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Tensile properties of an Al-Si-Mg casting alloy with reduced Si content and Cr addition were investigated at
room and high temperatures. It was found that the studied alloy exhibits a remarkable performance up to
200 �C, with comparable or slightly higher strength than typical values for Al-Si-Mg-Cu alloys, commonly
used for high-temperature applications, and good elongation. This is due to the choice of proper heat
treatment and to the formation of dispersoids containing Cr during heat treatment, which are stable at the
considered temperatures, as demonstrated by scanning and transmission electron microscopy (STEM)
analysis. Interestingly, exposure to 300 �C during tensile tests enhanced an additional formation of dis-
persoids. It is believed that heating the material in T6 condition led to such observed dispersoids formation
since precursors were already present in the Al matrix. This is not sufficient to avoid material softening at
300 �C, but it represents an interesting point in order to develop alternative heat treatment routes for
dispersion-strengthened Al alloys.
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1. Introduction

Al-Si-Mg alloys castings are known to exhibit remarkable
mechanical properties at room temperature, while they suffer
from overaging when exposed to high temperatures. This is a
serious limitation to their application, and it is particularly
relevant for the transport field, where these alloys are widely
used to replace steel components. In fact, weight reduction of
vehicles is a key issue in order to meet the strict limits for toxic
emissions in atmosphere. On the other hand, for certain
applications in the automotive field, the components operate at
temperature well above room condition, as, for instance,
cylinder heads, manifolds, heat exchangers, internal combus-
tion engine pistons and crankcases, which can be exposed up to
300 �C (Ref 1).

In this regard, the addition of alloying elements in order to
improve the performance of Al-Si-Mg alloys for high-temper-
ature applications is widely studied in the scientific literature.
For instance, the addition of Cu enhances the thermal stability
of the material due to the formation of Cu-based precipitates
during aging treatment (Ref 2-4). These are more thermally
resistant than Mg-containing ones, even though prolonged
exposure can lead to their coarsening and, consequently, to a

general material softening (Ref 5). Al-Si-Cu-Mg alloys are
typically used for the production of engine components (Ref 6-
8), which can be exposed to high-temperature conditions.
However, the presence of Cu is known to reduce the corrosion
resistance (Ref 9) and, therefore, it could be critical for
applications in aggressive environments. Therefore, new alloys
compositions, aiming at the improvement of the performance at
high temperature, are still under investigation. For instance, the
addition of transition metals such as Zr, Ti and V to cast alloys
was also analyzed by different authors and the formation of
precipitates containing these elements during aging treatment is
reported (Ref 10, 11). It was found that these particles promoted
material resistance and exhibited stability at high temperature.
The same authors evaluated also the further addition of Cr (Ref
12). Similarly, the influence of various transition elements was
investigated for an AlSi10 alloy (Ref 13) with positive results
in terms of increased strength of the alloy. The addition of small
amounts of Ni (or V) to A356 alloy was not able to strongly
affect high-temperature tensile properties (Ref 14), while the
presence of Ni was found to be negative at room temperature
(Ref 15). Also Sc was considered as strengthening elements in
order to enhance mechanical properties, but mainly at room
temperature (Ref 16, 17).

Furthermore, the addition of alloying elements that can lead
to the formation of dispersoids during solution treatment is a
valid alternative to enhance the material performances at high
temperature. In this regard, Farkoosh et al. (Ref 18) reported the
positive effect on high-temperature tensile and creep behavior
of dispersoids containing Mo for a modified Al-Si-Mg alloy in
comparison with the base material. For the same reasons, the
role of Er and/or Zr has been analyzed in recent studies (Ref 19,
20). The strengthening effect of these elements, if added in the
proper amount, was due to the formation of thermally stable Er
and Zr-containing dispersoids, as reported also in other studies
focused on the microstructure and the mechanical properties of
pure Al (Ref 21). In addition, the formation of dispersoids
containing Mn and/or Cr is extensively described in the
literature (Ref 22, 23), even though the investigations of their
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effect on mechanical properties are more abundant for wrought
than for cast alloys.

Lately, an AlSi3Mg alloy containing Cr has been studied.
This alloy exhibits remarkable strength and erosion resistance
at room temperature (Ref 24, 25) and it is characterized by the
formation of dispersoids during solution treatment due to Cr
addition (Ref 23). These particles are responsible for enhanced
hardness in comparison with the base alloy (Ref 22), but
mechanical properties at high temperature have not been
investigated to date. This kind of characterization could provide
fundamental information to identify new and alternative
applications of the studied alloy in the automotive field, for
instance, for the above-mentioned components that can be
exposed to high temperatures.

Besides the formation of thermally stable precipitates, the
reduced Si content of the studied alloy in comparison with the
most widely used cast Al-Si alloys represents an alternative
solution for the development of non-conventional alloys. In this
regard, Si content is reported to significantly affect mechanical
properties of Al-Si alloys, enhancing castability, as well as
material hardness and strength (Ref 26-28). On the other hand,
if the tensile fracture mechanism is considered, eutectic Si
particles play a key role in the nucleation and growth of cracks,
which usually takes place at the interface between the Al matrix
and secondary particles (Ref 29). Si eutectic particles are
known to be easily cracked during tensile tests and to represent
the main fracture path. In this case, morphology, size, number
and distribution of these particles strongly influence material
strength and ductility (Ref 29-32).

In the present study, the tensile properties of the AlSi3Mg
alloy containing Cr are investigated at room and high
temperatures (up to 300 �C). Preliminary tests at room
temperature were aimed at optimizing heat treatment parame-
ters, while specimens in a selected heat-treated condition were
tested at different temperatures ranging from 150 to 300 �C in
order to study the material performance and the thermal
stability of dispersoids. Fracture surfaces were observed by
electron microscopy to study the fracture mechanism and to
correlate it with microstructural features.

2. Experimental Procedure

The chemical composition (in wt.%) of the studied alloy is
Si (3-4%), Mg (0.6-0.7%), Cr (0.2-0.3), Fe (< 0.12%), Mn
(0.07-0.15%) and Ti (0.10-0.15%), as raw material (ingot)
provided by the supplier. Ti is present as refining elements,
while no Sr was added as modifier (Ref 33) due to the low Si
content.

Samples were produced by low-pressure die casting (LPDC).
The alloy was melted in a dry hearth reverberatory furnace. After
conventional scorifying operations and chemical composition
control, the alloy was moved via a pre-heated ladle to the
degassing unit for cleaning operation (performed with nitrogen).
Subsequently, the alloy was poured into the holding furnace of
the LPDC machine. A LPM machine was used, applying a
pressure ramp up to 1.2 bar. The pouring temperature was set to
700 �C, and the furnace was pressurized with a ramp up to
1.2 bar to fill the thermo-regulated permanent mold by forcing
the liquid alloy up through the sprue. The pressure was
maintained during the solidification of the alloy to counteract
shrinkage defects formation. Hence, 19’’ in. car wheels were

produced. Samples were taken from the rim in an area with
thickness of 27 mm. Since various microstructural properties
(secondary dendrite arms spacing, grain size and eutectic Si
particles size and morphology), which are known to affect
strength and ductility, are related to the cooling rate, care was
taken in producing samples in the same solidification conditions.
This allows to guarantee uniform characteristics among the
different samples. In particular, in the area of the casting used to
obtain the samples for the present study, a solidification rate of
1 �C/swas estimated based on temperaturemeasurements during
the cycle by means of thermocouples placed in the mold, in the
area of the casting used for producing the specimens.

Samples were tested in as-cast and various T6 (solution,
quenching and aging treatment) heat-treated conditions. Sam-
ples with size of approximately 20 9 20 9 10 mm3 were cut
from the casting for microstructural characterization and
hardness measurements. As-cast tensile specimens were
machined to the final shape directly from the casting, while
the other samples (to be tested in heat-treated condition) were
machined to the final size only after heat treatment in order to
ensure the proper dimensional features. The size of tensile
specimens was chosen according to UNI EN ISO 6892-1
standard (sample diameter of 5 mm and gauge length of
25 mm).

T6 heat treatments were performed in laboratory furnaces.
Solution temperature was chosen according to previous studies
on the same alloy (Ref 34) and criteria commonly applied for
Al-Si-Mg alloys (Ref 9). In detail, this treatment was carried
out for 8 h at 545 �C and subsequently water quenching was
performed at 65 �C to guarantee proper cooling conditions (Ref
9). When necessary, specimens were stored at � 20 �C to
prevent any natural aging and finally samples were aged at two
different temperatures (165 and 190 �C) for various durations.

Aging treatment was performed for 1, 2, 4, 6 and 8 h on
samples for microhardness measurements, while for room-
temperature tensile tests only three aged conditions were
selected (1, 4, and 8 h) according to the obtained hardness
aging curves. After data evaluation, tensile tests were per-
formed at high temperatures on samples in one selected aged
condition.

In order to carry out the microstructural characterization,
samples were observed by optical microscope Leica DMI
5000 M and scanning electron microscope (SEM) LEO EVO
40 equipped with an energy-dispersive spectroscopy (EDS)
detector for microanalysis. Samples were ground and polished
up to mirror finishing, starting with emery papers (from P220 to
2500 grade) and then using diamond suspensions (grain size of
3 and 1 lm) on velvet cloths. Subsequently, the specimens
were cleaned in an ultrasonic bath in ethanol and dried with
warm air. Average secondary dendrite arm spacing (SDAS) was
calculated according to the linear intercept method. Grain size
measurements were taken after electrochemical etching for 90 s
in a 4% HBF4 solution. Samples were observed under polarized
light, and the intercept method according to ASTM E112
standard was applied.

Regarding mechanical characterization, first, Vickers micro-
hardness was measured on samples in as-cast, quenched and
aged condition by means of a Shimadzu tester (load of 200 g
applied for 15 s). Twenty measurements were taken for each
sample, and average values and standard deviations were
calculated.

The tensile tests at room temperature were performed using
Instron 3369 testing machine with a load cell of 50 kN. The
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tests were carried out in displacement control mode. During the
tests, in the elastic field, the speed of the crosshead was set to
1 mm/min, while it was set to 2 mm/min in the plastic field. An
external extensometer with a gauge length of 25 mm was used
during testing to get exact elongation values. Three samples
were tested for each condition.

High-temperature tensile tests were performed on specimens
in a selected aged condition (i.e., 4 h at 165 �C) at 150, 200,
250, 300 �C. The heating and soaking time before testing were
kept in the range 40-60 min. Different geometries of the
samples and testing procedures were applied for high-temper-
ature test as compared with room-temperature test, according to
the different standard. Specimens for high-temperature tests
were machined from the central part of the casting with circular
cross section and collars, in accordance with UNI EN ISO
6892-2 specifications. In particular, they were characterized by
a gauge length of 30 mm and a gauge diameter of 6 mm.
Tensile tests were performed in displacement control mode,
with a crosshead displacement rate of 1 mm/min. Under these
conditions, at the yield point most of the tests were within the
strain rate range R2 (nominal strain rate 0.00025 1/s, ± 25%)
of the above-mentioned standard.

Due to the significant differences in ductility for the studied
alloy according to the test conditions, strain-hardening expo-
nents were calculated with a modified procedure. In fact, in the
present paper, strain-hardening exponents were obtained by
fitting with a power-law equation a fixed region of the
experimental true plastic stress–true plastic strain curves. In
particular, the interpolation was carried out from yield strain to
the plastic strain corresponding to the maximum applied load
(therefore before necking of tensile specimens) for high-
temperature tests and from yield strain to the plastic strain at
failure for room-temperature tests.

After tensile test, microhardness measurements were taken
on the head of tensile specimens, on a cross section close to the
gauge length, to identify overaging phenomena due to the
exposure to testing temperature. These samples were also
observed performing SEM analysis with a Hitachi SU-70
microscope provided with a field emission Schottky electron
source and a scanning transmission electron microscope
(STEM) detector. These analyses allowed the evaluation of
the presence of Cr-containing dispersoids and their evolution
during testing at high temperature in comparison with samples

in T6 condition, which was also analyzed by STEM with an
acceleration voltage of 30 kV. Disks with 3 mm diameter and
approximately 100 lm thickness were obtained via mechanical
polishing and then electrochemically etched by a double jet
commercial instrument. In particular, an acid solution (33%
HNO3 in methanol) was used at � 25 �C with an applied
tension of about 15 V.

Finally, fracture surfaces were observed by SEM and cross
sections of tested specimens were mirror-polished and analyzed
by optical microscope in order to study the fracture mechanism.

3. Results and Discussion

3.1 Microstructural Characterization

AlSi3Cr samples exhibit a dendritic microstructure with the
Al matrix surrounded by the eutectic phase (Fig. 1). Average
SDAS of 43 ± 5 lm and average grain size of 204 ± 11 lm
were measured.

SEM observations allowed the identification of an inter-
metallic phase with complex morphology containing Fe, Cr and
Mn (Fig. 2), indicated as a-Al(Fe,Mn,Cr)Si phase. In fact, the
composition (wt.%) at point 1 marker was Al (59.85%), Si
(12.38%), Cr (12.59%), Mn (4.33%) and Fe (10.85%), as
recorded by EDS measurement. The presence of this phase is
due to the addition of Cr and Mn, which are responsible for the
variation in the morphology of Fe-based intermetallics, as
widely discussed in scientific literature (Ref 35, 36). It is also
known that this phase is not strongly affected by heat treatment
(Ref 36) and, therefore, SEM analysis in Fig. 2 are presented
only for the as-cast condition.

Furthermore, images at higher magnifications (Fig. 3)
pointed out also the presence of dispersoids in samples in
aged condition (solution at 545 �C for 8 h and aging at 165 �C
for 4 h). They appear as incoherent nano-metric particles with a
polygonal morphology. The presence of Cr was documented in
(Ref 22) for the same alloy. As described in a previous work by
the authors (Ref 23), it was observed by means of x-ray
absorption spectroscopy (XAS) that these particles form
between 400 and 500 �C during heating at 10 �C/min up to
solution treatment temperature, while no significant evolution
can be detected for prolonged holding time and during aging

Fig. 1 Micrographs of the studied alloy: (a) as-cast and (b) aged sample (solution treatment at 545 �C for 8 h followed by aging at 165 �C for
4 h)
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treatment. This was also confirmed by previous analyses by
differential scanning calorimetry (DSC) (Ref 22). Furthermore,
XAS analysis (Ref 23) allowed the identification of the crystal
structure of dispersoids as face-centered cubic phase with unit
cell of 1.09 nm.

From analyses at higher magnification (Fig. 3b), it was
possible to observe the pattern of Mg2Si hardening precipitates,
homogeneously distributed in the matrix.

3.2 Vickers Microhardness

Hardness aging curves (Fig. 4) were first used to character-
ize the samples and to verify the effectiveness of the heat
treatment.

The material shows an initial hardness of 73 ± 3 HV in as-
cast condition, while the overall material hardness in aged
condition ranges between 110 and 130 HV, which represents a
significant improvement compared to the as-cast alloy or to the
traditional AlSi7 Mg alloy (Ref 9, 16).

The results show that aging time of 8 h is not enough to
reach overaging when the aging treatment is performed at
165 �C. In this condition, the material hardness reaches the
value of approximately 130 HV. Aging treatment at 190 �C
leads to earlier reaching of the peak condition, after only 1 h. It

means that also overaging occurs earlier, as shown by the
measured data.

For the following mechanical characterization, aging times
of 1, 4 and 8 h were selected for both the considered
temperatures (165 and 190 �C) as more representative of the
response of the material to the aging treatment. In detail, after
1-h aging, it can be observed that the alloy treated at 190 �C
reaches the highest values of hardness, while after 8 h the
maximum hardness was measured for aging at 165 �C. Based
on this, also an intermediate aging time of 4 h was selected. In
this condition, the material exhibited the same hardness value
for both the investigated aging temperatures, even though for
the lower temperature (165 �C) the material is in underaged
condition, while for the highest temperature (190 �C) the
material is already overaged. It is believed interesting to
evaluate if this behavior can be confirmed also in terms of
tensile properties, besides in terms of hardness values. In
addition, the as-quenched condition was tested in order to have
a complete overview of the evolution of mechanical perfor-
mance of AlSi3Cr alloy since the dispersoids have already
formed during this stage.

3.3 Tensile Properties at Room Temperature

The average ultimate tensile strength (UTS), yield strength
(YS), elongation (El%) and quality index (QI) of the studied
alloy were 204 ± 2, 104 ± 2 MPa, 5.6 ± 0.5% and 316,
respectively. The QI, frequently used in foundry, was calculated
as indicated by Drouzy et al. (Ref 37, 38):

QI ¼ UTSþ d log El%ð Þ

where d is a material constant (150 MPa in the original work;
the same value was used also in the present work).

The mechanical properties for the heat-treated samples are
reported in Fig. 5. For aging at 165 �C, the peak value of UTS
is reached after 4 h aging and the strength remains quite
constant for prolonged holding at this temperature. These are
the highest values among all the tested conditions. The results
for aging treatment performed at 190 �C show that after 1 h of
aging treatment no further relevant increase in ultimate strength
is measured, but the values rather show a tendency to decrease.
Yield strength increases with longer aging time for samples
aged at 165 �C, while it is quite constant for aging temperatureFig. 2 Image from SEM analysis of intermetallic particles

Fig. 3 STEM images of dispersoids containing Cr after T6 treatment (solution treatment at 545 �C for 8 h followed by aging at 165 �C for
4 h) at (a) lower and (b) higher magnification
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of 190 �C, even though the differences between the two
different aging temperatures are less marked than for UTS.
More evident is their effect on the elongation of the material. In
fact, aging at 190 �C leads to an abrupt decrease in elongation
already after 1 h aging, with values around 2% for all aged
conditions. On the other hand, aging at 165 �C allows
elongation values of about 6% after 1 h treatment and 4%
after 4 h. Longer aging of 8 h results in elongation comparable
to the case of aging at 190 �C. The general evolution of tensile
properties is similar to what reported in a previous work (Ref
24), where solution treatment was carried out for a shorter

duration. After an optimization of solution treatment parame-
ters, in the present study it was possible to reach higher UTS
values for aging treatment performed at 165 �C.

QI values in Fig. 5(d) provide an evident comparison of
material performance after aging treatment at different temper-
atures. It appears immediately that aging at 190 �C is not
adequate to enhance material properties, while the temperature
of 165 �C combined with short treatment time allows to reach
highest values of QI, which are reasonable for casting alloys
(Ref 39, 40).

Based on experimental results, it was chosen to perform
tensile tests at higher temperatures after aging at 165 �C for 4 h
as the best compromise between strength and elongation.

3.4 Tensile Properties at High Temperatures

Tensile properties of the studied alloy in a selected T6
condition (i.e., solution treatment at 545 �C for 8 h followed by
aging at 165 �C for 4 h) are shown in Fig. 6 as a function of
temperature up to 300 �C. It is evident that the material strength
decreases with increasing temperature (Fig. 6a). Despite this
tendency, tensile properties at 150 and 200 �C are quite similar
(differences of approximately 10%). In this temperature range,
the material still exhibits remarkable UTS (in the range 250-
275 MPa) and YS (in the range 245-265 MPa), with good
elongation (approximately 5%).

A more evident decrease in tensile properties was measured
during testing at 250 �C: material strength is reduced of 50% in
comparison with room-temperature condition, while the influ-
ence of testing temperature on the ductility is limited (elonga-
tion of 6%). Finally, at 300 �C the material behavior is
characterized by poor strength and high elongation, suggesting

Fig. 4 Hardness aging curves as a function of aging time and
temperature

Fig. 5 Aging curves for (a) UTS, (b) YS, (c) elongation and (d) quality index (QI) from tensile tests performed at room temperature on
specimens aged at 165 �C and 190 �C
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a strong effect of temperature on material microstructure and
softening of the Al matrix.

Figure 6(b) illustrates the true stress–true plastic strain
curves from different experimental tests. The strain-hardening
indexes n, plotted as a function of temperature in Fig. 6(c),
were calculated from curves in Fig. 6(b).

Figure 6(b) shows that the plastic strain at peak stress tends
to decrease as the test temperature increases, at least up to
250 �C. This behavior had been previously observed in cast
alloys progressively overaged, as it can be considered the case
of the present alloy tested at increasingly higher temperatures in
T6 condition (Ref 41). Figure 6(c) clearly shows that n values
decrease as test temperature increases, reaching the minimum
value for 250 �C. Further increase in temperature leads n to
increase. It is well known that strain-hardening index in age-
hardening Al alloys is correlated with the actual temper
condition, being higher in the as-cast and lower in the solution-
treated and peak-aged condition (Ref 42). The strain-hardening
values at room temperature obtained in the present investigation
are a bit lower than the 0.08-0.17 range reviewed by Elhadari
et al. (Ref 43) for A356 alloy in T6 or similar tempers, but are
well in agreement with data for A357 alloy in the peak strength
conditions reported by Alexopoulos and Tiryakioǧlu (Ref 41).

The reduction of strain-hardening index as temperature
increases is typical for most materials, but in age-hardened
conditions it can combine with strengthening particle precip-
itation, coarsening, and dissolution occurring as test tempera-
ture increases. These phenomena, according to which is
dominant in the considered temperature range, can either
contribute to the n-reduction induced by temperature [such as in
the case of as-cast Al-Si-Cu alloys reported in (Ref 44)] or lead
to the opposite trend, a strain-hardening index increase with

temperature. In this regard, a behavior of n-index similar to that
shown in Fig. 6(c) was reported by Ferguson et al. (Ref 45), for
the Al-Mg-Cu-Si A319 alloy, in a study about the effect of
different heat treatments on the n-temperature correlation. In
addition, the early necking of the sample occurring during test
at 300 �C, which strongly reduced the range of strain for the
calculation of the strain index, could contribute to the increase
in the calculated n value.

The average hardness values after exposure to high temper-
atures during tensile tests were 136 ± 11 HV (150 �C),
143 ± 4 HV (200 �C), 90 ± 4 HV (250 �C) and 75 ± 3 HV
(300 �C), respectively. As indicated by the previously reported
aging curves (Fig. 4), the material was not tested in peak-aged
condition in terms of hardness. For this reason, a further
exposure to temperatures close to the aging one led to an
increase in material hardness due to the formation of an
additional amount of b¢-Mg2Si precipitates. On the other hand,
after holding at temperatures of 250 and 300 �C, the material
suffered from overaging likely due to the coarsening and
dissolution of the Mg-containing particles, resulting in a severe
loss in hardness.

In order to better explain these findings and their correlation
to the microstructural evolution after exposure at high temper-
atures during tensile tests, samples taken from specimens tested
at 200 and 300 �C were observed by STEM. These two
samples were selected in order to compare a condition in which
the material still retains most of its initial strength (200 �C)
with a condition where the material resistance is significantly
reduced (300 �C).

Images in Fig. 7 clearly show a significant coarsening of
Mg2Si particles after exposure to 300 �C, which can be easily
identified as small rods in Fig. 7(b), while this is not possible in

Fig. 6 (a) Tensile properties of the studied alloy in T6 condition (solution treatment at 545 �C for 8 h followed by aging at 165 �C for 4 h),
(b) corresponding true stress–true strain curves, (c) straining index n at different test temperatures
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Fig. 7(a) due to their lower size and (semi-)coherence with the
Al matrix. The formation of incoherent Mg2Si particles leads to
the loss of their strengthening effect. Furthermore, an increase
in the number of dispersoids can be appreciated, which appear
more uniformly distributed in the Al matrix. The identification
of dispersoids is supported by previous studies on the same
alloy based on EDS (Ref 22) and XAS (Ref 23) analysis. As
previously mentioned, the latter revealed also the crystal
structure of dispersoids, as face-centered cubic phase with unit
cell of 1.09 nm.

The differences in the features of intragranular particles in
the alloy strained at 200 and 300 �C could contribute to the
increase in strain-hardening exponent at 300 �C (Fig. 6c),
combined with the coarsening of Mg2Si, as reported also by
Ferguson et al. (Ref 45). Furthermore, it is also consistent with
the alloy softening at 300 �C and with the greater elongation at
rupture experienced by the specimen tested at 300 �C.

The formation of additional dispersoids is also interesting
since it is reported for the studied alloy that these particles
nucleate during heating between 400 and 500 �C when the
heating rate is 10 �C/min (Ref 23). Nevertheless, it should be
considered that the formation of dispersoids is highly affected
by the heating rate and by the formation of Mg-Si phases as
precursors, as reported by various studies (Ref 46, 47). In
particular, according to different authors (Ref 46, 47), the
slower the heating rate, the more uniform the distribution of
dispersoids. For tensile test at 300 �C, a heating rate below
10 �C/min can be estimated. Therefore, this factor should be
taken into account to understand the additional precipitation of
Cr-containing particles observed in Fig. 7(b) after exposure to
300 �C.

Furthermore, Lodgaard and Ryum (Ref 46, 48) proposed a
model for the precipitation of dispersoids where, as above
mentioned, Mg-Si phases behave as precursors. According to
their analysis on various Al-Mg-Si wrought alloys (6000
series), dispersoids form through Mn/Cr and Fe diffusion into
the precursor b¢-Mg2Si phase. The dispersoids precipitate along
an intermediate phase, called �u-phase� (Ref 46). If the material
is in as-cast condition, during heat treatment, first the precip-
itation of the precursor b¢-Mg2Si phase takes place, then they
allow the formation of dispersoids. In the considered case, the
material is heated up to 300 �C in T6 condition. It means that
the precursor b¢-Mg2Si phase is already present in the Al
matrix. Consequently, the presence of this precursor phases in

the material, which was already in T6 condition, could have
enhanced the formation of dispersoids during heating up to
300 �C, as observed in Fig. 7(b).

Moreover, not only the temperature, but also the soaking
time is an important parameter to consider. In this regard, the
precipitation of dispersoids could be enhanced also by the fact
that the alloy was held in isothermal condition for a certain
time. This is in agreement with a recent study by Kemsies et al.
(Ref 49) where an adapted heat treatment tailored to enhance
the precipitation of fine Mn-containing dispersoids was pro-
posed by decreasing the conventional treatment temperature
and selecting a proper soaking time.

Therefore, it is believed that applying a heating rate below
10 �C/min up to 300 �C to the material in T6 condition and
holding it at this temperature during tensile testing provided
enough energy to the material to allow diffusion phenomena
and the formation of additional dispersoids, despite the lower
temperature in comparison with the solution treatment. It
follows that the formation of additional dispersoids would take
place in case of exposure to similar temperature in service.

On the other hand, no evident coarsening of dispersoids is
observed, confirming that, once formed, they are thermally
stable at the considered temperature.

This microstructural evolution is not sufficient to avoid a
decrease in strength due to the general softening of the Al
matrix and the presence of creep effects, which lead to lower
strength and higher elongation at 300 �C in comparison with
room-temperature condition. Material deformation mechanisms
are strongly affected by temperature. In this regard, the
movement of dislocation is accelerated by increased tempera-
ture, since they are able to bypass obstacle by climbing,
together with an increase in the number of activated slip planes.
In addition, the coarsening of Mg-Si precipitates is negative for
material strength since they are less effective in hindering
dislocation motion. It is well known that when b-Mg2Si
precipitates lose their coherency with the matrix, they are less
able in pinning deformation (Ref 50).

In order to evaluate the possibility to use the studied alloy
for high-temperature applications, as the main aim of the
present study, a comparison with the performances of alloys
with similar composition and/or for equivalent applications is
helpful. In Table 1, tensile properties at room temperature and
200 �C of these alloys are summarized.

Fig. 7 STEM images after tensile test at (a) 200 �C and (b) 300 �C (non-deformed area)
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Table 1 Comparison of tensile properties at room temperature and 200 �C for different Al-Si-Mg alloys

Alloy SDAS, lm T, �C UTS, MPa YS, MPa El, % Ref.

AlSi3Cr 43 ± 5 25 355 311 4 Present study
200 251 244 5.3 Present study

C355 (Al-Si-Cu-Mg) 66 ± 5 25 327 287 4.3 6
200 237 221 8.5

C355 (Al-Si-Cu-Mg) 20 ± 2 25 361 293 10 6
200 248 232 11.7

A356 32 ± 3 25 248 213 1.3 20
200 177 169 2.1

A356 + 0.3 wt.% Er 24 ± 1 25 280 255 4.5 20
200 220 215 5.5

A356 + 0.3 wt.% Er + 0.5 wt.% Zr 18 ± 1 25 290 270 4.5 19
200 260 240 4.5

Al-Si-Cu-Mg + Ti,V,Zr,Cr 25 25 320 300 2.5 12
200 240 230 2

AlSi7Cu2 Mg + 0.2 wt.% Zr … 25 335 291 2 51
200 246 224 4

Fig. 8 Surface fracture of tensile samples in (a) as-cast and (b) aged condition

Fig. 9 Detail of the fracture surfaces for specimens tested in (a) as-cast, (b) aged condition and corresponding EDS analysis (wt.%)
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It is interesting to observe that the performance of AlSi3Cr
alloy at high temperature is comparable with those of AlSi7 Mg
alloys modified with different alloying elements, as such as Ti,
V and Zr, together with Cr (Ref 12), or Er and Zr (Ref 19),
added to improve the high-temperature properties. Regarding
the properties at 200 �C, the studied alloy exhibits higher YS
and similar UTS. In comparison with the alloy containing Cr-
Ti-V-Zr, AlSi3Cr alloy reaches higher elongation, which is a
key parameter for the design of certain structural components.
Furthermore, the addition of V, Zr or Er represents a quite

expensive solution, which can make the choice of the studied
alloy more affordable and easier to manage for industrial
production. On the other hand, AlSi3Cr alloy exhibits lower
elongation as compared to C355 alloy (Ref 6), but the addition
of Cr, instead of Cu, can represent a positive aspect for
corrosion resistance.

In general, the mentioned alloys displayed microstructural
features very similar to the studied AlSi3Cr alloy, as such as the
presence of intermetallic particles with a complex morphology,
the formation of dispersoids during heat treatment, similar Mg

Fig. 10 (a, b) Cross section of fractured tensile specimen in aged condition (solution treatment at 545 �C for 8 h followed by aging at 165 �C
for 4 h) where cracked intermetallic particles are visible

Fig. 11 SEM images of fracture surfaces of after tensile test at (a) 150 �C, (b) 200 �C, (c) 250 �C, (d) 300 �C
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content. A significant different feature is represented by the
reduced Si content of the AlSi3Cr alloy, which corresponds to
13% of eutectic phase in comparison with 49% for AlSi7
alloys.

In this regard, as previously mentioned, Si content is
reported to significantly affect mechanical properties of Al-Si
alloys, enhancing material hardness and strength, but reducing
ductility (Ref 26-28). Nevertheless, the obtained results show
that AlSi3Cr alloy exhibits similar or even improved tensile
strength at high temperature than alloys with higher Si content.
It follows that a lower Si content in comparison with more
conventional compositions is not to be considered as a critical
aspect for tensile strength at high temperatures, if the Al matrix

is properly strengthened. This can represent an interesting
additional way to improve material performance by optimiza-
tion of chemical composition, besides the addition of strength-
ening elements.

Furthermore, based on data on thermal expansion coefficient
from (Ref 52) and dilatometry test on similar alloys (Ref 53,
54), it is believed that the considered Si content is not critical
for dimensional stability at high temperature, given also the
study for high-temperature application of alloys with only
slightly higher concentration of Si (319 alloy with 5-6% and
A356 alloy with 7% Si).

Finally, further improvement in fracture elongation can be
obtained by refining the material microstructure (Ref 6), since
the measured SDAS and grain size are quite coarse. This
suggests that AlSi3Cr alloy could reach even more remarkable
performance, allowing a reduction of thickness of components
and therefore contributing to reducing the overall weight of
vehicles, ensuring at the same time high mechanical properties
at high temperature.

3.5 Analysis of Fracture Surfaces

The fracture surfaces of samples tested at room temperature
in as-cast and aged condition exhibit a mainly ductile fracture
mechanism with small micro-deformations (dimples), as
detectable in Fig. 8. Despite that some cracked intermetallic
particles were identified on the surface (Fig. 9 and 10), the
overall failure mechanism mainly follows the eutectic path, as
easily detectable from the analysis of the cross sections of the
fractured samples.

Regarding tensile tests at high temperatures, images in
Fig. 11 show an evolution toward a more ductile morphologyFig. 12 Detail of intermetallic particles emerging on the fracture

surface

Fig. 13 Cross section of fractured tensile specimen after tensile test at (a) 150 �C, (b) 200 �C, (c) 250 �C, (d) 300 �C
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with increasing the testing temperature. This is particularly
evident for the sample tested at 300 �C (Fig. 11d) where larger
dimples than in samples tested at lower temperature are visible.

In some areas, clusters of intermetallic particles emerge on
the fracture surface. An example is noticeable in the SEM
image acquired in back-scattered mode (Fig. 12) for the
samples tested at 200 �C. These may be responsible for the
abrupt changes in the plane of fracture propagation. Such
cracked particles were present on all samples tested, as visible
from the observation of the cross section of fractured specimens
(Fig. 13). Also Si particles are present, as expected since it was
observed that the fracture mainly follows the eutectic phase.

4. Conclusions

The present work aimed at evaluating the tensile properties
of AlSi3Cr alloy at high temperature. It was found that the
studied material exhibits remarkable properties at 200 �C,
comparable or higher than those reported in the literature for
Al-Si-Mg casting alloys modified with Cu, Zr, Er and other
transition metals/rare earth elements. The aluminum matrix of
the studied alloy is strengthened by Cr-containing dispersoids
that are thermally stable at this temperature, as demonstrated by
STEM images, and enhance tensile properties up to 200 �C. At
higher temperatures, alloy resistance decreases for a general
softening of the material. Interestingly, it was found that at
300 �C dispersoids do not dissolve but rather increase in
number. The additional precipitation of dispersoids provides an
unexpected indication for new heat treatments routes that can
enhance their uniform distribution in the Al matrix in order to
further promote material properties. Finally, the reduced Si
content in comparison with conventional cast alloys appears not
to be negative for microstructural and mechanical properties,
suggesting an alternative way to design high-resistance alloys.
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