratory-prepared Al-7%Si binary alloy and a
commercial Al-12%Si alloy were also used for refer-
ence in DSC measurements.

2.2. Thermal analysis
Conventional cooling curve measurements were carried
out on samples of the Sr-modified 601 and 603 alloys
that were cast in cylindrical sand and metal moulds
of 50 mm diameter. The cooling curves were obtained
by placing two K-type thermocouples at the center and
wall of the mould and recording the temperature change
as a function of time during solidification using a data
acquisition system. The thermocouples were fixed at the

TABLE I Chemical compositions (wt percent) of the alloys

Alloys Si Mg Sr Fe Ti Cr, Cu, Mn, Ni, Zn, Zr

601Sr (0.3Mg) 7.0 0.3 0.019 0.13 0.13 <0.01, each
601um (0.4Mg) 6.8 0.39 <0.001 0.13 0.13 <0.01, each
601Sr (0.4Mg) 7.0 0.41 0.019 0.14 0.13 <0.01, each
603um (0.5Mg) 7.2 0.51 <0.001 0.15 0.11 <0.01, each
603um (0.6Mg) 6.9 0.60 <0.001 0.14 0.09 <0.01, each
603Sr (0.6Mg) 6.8 0.58 0.020 0.14 0.09 <0.01, each
603Sr (0.7Mg) 6.9 0.7 0.020 0.13 0.10 <0.01, each
Al-7Si 7.3 <0.01 <0.001 0.09 <0.005 not recorded
Al-12Si 12.3 <0.05 <0.001 0.15 n/r not recorded

same distance (25 mm) from the bottom of the moulds
for all runs. The pouring temperatures were kept around
745◦C for all experiments.

Differential scanning calorimetry (DSC) analysis
was performed on samples of all studied alloys using a
PERKIN-ELMER DSC-7 instrument. Specimens used
were discs,∼4 mm in diameter and weighing from 10
to 25 mg, depending on temperature, scanning rate, and
the type of test being carried out.

Latent heat measurements were carried out over a
range of cooling rates, from 2 to 60◦C/min. Temper-
atures were calibrated against pure In and Al and the
energy was calibrated using 397 kJ/kg for the latent
heat of fusion of Al. The energy calibration agreed well
with that of In, indicating good linearity across the tem-
perature range of the equipment. Repeated calibrations
showed the equipment remained within±1% during
the tests. During latent heat measurements the refer-
ence pan was left empty, and a scan of the sample pan
with no sample was used as the baseline reference.

In the study of phase transformation during solidifi-
cation or remelting, the DSC was run at a scanning rate
of 10◦C/min over the range of 500◦C to 650◦C. A high-
purity aluminium disc of similar weight to the samples
was used in the reference pan. For precipitation charac-
terization, DSC thermograms from 50◦C to 500◦C were
acquired using a heating rate of 30◦C/min on T4 heat-
treated samples. This heat treatment consisted of solu-
tion treatment at 540◦C for 20 h followed by quench-
ing into water at room-temperature. Quenched samples
were either transferred directly to the DSC equipment,
or, if this was not possible, then they were immedi-
ately placed in a freeezer at a temperature of approxi-
mately−10◦C. The total time at room temperature be-
tween quenching and DSC measurement did not exceed
10 minutes. The total time in the freezer for any sample
did not exceed 30 minutes.

In interpreting the temperatures reported by the DSC
equipment it is important to consider its design. The
sample sits in a pan which sits on a heating element.
A Pt resistance thermometer is integrated into the heat-
ing element and this is the temperature recorded by the
equipment. A second similar heater and pan provides
the reference and the recorded power is the difference
between the two systems. There is no direct measure-
ment of the sample temperature such as there is in sim-
ple cooling curves. There is always a temperature lag
between the sample and the temperature sensor and this
lag increases with increasing values of heat flux and the
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thermal resistance between sample and sensor. Under
normal operation this is calibrated out quite precisely,
so long as the heating rate is not changed, but when the
heat flux increases significantly from the calibration
state then the temperature lag increases significantly.
Thus, during solidification, when heat fluxes are sev-
eral W/g from the baseline, temperature deviations of
the order of several degrees are to be expected. Further-
more, there will even be a temperature gradient across
the sample itself, which will appear to smear out the
temperature range of a reaction. This effect becomes
greater with any increase in the rate at which energy
is released or absorbed. Correcting for these effects is
difficult to do accurately and has not been attempted
for the results presented here. Temperature onsets and
ranges reported here should be interpreted with regard
to these considerations.

2.3. Microscopic analysis
All samples for metallographic examination were pre-
pared using standard techniques. Following a 1µm di-
amond finish, the final polish was achieved using com-
mercial SiO2 slurry (Struers OP-U).

Chemical constitution and compositions of the alu-
minum matrix and Fe-bearing intermetallic phases
were measured on polished samples. Energy-dispersive
X-ray Spectrometry (EDX) in a JEOL 6400F scanning
electron microscope was used for qualitative analy-
sis and a JEOL JXA-8800 electron probe microana-
lyzer (EPMA) with wavelength-dispersive spectrome-
ters was used for quantitative microanalysis. Freshly
polished pure metals were used as standards.

3. Results
3.1. Cooling curves
The cooling curves of alloys 601 and 603 with different
Mg contents and cooling rates during solidification are
shown in Fig. 1 together with their differentiated curves.
For comparative purposes in this study, the cooling rate
is defined as shown in Fig. 1, by dT /dt computed from
the approximately straight line portion during the later
stages of primary dendrite growth. It can be seen that
the solidification sequence of alloys 601/603 consists
mainly of three phase transformations: firstly, the for-
mation of aluminium dendrites corresponding to the
first peak in the derivative of the cooling curves; sec-
ondly, the main binary eutectic reaction, represented by
the second peak; and thirdly, the formation of ternary
and/or quaternary eutectic phases such as Mg2Si and/or
Fe-bearing intermetallics, which are difficult to observe
from the cooling curves, particularly in the case of the
higher cooling rate. From the results of the cooling
curve analyses, the effects of Mg content and cooling
rate during solidification on the liquidus and binary eu-
tectic temperature are illustrated in Fig. 2. It is seen
that increasing the Mg content and cooling rate shifts
the liquidus and binary eutectic transformations to a
lower temperature. It should be stated here that we are
not referring to the invariant pure binary Al-Si eutectic
reaction, but to the start of the temperature range over
which Al-rich and Si-rich phases solidify together from
the liquid in a microstructure similar to the Al-Si eutec-

Figure 1 Cooling curves obtained from two Sr-modified alloys with
moderate and high Mg levels at different cooling rates: (a) 0.2–0.3◦C/s
and (b)∼5◦C/s.

tic. The minor elements will, of course, provide some
extra degrees of freedom to this phase transformation
and the solid that forms will be poorer in Mg and Fe
than the remaining liquid.

3.2. Microstructure
As-cast microstructures showed the expected minor
phases (π–AlFeMgSi,β-AlFeSi and Mg2Si), in vary-
ing amounts depending on the bulk Mg level. Theπ–
phase was the dominant phase in the as-cast condition
throughout the range of compositions, but the propor-
tion of Mg2Si increased as the Mg levels increased.

Fig. 3 shows backscattered-electron SEM images
from slowly solidified high-Mg 603 alloy, in which it
can be readily seen that theπ -phase often grows in
close association withβ-phase particles.

Fig. 4 compares the microstructures of the low and
high Mg alloys after solution treatment and ageing.
The Fe-bearing particles in the low Mg 601 alloys
were apparently mainlyβ-phase (Al5FeSi), but they
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Figure 2 The solidification temperatures of (a) the liquidus and (b) the
binary eutectic as a function of cooling rate in alloys with two levels of
Mg. Values were determined from cooling curve analysis.

were present in two fairly distinct forms: the as-cast
plates (exhibiting a small degree of spheroidisation);
and clusters of very fine plates, which are too small
to be visible in Fig. 4 and too small for accurate mi-
croprobe analysis. There was also a small spheroidised
globular phase, probablyπ -AlFeMgSi, in close asso-
ciation with the fine plates. In the high Mg 603 alloys
the Fe-bearing particles were mainlyπ -AlFeMgSi. The

TABLE I I The Mg and Feconcentrations in the aluminum matrix before and after solution treatment, as determined by Xray microanalysis.
All measurements were on areas of the casting where DAS was 30 to 35µm. Sample standard deviations based on 20 measurements are listed in
parentheses

Alloy As-cast After solution treatment

Mg (wt %) Mg (wt %) Fe (wt %) Mg (wt %) Fe (wt %)

0.3 (601Sr) 0.151 0.009 (0.007) 0.293 (0.027) 0.010 (0.006)
0.4 (601Sr) 0.199 0.009 (0.006) 0.389 (0.020) 0.009 (0.005)
0.5 (603Sr) 0.231 0.007 (0.004) 0.489 (0.026) 0.005 (0.002)
0.6 (603Sr) 0.263 0.007 (0.003) 0.489 (0.020) 0.006 (0.002)
0.7 (603Sr) 0.287 0.006 (0.004) 0.509 (0.037) 0.007 (0.005)

Figure 3 SEM backscattered-electron images of as-cast 603-Sr
alloy showing the close association sometimes observed between
π -AlFeMgSi andβ-AlFeSi.

number and size of Fe-bearing intermetallics increased
with increasing Mg. Quantitative details of particle size
and fraction of Fe-bearing phase particles after T6 heat
treatment have been reported elsewhere [5, 14].

The EPMA analyses of theπ -phase in both the as-
cast and the T6 condition gave formulae close to Al9-
FeMg3Si5, rather than the stoichiometric Al8FeMg3Si6.
This agrees with the findings of Simensen and Rolfsen
[15] and Tanet al. [8], who concluded that Al and, to
some extent, Mg could replace Si in the crystal lattice
of theπ -phase.

Table II compares the Mg and Fe concentrations
in the aluminium matrix before and after T4 solution
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(a)

(b)

Figure 4 Typical microstructures of (a) 601Sr-T6 (0.4% Mg) and (b) 603Sr-T6 (0.7% Mg) solidified at a cooling rate of 0.2◦C/s.

treatment. These values for Mg are plotted in Fig. 5 as a
function of the Mg concentration in the bulk alloy. The
Mg levels in the as-cast matrix are only average val-
ues for the purpose of indicating the trend, since they
do not show the microsegregation. As expected, solu-
tion treatment resulted in an increase in the amount of
Mg in the solid solution. In the 603 alloy containing
0.5% Mg, the amount of Mg found in the matrix af-
ter solution treatment is around 0.49%. Increasing the
Mg level in the bulk alloy beyond 0.5% results in only
slight increase in the amount of Mg in the matrix after
solution treatment – it remains at around 0.5%. The Fe
content in the matrix is very low and does not change

with heat-treatment. In fact, the values are close to the
detection limits under the conditions used, and the mi-
nor variations are probably not significant.

Fig. 6 shows an EPMA scan of Mg levels across two
dendrite arms taken from a 0.4% Mg alloy after 1 hour
solution treatment. The scan intersected aπ -phase par-
ticle in the middle. The Mg level drops to 0.37 wt%
at distance of 50µm to one side of the centre, but re-
mains at about 0.41 wt% on the other side. Examination
of the microstructure showed other smallπ -phase par-
ticles close to the Si particle at position−60µm, while
there were none visible on the plane of section near the
end of the scan at position+60µm.
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Figure 5 The Mg content in the as-cast and the T4 solution-treated ma-
trix of various Al-Si-Mg casting alloys.

Figure 6 Mg concentration profile across two dendrite arms in 601-um
(0.4%Mg) after 1 hour solution treatment at 540◦C. The scan intersected
interdendritic Si particles at−60 and+60 µm and aπ -phase particle
at position zero. Error bars show three standard deviations derived from
Poisson counting statistics.

3.3. DSC thermograms
3.3.1. Solidification characteristics
Fig. 7 shows a typical DSC trace for melting and so-
lidification of an as-cast 603Sr sample scanned at a
heating/cooling rate of 10◦C/min. In the DSC curves
the reaction peaks reflect the specific phase changes
and the peak area is proportional to the heat of reac-
tion (1HR) associated with the phase transformation.
Positive values of1HR are due to the endothermic reac-
tions of liquid formation during heating, while negative
values result from the latent heat released during solid-
ification. As shown in Fig. 7, there are four reaction
peaks for this high Mg alloy in both heating and cool-
ing curves. Peak 1 corresponds to the development of
aluminium dendrites; peak 2 represents the main binary
eutectic reaction; peaks 3a and 3b are associated with
formation of the minor phases and will be discussed
below.

The influence of increasing Mg content from 0.3%
to 0.7% on the solidification behaviour of various Al-

Figure 7 Typical DSC curves for an as-cast 603Sr sample run at a scan-
ning rate of 10◦C/min.

Si-Mg casting alloys is illustrated by the DSC plots in
Fig. 8. The most immediately apparent feature is that,
while peaks 3a and 3b are evident in the high-Mg al-
loys, only one part of peak 3 is visible at Mg levels 0.4%
or lower. There is some ambiguity in the cooling DSC
curves as to which peak is present at low Mg, but it
seems quite clear from the heating curves that peak 3b
is present at all Mg levels, while peak 3a is only present
at high Mg. Tables III and IV tabulate the characteris-
tics of the DSC curves in Fig. 8. The reported values
of 1HR are derived using a local baseline, however

Figure 8 DSC curves, showing the effect of Mg addition on the melt-
ing/solidification behaviour in (a) heating and (b) cooling.
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TABLE I I I DSC remelting characteristics of the as-cast 601Sr and
603Sr alloys. The data listed in parentheses are standard deviations based
on 5 measurements

Mg2Si and Fe-bearing phase Binary eutectic
reactions (peaks 3a and b) (peak 2)

Temp. range Onset 1HR Temp. range
Alloys (◦ C) (◦ C) (J/g) (◦ C)

601Sr 553–559 554.8 0.37 561–588
(0.3% Mg) (2.1) (0.17)

601Sr 554–559 554.4 5.49 559–585
(0.4% Mg) (2.3) (1.27)

603Sr 554–562 554.9 17.3 562–583
(0.6% Mg) (3.0) (2.64)

603Sr 554–564 554.4 22.63 564–579
(0.7% Mg) (2.0) (1.43)

there is substantial overlap with the adjacent peaks, es-
pecially from peak 2 but also between 3a and 3b, and
so the values are likely to underestimate the true heats
of reaction for the minor peaks. From the DSC curves
and their characteristics, it is seen that a small amount
of Mg addition has a marked effect on the solidification
behaviour. Increasing Mg content decreases the binary
eutectic temperatures as observed in both heating and
cooling DSC curves, which is in good agreement with
our cooling curve analyses and the findings published
in the literature [9, 16, 17]. The positions of peaks for
the minor phase reactions show a slight decrease of
temperatures with increasing Mg in the cooling DSC
curves. However, as explained above, the temperature
in this DSC equipment cannot be considered well cal-
ibrated in the presence of adjacent major peaks. With
increasing Mg the minor peaks occur with more over-
lap from peak 2 and it is therefore quite possible that
increasing temperature offset would occur, canceling
or even reversing the apparent shift with Mg. Therefore
no reliable conclusion can be drawn from this evidence.
When heated from the as-cast state, Fig. 8a, the onset
of melting seems to be independent of Mg content and
peaks 3a and 3b are so heavily overlapped that it is not
possible to determine separate values.

3.3.2. Latent heat of fusion
The latent heat of the near-eutectic Al-12.3%Si was de-
termined to be about 495 kJ/kg. The latent heat values
for some 7 wt% Si alloys are plotted in Fig. 9 as a func-
tion of cooling rate. There is no apparent dependence on
Mg content or on the presence of Sr. On the other hand,
there is, at first sight, a variation with cooling rate, with

TABLE IV DSC solidification characteristics of the 601Sr and 603Sr alloys. Sample standard deviations from 5 measurements are listed in
parentheses

Peak 3b Peak 3a Binary eutectic (peak 2)

Alloys Temp. range (◦ C) Onset (◦ C) 1HR (J/g) Temp range (◦ C) Onset (◦ C) 1HR (J/g) Temp. range (◦ C) Onset (◦ C)

601Sr (0.3% Mg) 547–554 553.4 (2.1)−2.6 (0.2) — — — 554–572 570.8 (1.8)
601Sr (0.4% Mg) 548–555 554.4 (1.6)−3.7 (0.3) — — — 554–570 568.9 (1.3)
603Sr (0.6% Mg) 546–552 551.2 (1.9)−3.0 (0.1) 552–556 555.6 −1.6 (0.1) 555–567 566.1 (0.9)
603Sr (0.7% Mg) 545–550 549.5 (2.7)−3.3 (0.2) 550–554 553.0 −2.0 (0.2) 553–566 563.7 (2.1)
603um (0.6% Mg) 547–553 552.5 (1.4)−2.8 (0.1) 553–557 557.1 −1.4 (0.1) 557–570 568.8 (1.3)

Figure 9 Latent heat released during solidification for various alloys as
a function of cooling rate. The hollow symbols are derived from a linear
baseline, while the solid symbols are recalculations after fitting curved
baselines.

lower cooling rates giving lower latent heat values. This
is attributed to baseline curvature, to which these hy-
poeutectic alloys are quite sensitive because they have
freezing ranges of 40 to 70◦C. The software supplied
with the DSC equipment only allows use of a linear
baseline and the values that were below 440 kJ/kg were
seen to come from curves that had a baseline that appar-
ently curved up in the middle. DSC traces giving results
over 440 kJ/kg had baselines that appeared to be linear.
A subjectively-drawn, curved baseline was applied to
the relevant curves and the recalculated areas are plot-
ted in Fig. 9 as solid symbols. They show substantially
better agreement with the results from samples with
linear baselines.

The fraction of energy released by the primary phase
solidification was determined by separately measuring
the area under the curve from liquidus to the point of
zero slope where the Al-Si eutectic begins. The mean
value of this was 0.43. The value showed a slight vari-
ation with alloy composition, but that correlated well
with the small variations in Si content. Note that, al-
though increasing Mg leads to broadening of the tail of
peak 2 and to the extra minor peaks, the area under the
combined peaks 2 and 3 was independent of Mg level.

If we assume that the latent heat from peaks 2 and
3 is equal to the value measured for the Al-Si eutectic
and that the latent heat for the primary phase is equal to
that for pure Al then, without assuming any value for
the latent heat of the 7%Si alloys, we can calculate that
the mass fraction of primary phase is 0.48± 0.02. This
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value leads to a weighted average latent heat value of
447± 4 kJ/kg, if we assume a 1% error for the latent
heat of the eutectic and negligible error in the primary
phase latent heat value.

3.3.3. Precipitation characteristics
A selection of alloys, covering two different dendrite
arm spacings, with and without Sr modification, with
Mg levels from 0.3 to 0.7 wt% were given a T4 so-
lution heat treatment and then heated in the DSC at
30◦C/min to investigate the solid state precipitation re-
actions. The results are presented in Table V and typi-
cal curves from these tests are shown in Fig. 10. At Mg
contents of 0.4 wt% and above there are three distinct
peaks, designated A, B and C in increasing temperature
of occurrence.

Neither the dendrite arm spacing nor the presence of
Sr-modification seems to have any influence on the pre-
cipitation behaviour. The total peak area is consistently
higher for the unmodified alloys, but there is enough
scatter in the data that it is unlikely to be significant.
There is a general trend of increasing peak area with
increasing Mg content, but there is only a 20% increase
with a doubling of Mg level.

The influence of Mg concentration on the reaction
temperatures is illustrated in Fig. 11. The increase of

Figure 10 The DSC curves illustrating the effect of Mg content on the
precipitation behaviour.

TABLE V DSC precipitation characteristics of solution-treated 601 and 603 alloys during reheating at 30◦C/min. Standard deviations are listed in
parentheses

Alloys peak A peak B peak C whole precipitation

DAS (µm) Mg (wt%) mod. Onset (◦ C) Tp (◦ C) Tp (◦ C) Tp (◦ C) Temp. range (◦C) 1HR (J/g)

17 0.4 Sr 233 (3.0) 264 (3.6) 311 (4.5) 368 (2.8) 216–411 −27.1 (2.2)
25–30 0.3 Sr 228 (2.1) 276 (1.7) 319 (3.6) — 213–412 −25.1 (1.7)

0.4 Sr 234 (4.0) 263 (4.1) 309 (4.4) 373 (3.7) 218–423 −28.2 (2.2)
0.4 none 232 (3.5) 263 (3.8) 307 (3.2) 365 (3.6) 216–416 −28.6 (2.0)
0.6 Sr 234 (3.7) 261 (4.7) 325 (2.8) 389 (4.3) 220–421 −28.9 (2.3)
0.6 none 235 (3.1) 259 (3.4) 326 (4.7) 387 (3.1) 220–431 −29.2 (3.1)
0.7 Sr 237 (2.7) 260 (3.6) 330 (3.1) 402 (4.5) 222–454 −29.6 (3.5)

50–55 0.4 Sr 233 (1.7) 264 (1.1) 307 (4.0) 369 (2.8) 220–400 −26.0 (1.4)
0.4 none 232 (3.6) 263 (2.4) 304 (4.1) 368 (3.1) 214–408 −28.9 (1.1)
0.6 Sr 234 (2.4) 261 (3.2) 329 (2.7) 395 (2.9) 221–430 −28.4 (2.7)
0.6 none 234 (3.4) 253 (3.7) 335 (2.9) 394 (3.3) 217–431 −29.1 (3.5)

Figure 11 Effect of Mg content on peak temperatures recorded when
reheating solution-treated alloys.

Mg content from 0.3 to 0.4% significantly decreases the
temperature of peak A but there is only a slight further
decrease in temperature for Mg levels above 0.4%. On
the other hand, the onset temperature for peak A shows
a very slight increase with increasing Mg. Likewise,
peaks B and C increase temperature with increasing
Mg, except for 0.3% Mg. This suggests that at 0.3% Mg
the peaks B and C may have overlapped enough to
appear as a single peak, with a temperature part way
between expected values for two separate peaks.

4. Discussion
4.1. Effect of Mg on solidification

temperatures
The cooling curve and DSC thermal analysis showed
that, during solidification, increasing Mg content from
0.4 to 0.7 wt% suppressed the liquidus by 1–2◦C and
the start of the Al-Si binary eutectic reaction by 5◦C.
According to an empirical formula attributed [16] to
Mondolfo [1], the basic unmodified binary eutectic
temperature for Al-7Si-0.13Fe will decrease by 2.4◦C
as Mg increases by 0.3 wt%. The results of Joenoes
and Gruzleski [9] suggest a drop of 5◦C over that range
of Mg, while those of Mackay and Gruzleski [10], at
a much slower cooling rate, suggest between 2.5 and
3◦C. If we consider the Al-Si-Mg ternary system, the
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liquidus in the eutectic trough between the Al-Si eutec-
tic and the ternary eutectic drops by 23◦C over 5%Mg.
Thus, if the liquidus is linear with Mg then the equilib-
rium effect of changing Mg from 0.4 to 0.7 wt% should
be 1.4◦C. Either the liquidus is quite concave or there
may be some other effect. Since Mg has a slight modify-
ing effect on the Si morphology [9] it may be that there
is an added undercooling associated with this, as there
is with Sr and Na. Very careful reheating measurements
would be required to validate this, but the DSC is not
a suitable apparatus to do this and the results presented
here can neither confirm nor deny the hypothesis.

It has generally been reported that Sr-modification
depresses the binary eutectic temperature 8 to 10◦C [6,
18, 19]. In the cooling curves (Fig. 2b), there is indeed
a depression of 10◦C from the expected temperature at
low cooling rates. However, in the DSC, Sr-modified
alloys showed a reduction of only 1–2◦C compared
to the unmodified state. There are very few reports in
the literature of such minimal depressions - Joenoes
and Gruzleski [9] found that the depression decreased
from 5◦C with zero Mg content to less that 1◦C with
1 wt%Mg. However if their results up to only 0.7%Mg
are considered then a trend of 5◦C depression, indepen-
dent of Mg level, is found. A sample of the Sr-modified
alloy that had been used in the DSC solidification ex-
periments was examined metallographically and it was
found that that sample had a microstructure that was
almost completely unmodified. This suggested that the
very low values observed by DSC in this study were
the result of premature fading of the Sr, due to the very
thin sample sizes.

4.2. Solidification sequence
The typical solidification sequence noted in the litera-
ture for Al-7Si-Mg alloys is presented in Table VI [6].
Note that we have not changed thereactionnumbering
of Bäckerudet al., so it is not necessarily the same as
our peaknumbering. In this discussion we distinguish
between them by always using the namereaction or
peak. In step 1, the primary aluminium dendritic phase
nucleates and grows. In stage 2, the main Al-Si binary
eutectic reaction (2) takes place. The Fe is partitioning
strongly to the liquid phase, enriching it as the fraction
of liquid decreases, until the ternary eutectic is reached,
solidifying Al, Si, andβ-AlFeSi. Subsequently, theβ-
phase is partly transformed into theπ -phase through a
quasi-peritectic reaction (3b) [6]. However, the extent
of this peritectic transformation probably depends on
the cooling rate during solidification. The last stages

TABLE VI Solidification reactions observed in alloys 601/603

Reaction No. Suggested start Tentative assignment
defined in [6] Reaction Temperature (◦C) [6]. to DSC peak

1 Liq.→Al dendrites 611–615 1
2 Liq.→Al +Si 577 2
3a Liq.→Al +Si+Al5FeSi 575 —
3b Liq.+Al5FeSi→Al +Si+Al8FeMg3Si6 567 —
4 Liq.→Al +Si+Mg2Si 555 3a
5 Liq.→Al +Si+Mg2Si+Al8FeMg3Si6 550–554 3b

are the ternary eutectic producing Al, Si and Mg2Si
(reaction 4), and finally a quaternary reaction giving
π -AlFeMgSi in addition to the previous 3 phases. Fur-
thermore,α-Al(Fe, Mn)Si has been reported in the final
stages in higher Mg alloy [6].

The major reactions 1 and 2 are clearly evident from
the microstructure and thermal analysis. Reaction 3b is
supported directly by the SEM images in Fig. 3, where
theπ -phase is growing fromβ-phase and this also im-
plies that reaction 3a must already have occurred. Nei-
ther reaction 3a nor 3b produced any thermal signature
in the cooling curves of B¨ackerudet al. and it is likely
the same would apply to the DSC traces reported here.
The reasons for this could be that the Al-Si and Al-
Si-β-AlFeSi reactions overlap to such an extent that
they are merged in the thermal traces. The peritectic
reaction involves theβ-phase that has supposedly al-
ready solidified in a eutectic and is therefore likely to
require solid-state diffusion. This would slow down the
reaction rate such that it would not be apparent in the
thermal traces among the other reactions. Reactions 4
and 5 are consistent with our final microstructure and
the remaining peaks on the DSC traces. Therefore in
the final column of Table VI we can tentatively match
our DSC peaks to the reactions.

The only contentious identifications are likely to be
what reactions are associated with peaks 3a and 3b.
The cooling curve derivatives published by Mackay and
Gruzleski [10] have very similar characteristics to the
DSC curves shown here. There is only a single mi-
nor reaction peak for Mg levels below 0.5%, occurring
between 555 and 530◦C. For Mg levels above 0.5%
a second peak appears at approximately 560◦C. The
lower temperature peak was attributed by Mackay and
Gruzleski to the ternary Al-Si-Mg2Si eutectic (presum-
ably on the basis of the temperature), while the higher
temperature peak was attributed to the Al-Si-Mg2Si-π -
phase quaternary. This is the opposite of the reactions in
Table VI. The order of reaction suggested in Table VI
is supported by several microstructural observations.
The area of the last peak is relatively independent of
Mg concentration andπ -phase volume fractions are
similarly independent of Mg levels [11]. The volume
fraction of Mg2Si, on the other hand, is much lower
than that ofπ -phase at all Mg levels but increases with
Mg level [11, 20]. Thus both observations are consistent
with the reaction assignments in Table VI. Furthermore,
the higher temperature reaction was not observed by
Mackay and Gruzleski when Fe content was increased
to 0.55 wt%. This would be easier to explain with the
reaction order proposed here.
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Figure 12 Comparison of DSC curves between the as-cast and the T4
solution-treated (a) 601um alloys and (b) 603Sr alloys.

On first sight, the comparison of DSC melting curves
between the as-cast and the T4 solution-treated sam-
ples, Fig. 12, cannot be reconciled with the proposed
solidification sequence. The behaviour of 0.4%Mg ma-
terial in Fig. 12a is expected, since no Mg2Si and very
little π -phase remains after solution treatment and there
is no detectable peak 3 on remelting the T4-treated sam-
ple. For the alloy with 0.6%Mg (Fig. 12b) it appears that
the peak related to the quaternary eutectic (peak 3b)
disappears after solution heat-treatment while peak 3a
remains. This is consistent with the small amount of
Mg2Si remaining after solution treatment remelting in
a ternary eutectic. However the following question must
be addressed: since all four phases for the quarternary
eutectic reaction are present, why is reaction 3b not ob-
served? The answer to this probably lies in the reaction
kinetics. Because the material has been solution treated,
each of the phases will be spheroidised and much more
widely spaced than when they formed during solidifi-
cation. Creating a region that has the appropriate com-
position to be liquid will require solid-state diffusion
from at least some of the particles, unless there hap-
pen to be points where all four phases are in contact.
Points of contact are much more likely between the
three phases of the ternary reaction and thus it is rea-
sonable that this is the first melting reaction observed.
Some of the growing liquid pools may then impinge
upon theπ -phase and promote further melting. This is

probably necessary to account for the area of the peak
being similar to that in the as-cast state, even though
much of the Mg2Si has been dissolved.

4.3. Latent heat
The values determined here for the latent heat of fusion
are significantly higher than other published values and
there is no clear reason why this should be the case. In
comparing values here, we will scale everything relative
to pure Al, since the same reference latent heat was not
used in each case. In this study the Al-Si eutectic had a
latent heat 24% above pure Al, while the Al-7Si alloys
recorded an average value 12% higher. Tamminen [21]
used a DSC to determine the latent heat contribution
of the Si phase, and, calculating back from his reported
value and interpolating to 12.3 wt% Si, probably would
have measured a value around 18% above that of pure
Al. Tamminen also noted that if he assumed the latent
heat of Al(Si) dendrites was equal to that of pure Al
then the latent heat for hypoeutectic alloys was lower
than expected by a simple weighted average.

Hu and Pan [22], using a cooling curve analysis tech-
nique, reported eutectic latent heats 16% higher than
pure Al, however they also reported the somewhat sur-
prising result that 7%Si had no increase over pure Al,
which was attributed to a possible reduction of 18% in
the latent heat between pure Al and Al (1.7%Si) solid
solution. Since such low concentrations were not exam-
ined in this study, this cannot be confirmed, however the
internal consistency between our 7% and 12.3% Si re-
sults suggest that a significant reduction in latent heat
at low Si is not present. Hu and Pan also concluded
that 0.3% Mg and Ti/Sr additions increase latent heat,
by about 5% each for an Al-7%Si alloy. An effect of
Mg was not observed in this study, even at double the
concentration. Likewise there was no observable vari-
ation with Sr. An effect of Ti cannot be ruled out, since
Ti levels were not systematically changed in this study,
but the only alloy with no added Ti (the Al-7Si binary)
had a latent heat one or two percenthigher than the
average. We are unable to draw any conclusion about
the influence of Sr because, as noted above, the Sr had
faded due to the small sample size in the DSC.

Simensen and Rolfsen [15] examined the areas un-
der their DTA curves and estimated the latent heat of
fusion of theπ -phase to be in the region of 940 kJ/kg.
This value may be the subject of considerable error
due to some of the primary phase solidification reac-
tion overlapping other peaks, but it does offer some
evidence that Mg levels might increase latent heat. If
the totalπ -phase volume fraction were 1% [11] then an
increase of 5 kJ/kg, or just over 1%, could be expected.
This is within the experimental scatter of this study and
much lower than the 5% change reported by Hu and
Pan [22].

Questedet al. [23] have measured the latent heat of
fusion of an Al-Si-Mg alloy using DSC equipment and
obtained a value of 425± 5 kJ/kg (7% above the latent
heat of pure Al). Their results do not overlap the results
presented here within the stated ranges of likely error
and there is no apparent reason for the disagreement. It
is not clear which is more likely to be correct.
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The general trend in published measurements of la-
tent heat with varying Si content suggests that either:
(a) the latent heat of hypoeutectic alloys is lower than
the weighted average of Al and the Al-Si eutectic; or
(b) the latent heat of Al(Si) solid solution is nearly
20% lower than that of pure Al. An alternative ex-
planation, if the results presented here are correct, is
that the other results were subject to errors in base-
line determination. This would be particularly impor-
tant in indirect methods such as those based on cooling
curves, because energy flow is not measured directly
and the rate of heat loss depends on crucible temper-
ature. The greatest discrepancies occur at low Si con-
tents, which have the greatest solidification temperature
range, and so are most sensitive to any inaccuracy in the
baseline.

4.4. Dissolution behaviour
As shown in Fig. 5, the Mg levels in the solution-treated
matrix of low Mg alloys (<0.5 wt%) are almost equal
to the Mg content in the bulk alloy. For bulk Mg levels
over 0.5% the dissolved Mg level remains at 0.5% with
the remainder of the Mg being present in theπ–phase
and a small amount of Mg2Si. This suggests that this
is the solubility limit of Mg in this alloy at the chosen
T4 solution treatment temperature of 540◦C. If the Mg
content in the alloy is less than 0.5%, then it would
be reasonable to assume that all the Mg would eventu-
ally be dissolved into the matrix after sufficient solution
treatment and there would be little Mg-containingπ -
phase left in the solution-treated microstructure. This
has been suggested by others [24]. The Mg2Si is known
to dissolve in the order of 15 minutes in low Mg alloys
[20] but theπ–phase seems to take longer. This is ap-
parent in Fig. 6, where there is still a clear concentration
gradient from theπ–phase after 60 minutes. This is not
surprising since both the Mg and Si from Mg2Si can
go directly into solution, however theπ–phase cannot
simply dissolve, because the Fe has negligible solubil-
ity in the matrix. It must therefore transform to another
phase as the Mg is released, which is presumably the
origin of the very fine plates of Fe-rich phase after so-
lution treatment. These results are consistent with the
more detailed study of Tayloret al. [11]. Rometschet al.
[20] suggest that homogenization is complete within 15
minutes, but this applies only to dissolution of Mg2Si
and removal of any concentration gradient from that
and solidification segregation.

In the high Mg (>0.5%) alloy, the solubility restricts
the maximum level of Mg in the matrix. The majority of
the Mg2Si will again dissolve rapidly (within 50 min-
utes) [20], with the balance of the Mg remaining in a
spheroidisedπ -phase.

4.5. Solid-state precipitation
The solid state precipitation reactions in Al-Si-Mg cast-
ing alloys follow a similar sequence to that in wrought
Al-Si-Mg alloys such as 6061, although the precise de-
tails may vary, and the DSC heating traces of the two
alloy systems share many common characteristics [2, 3,
25, 26, 27]. In the temperature range 200 to 450◦C there

are three major precipitation reactions:β ′′, β ′ and Si
[3, 25] where the first peak, with an onset of 210–220◦C
is the dominant component at peak strength, namelyβ ′′.
There is not a total consensus as to the order of the other
two reactions because theβ ′ in 6061 (or B′ depending
on Mg : Si ratio) [2, 25] and Si in binary Al-7Si [3] both
show peaks around 300◦C. It is beyond the scope of this
work to address this issue, so they will remain peaks
B and C. Garcia-Cordovillaet al. [25] also associated
a minor peak at about 420◦C with precipitation of the
equilibrium phase Mg2Si but there was no supporting
TEM identification and their peak vanished if the sam-
ple was held at room temperature for 24 hours before
ageing. In any case the identification of the higher tem-
perature peaks is less important since they occur well
after peak strength.

The area under the peak is usually regarded as a good
indication of the amount of precipitation and hence
strengthening, however in this case it is not possible
to measure the area under theβ ′′ peak due to the strong
overlap with other peaks. As a first approximation, the
contribution from excess Si was subtracted from the
total area to give the combinedβ ′′ +β ′ peak area. It
is considered reasonable to assume that this combined
area should be proportional to the area of theβ ′′ peak
alone. The excess Si in solution was calculated by as-
suming a total dissolved Si, dependent on Mg solute
levels [11], and assigning Si to measured solute Mg in
a 1 : 1 ratio. The energy of this excess solute was scaled
by 15 J/g/%Si, derived from the results of Zhang, Zheng
and StJohn [3]. Fig. 13 shows the plot of yield stress
increment against total Mg1/2 that was published pre-
viously [5] and on it has been overlaid a plot of the in-
crement in peak area due toβ ′′ +β ′ precipitation. The
graphs have the same origin but they-axis scaling has
been adjusted to match the yield stress and energy data
points between 0.3 and 0.4 wt%Mg. This confirms that
the previous observation, namely that yield stress incre-
ments at Mg levels above 0.5 wt% are less than might
be expected, is due to a limitation on the amount of
available precipitation for strengthening. There is, ad-
mittedly, a high degree of uncertainty attached to each

Figure 13 Increments in yield strength and precipitation energy release
with increasing bulk Mg concentration. The yield stress increment at-
tributable to Mg was calculated by subtracting a value of 50 MPa for
Mg-free Al7%Si [5]. Both vertical axes have a common origin.
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step of this comparison process and to the final energy
values. However, the general trend seems to be insen-
sitive to the largest uncertainty, which is the energy
attributable to Si precipitation.

The transformation temperatures of theβ ′′ peak are
relatively insensitive to Mg level, which suggests that
the peak ageing conditions will be similarly insensitive
to Mg concentration. The subsequent reactions show
rather more variation with Mg and the overall trend is
that the higher Mg alloys should overage less rapidly
than 0.4%Mg. The situation with the 0.3%Mg alloy is
too difficult to draw any conclusions from because of
the ovelapping of the peaks.

5. Conclusions
The following conclusions may be drawn from this
work:

1. Increasing Mg content or cooling rate shifts the
liquidus and binary eutectic transformations to a lower
temperature.

2. The solidification sequence reported by B¨ackerud
et al. [6] for these alloys is confirmed, but only four
of the reactions were detectable by DSC: primary den-
drite formation; the binary Al-Si eutectic; ternary Al-
Si-Mg2Si eutectic; and the quaternary Al-Si-Mg2Si-
πAlFeMgSi eutectic. Of these, the ternary reaction was
only observed at Mg levels 0.6 wt% and higher, while
the other three were observed for all compositions.

3. The latent heat of fusion for Al-7%Si is 447 kJ/kg.
This value is independent of Mg content from 0 to
0.7 wt%.

4. The composition of theπ -AlFeMgSi intermetallic
phase corresponds to a formula of Al9FeMg3Si5 in both
the as-cast and solution heat-treated states.

5. The Fe-rich phases remaining after T4 solution
treatment are mainlyπ -AlFeMgSi intermetallics in the
high Mg alloys (>0.4 wt%); while in the low Mg alloys
(≤0.4%) they are a mixture ofπ -phase andβ-Al5FeSi
particles.

6. During solution treatment of the low Mg alloys
(≤0.4%) at 540◦C, the π -phase decomposes slowly
(over many hours) to release Mg into solution. This
decomposition seems to produce very fine Fe-rich pre-
cipitates.

7. For solution treatment at 540◦C, the optimum Mg
content for age-hardening is about 0.5 wt%, above
which the excess Mg will remain inπ -AlFeMgSi in-
termetallics which are detrimental to mechanical prop-
erties.

8. Neither the dendrite arm spacing nor the presence
of Sr-modification seems to have any influence on the
precipitation behaviour. The rate of precipitation is rel-
atively insensitive to Mg concentration.
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