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In this work, three innovative age hardenable Al alloys based on the Al-7Si-0.4Mg-0.25Er system (A356 alloy + 0.25 wt% Er), with nominal additions of Zr between 
0 and 0.6 wt%, are designed, cast, heat treated and char-acterized from a microstructural and mechanical point of view. Zr additions leads to a progressive reduction
of the Secondary Dendrites Arm Spacing (SDAS) of the alloys, due to inoculant pro-peritectic intermetallics and growth rate restriction of dendrites during 
solidification, and a reduction in eutectic Si size. 0.6 wt% Zr also causes a morphological modification of dendrites, which display a globular shape, thanks to the 
inoculation action of primary Zr-containing intermetallics. Tensile tests performed in the peak aged and overaged conditions reveal the beneficial effect of Zr on the 
mechanical properties of the alloys; in particular, the alloy with the highest Zr content shows the highest mechanical properties in all the tested conditions. This work 
shows the potentialities of Zr as an alloying element to increase the microstructural stability and mechanical properties of Al-Si-Mg-Er alloy.

1. Introduction

Considerable efforts have been made in recent years to develop 
innovative Al alloys characterized by improved mechanical properties 
and resistance to high temperature exposure, two critical aspects pre-
venting their wider diffusion for structural applications [1–4]. One of 
the fields that could greatly benefit from the development of stronger 
and more thermally resistant Al alloys is the transportation industry. The 
substitution of steel with high strength Al alloys, in fact, causes a 
dramatic weight reduction, with a consequent decrease in energy 
consumption.

Cast, age-hardenable Al-based alloys are commonly employed in 
transportation industry, particularly those based on the Al-Si-Mg 
system. This family of alloys is characterized by good mechanical 
properties in the heat-treated condition, good corrosion resistance and 
excellent castability. All these characteristics make them suitable for 
structural applications at room temperature, but the relatively poor 
thermal stability of these alloys above 423 K limits their use at higher 
temperature.
    A common solution to widen the applicability field of Al-Si-Mg al-loys 
is the addition of small amounts of alloying elements, capable of

forming precipitates that strengthen the material at room temperature 
and stabilize their microstructure, retarding the decay in mechanical 
properties when exposed to high temperatures. A previous study by the 
authors, supported by other researches published in literature, sug-
gested that Er can effectively act as a strengthening element for Al-Si-Mg 
alloys both at room and elevated temperatures [5–8]. The origin of the 
improved mechanical and microstructural characteristics of Er-
containing alloys is found in the formation of coarsening resistant na-
nometric Er-rich dispersoids, that retard dislocations motion [6–8].

Literature studies on pure Al demonstrated that its mechanical 
properties at room and high temperatures can be further improved by 
the joint addition of Er and Zr, thanks to the formation of nanometric 
core-shell dispersoids characterized by an Er-rich core and a Zr-rich 
shell, generally indicated as Al3(Er, Zr) [9–11]. Zr, in fact, is char-
acterized by a very low diffusion coefficient in Al, as reported in [12], 
which results in slow coarsening of the abovementioned core-shell 
dispersoids during high temperature exposure. Furthermore, Zr-rich 
shell has a kinetically stable L12 crystal structure and a low lattice 
mismatch with Al matrix, resulting in enhanced pinning effect for dis-
locations [9–11].

Thus, the scope of this paper is the characterization of the influences
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of Zr additions on the microstructure, room and high temperature
mechanical properties and overaging resistance of a previously de-
scribed Er-containing Al-7Si-0.4Mg alloy.

2. Materials and methods

Al-15 wt% Er and Al-10 wt% Zr master alloys were added to a 
standard Al-7Si-0.4Mg (commercial A356 alloy) to obtain the alloys 
with the chemical composition reported in Table 1. Zr content was 
selected in order to have, according to the Al-Zr phase diagram reported 
in [13], hypo-peritectic, peritectic and hyper-peritectic compositions 
(named respectively EZ31, EZ33 and EZ35). E3 alloy, which was 
characterized in [5], is reported as a reference. The low concentration of 
B in the alloys prevents any grain refinement effect from this ele-ment.

The master and reference alloys were melted in an induction fur-
nace at the casting temperature of 1073 K, under Ar atmosphere. The 
melt was hold for 30 min at the same temperature and subjected to 
magnetic stirring, to homogenize its chemical composition. The alloys 
were then poured in a permanent steel mould, pre-heated to 473 K. The 
ingots had the shape of cylinders with 40 mm diameter and 120 mm in 
height.

Samples with 10×10×10 mm3 approximate size were extracted 
from the bottom of the cast bars for microstructural analyses and mi-
crohardness tests. Microstructure of the alloys was characterized, in the 
as-cast and peak aged states, after conventional metallographic pol-
ishing and etching with Keller's reagent. Thermal treatment was com-
posed by: 5 h Solution Heat Treatment (SHT) at 813 K, quenching in 
room temperature water and immediate aging at 473 K.

Optical microscope was used to qualitatively identify the presence of 
intermetallics and to acquire quantitative microstructural informa-tion 
such as Secondary Dendrites Arm Spacing (SDAS), morphology of 
eutectic Si and area fraction of casting defects, by using ImageJ soft-
ware. SDAS was measured by means of low magnification optical mi-
crographs in the as-cast condition, with at least 100 measurements for 
each alloy. The morphology of eutectic Si was characterized in the as-
cast and peak aged conditions, approximating every Si particle as an 
ellipse; the major axis, the minor axis and the aspect ratio (defined as the 
ratio between the major and the minor axis) of each ellipse were 
measured and used as characterizing parameters. At least 1500 Si 
particles for each alloy and heat treatment condition were analysed. 
Finally, the area fraction of pores for the studied alloys was calculated 
by dividing the total area of defects (measured without any morpho-
logical simplification using ImageJ), by the total area of the micro-
graphs. Reported values are the average of the measurements per-
formed on five 25x optical micrographs.

Scanning Electron Microscope (SEM) and Energy Dispersive X-ray 
Spectrometry (EDS) were used to better describe the morphology, the 
area fraction and the chemical composition of the intermetallics present 
in the alloys. To easily obtain morphological information on the in-
termetallics, micrographs acquired using backscattered electrons (BSE) 
were analysed. Intermetallics were approximated as ellipses and their 
major axis, minor axis and aspect ratio were used to characterize their 
morphology. The area fraction of intermetallics, on the other hand, was 
calculated dividing the total area of intermetallics (measured without 
any morphological simplification using ImageJ) by the total area of the

micrographs. The reported values are obtained using at least three SEM 
images at the same magnification, considering a total area of approxi-
mately 4,090,000 µm2 for each alloy.

Vickers microhardness tests were performed with an indenter load 
of 2.94 N; each reported value is the average of 10 measurements.

Mechanical properties of the studied alloys were obtained by means 
of tensile tests, performed on specimens extracted from the central part 
of cast cylinders. The ingots were heat treated following the above-
mentioned heat treatment and machined in accordance to ASTM E8M-
REV A specifications [14], to obtain tensile test specimens with a cir-
cular cross section. A gauge length of 30 mm and a gauge diameter of 6 
mm were chosen. Tensile tests were performed on the alloys in the T6 
temper at 298, 423 and 473 K and in the overaged condition (after 168 h 
exposure at 473 K) at 298 and 473 K. Tensile tests were per-formed in 
displacement control mode, with a displacement rate of the crosshead of 
0.017 mm/s.

The fracture surfaces of the tensile specimen were analysed by 
means of optical and SEM microscopes, to characterize fracture me-
chanisms.

3. Results

3.1. Microstructural characterization

Low magnification micrographs of the studied alloys in the as-cast 
state are reported in Fig. 1. All the alloys are characterized by α-Al 
dendrites, eutectic Si and different families of intermetallics. The mi-
crostructure of alloy EZ35, reported in Fig. 1d, clearly highlights the 
globular morphology of dendrites for this alloy.

The results reported in Table 2 show that, even if SDAS values of 
EZ31 and EZ33 are statistically the same, a clear progressive reduction 
of SDAS as Zr content is increased can be appreciated. There is, in fact, a 
reduction of 10.4%, 12.0% and 24.5% in SDAS mean values with re-
spect to E3 for EZ31, EZ33 and EZ35 respectively.

To account for the globular morphology of dendrites in EZ35, SEM 
micrographs were taken. Fig. 2 reports a representative micrograph of 
the central region of a dendrite in EZ35; it is characterized by the 
presence of elongated intermetallics with a complex shape, in close 
association with smaller particles, some of which are highlighted by 
arrows in the same figure. EDS analyses were performed on one of the 
abovementioned small particles (point A in Fig. 2) and, even though its 
small size prevents from precise information about its chemical com-
position, an enrichment in Er with respect to the bigger intermetallic 
(point B in Fig. 2) can be observed.

To characterize the morphology of eutectic Si in the as-cast state, 
high magnification optical micrographs were taken, and are reported in 
Fig. 3. Quantitative analysis results, summarized in Table 3, suggest that 
the aspect ratio of Si is approximately constant for all the alloys, with a 
value ranging from 1.5 to 1.7. On the other hand, they reveal that Zr 
addition reduces the eutectic major axis: for E3 it has an average value 
of 3.5 µm, while for Zr-containing alloys it is around 2.4 µm.

When dealing with innovative Al alloys based on the Al-Si-Mg 
system, it is very important to consider the presence of pores, since even 
a low amount of these casting defects can affect the ductility and UTS of 
the alloy [15,16]. For this reason, percent area fraction of these defects 
was measured for the alloys under investigation. The results of this 
analysis are reported in Table 4 and do not highlight significant effects 
of Zr on porosity.

The high temperature exposure during SHT causes a slight reduction 
in the eutectic Si aspect ratio, while the average major axis increases 
with respect to the as cast condition, as shown in Table 5.

After SHT, several intermetallics are observed in the alloys, as re-
ported in Fig. 4.

As described in [5], E3 is characterized by different families of Er-
containing intermetallics: elongated precipitates with an average length 
of about 20 µm (A in Fig. 4a), blocky shaped and small globular

Si Mg Fe Ti B Er Zr Al

E3 7.38 0.36 0.08 0.14 0.0001 0.22 – bal
EZ31 7.34 0.38 0.09 0.11 0 0.26 0.14 bal
EZ33 7.37 0.35 0.09 0.11 0 0.26 0.25 bal
EZ35 6.85 0.34 0.09 0.12 0.0003 0.25 0.59 bal

Table 1
Chemical composition in wt% of the studied alloys, obtained from GDOES measurements.



intermetallics (respectively B and C in Fig. 4a).
Zr-containing alloys are characterized by additional intermetallics 

enriched in Zr. Specifically, in EZ31 are visible intermetallics con-
taining Zr and Er (D in Fig. 4b), in close association with precipitates 
containing Mg, Fe and Er (E in Fig. 4b) and small intermetallics en-
riched in Er and Fe (F in Fig. 4b). EZ33 is additionally characterized by a 
low amount of complex shaped intermetallics, as shown in Fig. 4c, 
enriched in Zr and Er (G in Fig. 4c) and Zr, Ti and Er (H in Fig. 4d). 
Finally, EZ35 has small intermetallics containing Mg and Er (I in Fig. 4d) 
and precipitates containing Fe, Mg and Er, with a chemical composition 
similar to particle E (L in Fig. 4d). Further, as shown in Fig. 2, 
intermetallics enriched in Si, Zr and Ti are present in the central

region of the dendrites of this alloy.
Table 6 lists the results of quantitative analyses carried out on the 

morphology of the intermetallics present in the alloys, comparing their 
as-cast and SHT state: average area fraction, average aspect ratio and 
major axis are reported. In the as-cast state, E3 is characterized by a 
lower amount of intermetallics, which also show lower average major 
axis with respect to those in Zr-containing alloys. No significant dif-
ference, on the other hand, is found in their average aspect ratio. The 
highest amount of intermetallics is found in EZ31. Intermetallics in the 
central region of the dendrites (which occupy a total area fraction of 
0.19%) are included in the value given in Table 6 for EZ35.

After SHT, the average major axis of the intermetallics slightly re-
duces with respect to the as-cast condition in all the investigated alloys, 
possibly due to partial dissolution induced by high temperature ex-
posure during SHT. The area fraction of intermetallics decreases after 
SHT for E3, EZ31 and EZ33, while it remained almost constant for EZ35. 
As far as the aspect ratio is concerned, SHT does not induce significant 
modifications.

Fig. 1. Low magnification micrographs of a) E3, b)
EZ31, c) EZ33 and d) EZ35 in the as-cast state.

Table 2
Measured SDAS for E3 and EZ31, EZ33 and EZ35 alloys.

Measured SDAS (µm)

E3 24.1± 0.9
EZ31 21.6± 1.5
EZ33 21.2± 1.4
EZ35 18.2± 1.1

Fig. 2. SEM micrograph of EZ35 showing inter-
metallics in the central region of the dendrite; results
of EDS analysis on the intermetallics are also re-
ported. Er-containing intermetallics are highlighted
by arrows and in measurement point A.



3.2. Mechanical properties

The response to aging of EZ alloys is shown in Fig. 5 in terms of 
Vickers hardness as a function of the logarithm of the aging time. The 
aging curve of alloy E3 is added for comparison.

The microhardness of the alloys before the starting of aging, which 
ranges between 60 and 65 HV, increases as a function of Zr con-
centration, as well as their peak hardness, with a minimum value of 
108.9 HV for E3 and a maximum of 132.8 HV for EZ35. EZ31 and EZ33 
are characterized by 109.6 HV and 114 HV peak hardness, respectively. 
EZ35 shows also a faster hardening kinetic, reaching the peak hardness 
in 1.5 h, while all the other alloys reached the T6 temper after 3 h. It 
can be observed that, after 168 h aging, the residual microhardness of 
Zr-containing alloys is higher than for E3, with a value that increases as

a function of Zr concentration. In fact, an increase of 7.1%, 11% and 
14.2% in residual hardness for EZ31, EZ33 and EZ35 respectively was 
observed with respect to E3 (71.1 HV).

The results of tensile tests performed on EZ alloys are reported in Fig. 
6 for the peak aged condition; results of the tests performed on E3 and 
described in [5] are reported as a reference. They clearly show that the 
addition of Zr is beneficial for the mechanical properties of the alloys. In 
particular, EZ35 shows the maximum YS, UTS and e% in all the testing 
conditions. Considering E3 as a reference, the increase of YS, UTS and e
% for EZ35 is 7.9%, 3.8% and 8.9% at room temperature, 11.3%, 14.8% 
and 2.0% at 423 K and 14.2%, 18.7% and 14.5% at 473 K, respectively.

The results of tensile tests performed after 168 h overaging are re-
ported in Fig. 7. As in the peak aged condition, the addition of Zr to E3 
increased the mechanical properties of the alloy. Also in this case, EZ35 
showed the highest mechanical properties. Comparing the results ob-
tained from EZ35 with the ones from E3, the increase of YS, UTS and e
% is 15.0%, 8.5% and 28.6% at room temperature and 18.5%, 21.0%
and 33.1% at 473 K.

3.3. Fractographic analyses

Fracture surfaces of the studied alloys tested at room temperature in 
the peak aged condition, reported in Fig. 8, enable to describe the 
general failure mechanisms of the studied alloys. The low ductility 
emerged from tensile tests on EZ31 and EZ33 alloys can be explained 
considering the presence of a high amount of complex-shaped inter-
metallics in proximity of the fracture surfaces, as shown by the SEM 
micrographs reported in Fig. 9.

4. Discussions

4.1. Microstructural characterization

The development of the as cast microstructure of the alloys is in-
fluenced by nucleation and growth of dendrites, which are ultimately 
affected by the Zr content in the alloys. The effects of Zr on nucleation

Fig. 3. High magnification micrographs of a) E3, b)
EZ31, c) EZ33 and d) EZ35 in the as-cast state
showing the eutectic morphology. Intermetallics are
highlighted by arrows.

Table 3
Aspect of eutectic Si in EZ31, EZ33 and EZ35 in the as-cast state.

E3 EZ31 EZ33 EZ35

Aspect ratio 1.6±0.5 1.5± 0.2 1.7± 0.4 1.7± 0.3
Average major axis (µm) 3.5±0.6 2.4± 0.8 2.4± 0.7 2.3± 0.6

Table 4
Percent area fraction of defects for the studied alloys.

E3 EZ31 EZ33 EZ35

Area fraction
of defects

1.11%±0.31 1.14%±0.32 1.14%±0.28 1.17%±0.15

Table 5
Aspect of eutectic Si in EZ31, EZ33 and EZ35 after SHT.

E3 EZ31 EZ33 EZ35

Aspect ratio 1.2±0.2 1.3± 0.3 1.3± 0.2 1.3± 0.3
Average major axis (µm) 4.5±0.7 4.5± 0.8 4.6± 0.7 4.5± 0.6



are present in the melt, acting as inoculants for α-Al dendrites [17]. The 
SEM micrograph reported in Fig. 2 confirms the theoretical analysis of 
the phase diagram, highlighting the presence of elongated inter-
metallics in the central region of EZ35 dendrites. Comparing their EDS 
analyses with literature data, they can be identified as (Al, Si)3(Zr, Ti), 
for which wide compositional ranges are proposed in literature 
[4,18,19]. Since the concentration of Ti in the alloys is only slightly 
beyond its maximum solubility in Al at the peritectic temperature 
(which is reported to be around 0.1 wt% in [20]), it is reasonable that 
this family of particles derives from (Al, Si)3Zr, rather than from (Al, 
Si)3Ti, and experienced a partial substitution of Zr by Ti atoms. Further, 
as reported in literature, the relatively low concentration of Si in the 
alloy is not sufficient to promote the precipitation of (Si, Al)2Zr [21].

It is known from literature that inoculation is ruled by group sym-
metry of inoculant and its lattice mismatch with the inoculated species. 
Even if no group symmetry nor lattice parameter information were 
found in literature for (Al, Si)3(Zr, Ti), it is reported that Al3(Zr, Ti) has a 
metastable L12 group symmetry (the same of α-Al) and a very low lattice 
mismatch with the matrix (below 1% at room temperature [22]), 
making it a powerful nucleation agent for Al dendrites [23,24]. It can be 
suggested that the presence of Si in the abovementioned inter-metallics 
would not induce drastic changes in the inoculation efficacy of (Al, 
Si)3(Zr, Ti), but further studies are needed to clarify this aspect.

(Al, Si)3(Zr, Ti) intermetallics were frequently found in association 
with Er-containing small particles during microscopic investigations, as

Fig. 4. Intermetallics present in a) E3, b) EZ31, c)
EZ33 and d) EZ35 after SHT. Insets show character-
istics intermetallics, on which EDS analyses where
performed. The results of the analyses are reported in
the micrograph of the correspondent alloy.

Table 6
Average area fraction, major axis and aspect ratio for the intermetallics derived from metallographic analyses of the investigated alloys in their as-cast condition and after SHT. The values
for the major axis are given in μm.

As cast After SHT

Area fraction Average major axis Average aspect ratio Area fraction Average major axis Average aspect ratio

E3 0.90%±0.09 7.16±2.10 2.91±0.65 0.49%±0.10 6.14±1.96 2.34± 0.81
EZ31 1.46%±0.13 10.59± 3.01 2.93±1.30 1.38%±0.20 9.85±2.58 2.91± 1.03
EZ33 1.13%±0.10 9.99±2.65 2.64±1.08 0.90%±0.09 8.85±2.11 2.39± 0.96
EZ35 0.96%±0.14 9.77±2.87 2.76±1.01 1.08%±0.07 8.43±2.02 2.87± 1.05

Fig. 5. Microhardness evolution of E3 and of EZ series during aging at 473 K.

and growth of Al dendrites will be hereafter described separately.
A classical cast microstructure with dendrites elongated along the 

direction of heat flux can be observed in Zr-free and low-Zr alloys, while 
EZ35 is characterized by dendrites with globular shape, as it is visible 
from Fig. 1d. The reported differences could be explained con-sidering 
the Al-Zr binary phase diagram [13]: when Zr is added with a 
concentration of 0.59 wt%, pro-peritectic Zr-containing intermetallics



= +Q aC bC0 0
2 (1)

Where a = 7.57 K/wt% and b = 9.1 K/wt%2 are empirical constant 
[26], evaluated for hypo-peritectic alloys, while C0 is the initial con-
centration of Zr in the alloy. The application of Eq. (1) to the alloys 
under investigation leads to the results reported in Fig. 10, which shows 
the comparative trends of Q and SDAS as a function of Zr content in the 
alloy.

The growth rate restriction parameter clearly increases with the

Fig. 6. Results of the tensile tests performed on EZ series at a) 298, b) 423 and c) 473 K in 
the peak aged condition. Results of tensile tests performed on E3 are reported as a re-
ference.

it is shown in Fig. 2 and in the relative EDS analysis. A heterogeneous 
nucleation of Er-containing intermetallics on (Al, Si)3(Zr, Ti) can also be 
suggested, since they are always found at the interface between (Al, 
Si)3(Zr, Ti) and α-Al, as highlighted in the representative micrograph in 
Fig. 2.

The absence of (Al, Si)3(Zr, Ti) intermetallics in EZ31 and EZ33 and 
the concomitant elongated morphology of Al dendrites in the micro-
structure of these alloys further confirm the role of (Al, Si)3(Zr, Ti) 
intermetallics for effective dendritic inoculation. Zr concentrations 
lower than the peritectic value, in fact, are found to have negligible 
effects on dendrites nucleation.

SDAS is used as a parameter to characterize the influence of Zr on 
dendritic growth. SDAS values for the studied alloys are summarized in 
Table 2 and show a monotonic decrease as the concentration of Zr in 
alloys increases. It is well known that SDAS is affected by chemical 
composition of the alloy and by cooling rate during solidification [25].

Fig. 7. Results of the tensile tests performed on EZ series at a) 298 and b) 473 K after 
168 h at 473 K.

Since the casting parameters were the same for all the alloys and the 
differences in chemical composition are too low to induce changes in the 
thermophysic properties of the melt, it can be concluded that Zr 
additions are the responsible of SDAS reduction.

The effect of Zr on SDAS reduction and, consequently, on dendritic 
growth, can be explained using the growth rate restriction approach. 
Growth rate restriction of dendrites during solidification could be de-
scribed by the parameter Q, called growth restriction factor. As re-
ported in literature, Q can be thought as a qualitative index to estimate 
how fast the liquid ahead of the solidification front becomes con-
stitutionally undercooled in the earliest stages of crystals growth 
[26,27], and can thus be used as a criterion for the microstructural 
refinement of α-Al dendrites. Literature studies, in fact, report that Q is 
inversely proportional to the growth rate of α-Al crystals [26,27].

In the case of multicomponent alloys, the use of growth restriction 
parameter could be critical, especially in the case of strong solute-solute 
interactions. Nevertheless, literature studies demonstrated that, for di-
lute alloys, the actual growth restriction factor could be estimated by 
summing the contribution of each solute independently, without in-
teraction terms [26]. Thus, the effect of Zr can be studied independently 
from that of other elements.

For Zr, Q can be expressed by Eq. (1), for a wide range of compo-
sitions [26]:



amount of Zr, resulting in a finer microstructure for high-Zr alloys, as
confirmed by the lower SDAS values. Zr accumulation ahead of the
solidifying dendrites, in fact, is responsible of constitutional under-
cooling at the dendrites tip, retarding the dendritic growth.

An additional contribution to the refined microstructure of EZ35
could come from the relatively high amount of (Al, Si)3(Zr, Ti) pro-
peritectic intermetallics that, as it was stated before, act as hetero-
geneous nucleation points for the Al dendrites.

The results of the analyses on eutectic Si geometry, qualitatively seen 
in Fig. 3 and listed in Table 3, reveal that Zr has not an evident effect on 
Si aspect ratio, since its value is maintained almost constant in all the 
alloys. As far as the eutectic size is concerned, there is a sig-nificant 
reduction in the average major axis of Si when Zr is added, which is not 
found to be dependent on Zr concentration. This fact can be possibly 
explained considering the presence of Zr in the eutectic li-quid, which 
depressed the nucleation temperature of eutectic Si,

Fig. 8. Fracture surfaces of a) E3, b) EZ31, c) EZ33
and d) EZ35 tested at room temperature in the peak
aged condition. Arrows highlight secondary cracks,
fractured and debonded particles.

Fig. 9. Representative SEM BSE micrographs of a)
E3, b) EZ31, c) EZ33 and d) EZ35 fracture surfaces
for samples tested at room temperature in the peak
aged condition. Intermetallics on or in the vicinity of
the fracture surfaces are highlighted by arrows.



phases in such complex alloys, some considerations can be made, using 
simpler systems as references. Intermetallics E and L, for example, show 
a chemical composition similar to π Al8Mg3Si6Fe phase, typical of Al-Si-
Mg alloys, with enrichment in Er. Further, precipitate G has a chemical 
composition matching that of τ2 Er2Al3Si2 intermetallics, with enrich-
ment in Zr.

SEM micrographs highlight the appearance of rosettae in the alloys 
microstructure (visible in the inset of Fig. 4(b). This morphology is 
recognized from its convex and smooth shape and from the presence of 
fine, multi-phase intermetallics, as reported in Table 7 and in the inset of 
Fig. 4(b). Some authors proposed that they originate from isolated liquid 
drops entrapped within the dendritic structure [33,34]. If, as it can be 
reasonably expected, rosettae form according to the proposed 
mechanism, it can be assumed that nucleation of the intermetallics 
inside them is heterogeneous, and starts at the interface with the sur-
rounding α-Al. The high undercooling needed to trigger nucleation of 
intermetallics inside the entrapped liquid could explain their very fine 
size in the rosettae. This hypothesis was confirmed in other literature 
works, in which similar structures were found [33,34].

The calculated area fraction of intermetallics reported in Table 6 for 
the different alloys highlights their relatively low amount in EZ35 alloy. 
Since the intermetallics present in the alloys are rich in Si (as described 
in the EDS analyses reported in Fig. 4), it is reasonable to presume that 
the reduced Si content in EZ35, emerged from GDOES analyses reported 
in Table 1, may have affected their number and dimensions. Compar-
isons of the area fraction values reported in Table 6 further shows the 
greater tendency of intermetallics in alloy E3 to dissolve during SHT; 
this could be due to their smaller size with respect to the intermetallics 
in EZ alloys, but also to the higher diffusion coefficient of Er with re-
spect to Zr at this temperature in Al. Diffusivity of Er and Zr, in fact, are 
calculated to be 4.71×10–17 m2/s and 2.06×10–17 m2/s respectively, 
using the pre-exponential term and activation energy reported in lit-
erature [8,12]. The low diffusivity of Zr at the SHT temperature (op-
timized for A356 alloy) could explain the only slight response of Zr-
containing coarse intermetallics to this heat treatment.

4.2. Mechanical properties and fracture surfaces

The aging curves of the studied alloys are reported in Fig. 5. The 
higher concentration of alloying elements in the α-Al dendrites possibly 
translates into a shorter time needed for the formation of strengthening 
dispersoids and could explain the faster aging kinetics observed for the 
alloy.

The peak hardness of the studied alloys is found to increase as a 
function of Zr concentration, possibly due to the increase in the number 
of Er- and Zr-containing strengthening dispersoids (Al3(Er, Zr)), as it was 
demonstrated in studies on pure Al microalloyed with Er and Zr 
[10,35,36]. Other contributions to the increased microhardness of EZ35 
could come from the presence of pro-peritectic Zr-rich intermetallics and 
from the refined microstructure. The region of the curves corre-sponding 
to prolonged overaging highlights that the microstructural stability of 
the studied alloys increases as a function of Zr content. This could be 
considered, as proposed in literature [36], an indirect proof of the 
formation of the abovementioned Er- and Zr-containing nanometric 
precipitates with enhanced coarsening resistance and retarded coher-
ency loss. Their enhanced coarsening resistance is caused by the very 
low diffusion coefficient of Zr in Al, which retards Ostwald ripening. On 
the other hand, the reduced lattice parameter mismatch of Zr-con-
taining precipitates with Al (lower than 1% at room temperature) ex-
plains the retarded coherency loss of the precipitates [36,37]. Further 
microstructural analyses (e.g. TEM or Atom Probe Tomography) are, 
however, needed to confirm the presence of the strengthening particles 
mentioned before and their role in increasing the mechanical properties 
of the studied alloys.

As regards the outcome of tensile tests, Figs. 6 and 7 report an in-
crease in the mechanical strength as a function of Zr concentration in
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Fig. 10. Graph reporting Q and SDAS as a function of the Zr content in the alloy.

reducing its size. Indirect support of this hypothesis comes from the 
presence of Zr-containing intermetallics in the eutectic region, as shown 
in Fig. 4.

Experimental measurements of the percent area fraction occupied by 
casting defects show that Zr additions do not induce a significant 
increase in the amount of micro and macro porosities, even for EZ35. 
Thus, the castability of the alloy seems not to be affected by Zr addi-
tions. It was shown in literature that porosity affects strongly the me-
chanical properties of cast Al-Si-Mg-based alloys [15,16,28–30]; the 
presence of a similar amount of these casting defects in the investigated 
materials allows to perform meaningful comparisons of the results ex-
tracted from tensile tests.

During high temperature exposure, eutectic Si firstly decomposes to 
a sphere-like morphology, due to Rayleigh instability, and then coar-
sens, increasing its size [31]; the whole process is driven by a mini-
mization of the total surface and of the related surface energy of Si. The 
occurrence of the two phenomena during SHT is confirmed by the in-
crease of the average Si major axis and the reduction in its aspect ratio, 
which are reported for all the investigated alloys in Table 5 and in Fig. 3.

Fig. 4 reports the results of semi-quantitative analyses on the in-
termetallics on the SHT alloys; the precise phase identification is made 
complex by the high number of alloying elements and by the absence in 
literature of complete phase diagrams for the investigated alloys. Em-
pirical formulas for the analysed intermetallics are reported or pro-
posed in Table 7.

According to the isothermal section of the Al-Si-Er phase diagram 
made available by Raghavan in [32], alloy E3 should be in the Al + Si+ 
τ2 (Er2Al3Si2) region, but the presence of other alloying elements and the 
absence of complete phase diagrams prevent more accurate de-
scriptions. In alloys containing Zr, phases identification is even more 
complicated. Despite the complete lack of literature describing the

Table 7
Most relevant intermetallics in the studied alloys (letters identifying the intermetallics 
refer to Fig. 4) with the actual empirical formula.

Alloy Intermetallic Empirical formula

E3 A Al18Si5Era

B Al20Si4Fe2Era

C Al35Si22Era

EZ31 D Al9Si2(Er, Zr)
E Al16(Mg, Er)3Si6Fea

F Al35Si7Er3Fea

EZ33 G Al3Si2(Er, Zr)2
H Al3Si(Zr, Er)

EZ35 I Al6Si2(Er, Mg)
L Al17(Mg, Er)3Si5Fea

a Due to the small sizes of the intermetallics and to their position in interdendritic
region, high Si and/or Al content are due to the contribution of the surrounding eutectic.



the alloys for all the tested conditions. Results reported in Figs. 6b, 6c, 
7a and 7b show that, as the testing temperature and aging time in-
crease, the YS and UTS of Zr-containing alloys, and especially of EZ35, 
remain higher than those of E3. This is a clear indication of the im-
proved high temperature resistance and microstructural stability of the 
Zr-containing alloys with respect to E3. This experimental evidence is an 
indirect confirmation of the presence of strengthening precipitates, 
which have slow coarsening rates and are very effective in pinning 
dislocations. As for the alloys ductility, there is not a unique trend: after 
an initial drop for 0.1 wt% Zr addition, e% increases monotonically for 
the other two alloys, with EZ35 that shows, in all conditions, the highest 
elongation to fracture. It is known from scientific literature that the 
ductility of Al-Si cast alloys is significantly influenced by the amount of 
porosity, the morphology of eutectic Si and by the number and 
morphology of intermetallics [5,15,16,38]. Since the amount of porosity 
is almost constant in all the alloys and eutectic Si is well modified, the 
most relevant parameters affecting the alloys’ ductility are the amount 
of intermetallics, their size and their morphology. The high area fraction 
and large sizes of intermetallics of EZ31, reported in Table 6, could 
therefore explain its reduced ductility.

Despite EZ35 is characterized by similar amount and size of inter-
metallics with respect to EZ33 (as reported in Table 6), its ductility is the 
highest among the investigated alloys. To explain this apparent 
incongruence, it should be considered that a fraction of intermetallics is 
in the central region of the dendrites, as shown in Fig. 2, so that their 
stress intensification action is supposed to be mitigated by the ductility 
of the surrounding matrix. Further, the increased ductility could come 
from the lower Si content in the chemical composition of the alloy, 
reported in Table 1. It is well known that fracture in cast Al-Si alloys can 
develop from delaminated or cracked eutectic Si particles. A lower Si 
concentration could, therefore, reduce the number of potential nu-
cleation sites for cracking, thus contributing to increase the alloy's 
ductility.

The quality index approach is proposed to better characterize the 
effects of Zr additions on the mechanical properties of the studied alloys 
[39]. Since this index includes UTS and e%, it is a good indicator of the 
mechanical performances of the studied alloys. The quality index, in its 
original formulation, is described in [39] and reported in Eq. (2):

= +QI UTS k elog( %) (2)

Where QI is the quality index and k is a constant, equal to 150 MPa for 
A356 [40].

UTS and e% are strongly affected by porosity in Al-Si-based alloys, as 
reported in literature [5,15,16] and mentioned above, so that the use of 
quality index could lead to results dependent not only on the ma-terial, 
but also on the presence of defects. Since for all the studied alloys the Si 
amount is within the range of composition prescribed by the standards 
for commercial A356 [41] and the percent area fraction of pores is 
similar, QI can be considered a meaningful parameter to evaluate the 
effects of Zr additions on the mechanical properties of E3 alloy.

Quality indices for the studied alloys, tested at different tempera-
tures and different aging conditions, are reported in Table 8.

At a fixed temper condition and test temperature, QI reflects the

results of tensile test: an initial reduction for EZ31 and then a mono-
tonic increase, with a maximum value for EZ35 in all the tested con-
ditions. This evidence confirms that EZ35 is characterized by the highest 
mechanical strength and ductility among the studied alloys.

Analyses of fracture surfaces reported in Fig. 8 confirm the general 
fracture mechanisms proposed in literature for Al-Si cast alloys [38]. 
Primary cracks develop in the eutectic region: debonded and cracked Si 
particles can be observed close to the fracture surfaces, as highlighted by 
arrows in Fig. 8. The BSE micrographs in Fig. 9 show the presence of 
complex shaped intermetallics in the eutectic region at or close the 
fracture surface, especially in EZ31 and EZ33 (Figs. 9b and 9c, re-
spectively). This evidence is a confirmation of the importance of the 
presence of intermetallics, especially in interdendritic regions, in in-
fluencing the ductility of the two alloys.

5. Conclusions

The present work was aimed at identifying innovative Al alloys
characterized by improved mechanical properties at room and elevated
temperatures and good ductility, to extend the applicability of Al-Si-Mg
alloys. From the analyses of the obtained results it emerged that:

– Additions of Zr cause a reduction of SDAS, connected to solute en-
richment at the dendrite-liquid interface that restricts the dendrites
growth rate and to the presence of pro-peritectic intermetallics,

– The nominal addition of 0.6 wt% of Zr causes a globular dendritic
microstructure, due to the precipitation of pro-peritectic (Al, Si)3(Ti,
Zr) intermetallics that act as effective inoculants for α-Al dendrites.
This, coupled with growth rate restriction due to solute enrichment
at the interface, explains the drastic microstructural refinement seen
for EZ35,

– The additions of Zr have a positive influence on the mechanical
properties of the alloys, both in the peak aged and overaged con-
dition. Microhardness monotonically increases as a function of Zr
concentration, similarly to YS and UTS in all the tested conditions.
Ductility, on the other hand, decreases for low Zr concentrations,
while for EZ35 it strongly increases. Ductility loss for EZ31 and
EZ33 is possibly due to the high amounts of intermetallics present in
the interdendritic region; marked ductility increase for EZ35 is due
to the globular nature of the dendrites, combined with a less critical
distribution of intermetallics in the alloy microstructure and a lower
amount of Si in the alloy's composition,

– Quality index is maximum for EZ35 in all the temper conditions and
testing temperatures, indicating high strength and ductility for this
alloy.
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