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Effect of V and Zr microalloying, and heat
treatment on microstructure and mechanical
properties of secondary Al-75i-3Cu-0.3Mg alloy

The Al-Si—Cu alloys, which are widely used in automotive
powertrains, exhibit limited high-temperature strength prop-
erties; the high diffusivity of the main strengthening ele-
ments Cu and Mg in a-Al at temperatures between 200 and
300°C is a dominating factor in alloy softening. In this
study, effects of slow-diffusing elements (Zr and V) and
heat treatment on the microstructure and mechanical proper-
ties of secondary Al-7Si-3Cu-0.3Mg alloy were investi-
gated. Majorities of both Zr and V were retained inside the
o-Al matrix during solidification. T6 heat treatment induced
the solid-state precipitation of multiple, nano-sized particles
in a-Al grain interiors. Unlike Cu/Mg-rich strengthening
precipitates that form during aging, the Zr/V-rich precipi-
tates formed during solution heat treatment, which indicates
high potential for high-temperature strengthening in Al-Si
alloys via transition metal addition. Other transition metals,
such as Mn, Fe, Cr and Ti, which were present as impurities
in the base alloy significantly promoted the formation of
nano-sized Zr/V-rich precipitates inside a-Al grains. These
thermally more stable precipitates were credited for the en-
hanced high-temperature strength properties of Al-7Si-
3Cu-0.3Mg alloy by ~20 %.

Keywords: AI-Si alloys; Microstructure; Mechanical
properties; High-temperature strength; Transition elements.

1. Introduction

Pursuit of light-weight in the automotive industry for fuel
efficiency has led to a large-scale application of aluminum
alloys. Some engine components, such as cylinder-head
and -block, have been increasingly fabricated using Al-Si—
Mg or Al-Si—Cu-Mg alloys as these alloys offer a combi-
nation of excellent casting characteristics and relatively
high mechanical properties [1, 2]. The presence of Cu and/
or Mg in the alloy provides significant strengthening by
precipitation hardening [3]. However, the Cu/Mg-rich pre-
cipitates can only be effective for the strength at tempera-
tures below 200 °C [4]. At higher temperatures, solute dif-
fusion of Cu and Mg tends to be increasingly effective in
promoting precipitate coarsening, also called Ostwald ri-
pening, within the matrix, thus contributing to the alloy
softening [5]. The operating temperature in the engine com-
bustion chamber can often exceed 200 °C during service [6,

7]. Moreover, a further increase in operating temperature is
anticipated due to the expected enhancement in engine
power in the near future, which indicates the necessity for
the development of new creep-resistant Al alloys [8].

A new alloy must resist degradation of mechanical prop-
erties at high temperatures (200—300 °C). Addition of some
transition metals, such as Sc, Zr, V, Mo, Ni etc. are thought
to give this characteristic as these elements have low diffu-
sivity in a-Al at higher temperatures and can form coherent
or semi-coherent precipitates in stable and/or meta-stable
states [9]. Owing to low solid solubility in a-Al matrix,
these transition elements, if added individually, make less
contribution to the strengthening of the material due to the
limited volume fraction of precipitates forming during heat
treatment. Combined addition of appropriate types of tran-
sition metals, in contrast, can yield higher volume fraction
of precipitates, thus positively influencing the thermal sta-
bility of the alloy [9, 10]. Adding transition metals in an ef-
fort to improve the high-temperature mechanical properties
of Al-Si based alloys has been a research topic of several
studies [8, 11-18]. Kasprzak et al. [19] reported how minor
Ti, Zr and V additions can yield the formation of nano-sized
(AISi)5(ZrVTi) precipitates in grain interiors, however,
their effect on high-temperature tensile properties has been
found to be negligible, which can be due to the limited vol-
ume fraction of thermally stable precipitates. Shaha et al.
[8] stated how the addition of 0.56% Zr, 0.3% V and
0.3% Ti can improve the low-cycle fatigue properties of
Al-Si—Cu-Mg based alloy due to the formation of both in-
terdendritic and intradendritic Zr/V-rich precipitates. How-
ever, the addition levels of peritectic-forming elements
need optimization as too high levels also lead to the prema-
ture nucleation and growth of phases with undesired mor-
phology, thus having a deleterious impact on alloy perfor-
mance, as observed in Refs. [13, 16]. Farkoosh et al. [20]
found how the interaction between the eutectic-forming
Mn and peritectic-forming Mo leads to the formation of a
substantial volume fraction of Al(MoMnFe)Si precipitates
inside 0-Al matrix, with a significant contribution to the
high-temperature strengthening of Al-Si—-Cu-Mg alloy.
Shaha et al. [21] reported that the formation of both micro-
and nano-sized Mo/Mn-rich dispersoids in inter- and intra-
dendritic regions respectively enhanced high-temperature
tensile properties of Al-Si—Cu—Mg alloys. Nevertheless,
too high level of Mn also tended to increase the volume
fraction of interdendritic compounds, thus deteriorating

1



International Journa of Materials Research downloaded from www.hanser-€library.com by Hanser - Library on November 9, 2018

For personal use only.

J. Rakhmonov et al.: Effect of V and Zr microalloying, and heat treatment on microstructure and mechanical properties

the alloy mechanical properties [20]. Hence, we can infer
that the introduction of appropriate types of transition met-
als and strict control of the addition levels is a critical step
in generating a microstructure more favorable for high-tem-
perature applications.

Moreover, there is no research in the literature with re-
gard to the effects of adding Zr and V on high-temperature
mechanical properties of secondary (recycled) Al-Si—Cu—
Mg based alloys, one of the most used alloys for engine pro-
duction, particularly for cylinder head castings [22]. The
presence of trace (impurity) elements, such as Ti, Mn, Fe,
Cr and Ni in minor levels in these alloys may induce
changes in the solid-state precipitation sequence due to
their possible interactions with deliberately-added transi-
tion metals, such as Zr and V, thus yielding the formation
of various types of precipitates inside a-Al grains at higher
volume fractions.

This study thus attempts to investigate the effect of add-
ing Zr and V and age-hardening heat treatment on micro-
structural evolution and tensile properties of the secondary
Al-7Si-3Cu-0.3Mg alloy, with the aim of forming a new
type of thermally stable, intradendritic precipitates having
potential in high-temperature strengthening of Al-Si based
alloys.

2. Experimental procedure

A secondary Al-7Si-3Cu-0.3Mg alloy (EN AB-46300,
equivalent to the US designation A320), supplied by Raffi-
neria Metalli Capra as commercial ingots was used as a
baseline material. Al-10Zr and Al-10V (in wt.%) waffle-
shaped master alloys were used to add to the base alloy melt
and prepare a new alloy. Hereafter, the new alloy prepared
for this study is referred to as a (Zr/V-) modified alloy.
The melting of ingots was conducted in an electrical-resis-
tance furnace at 760 °C. To produce Zr/V-modified alloy,
the pre-calculated amounts of Al-10Zr and Al-10V master
alloys were added to the melt to achieve desired levels of
Zr and V in the alloy. The H, gas level and the melt tem-
perature were continuously monitored using an Alspek-H
hydrogen gas analyzer machine and the melt was stirred
and surface skimmed 15 min prior to pouring. The chemical
composition was analyzed using optical spectroscopy on
the specimens separately poured at the beginning and the
end of every casting conditions; the averaged compositions
of the base and Zr/V-modified alloys are listed in Table 1.

A steel mold was used to produce castings. The casting
design can be seen in Ref. [23]. Boron nitride was used to
coat the mold inner surfaces. At the time of pouring, the
temperature of the die was increased to 250°C. The tem-
perature was monitored by means of thermocouples em-
bedded in the die to ensure good reproducibility of the tests.
The average secondary dendritic arm spacing (SDAS) of the
produced castings was ~ 15 um in both the base and Zr/V-
modified alloys.

Cylindrical tensile bars were sectioned from castings,
and then analyzed using a Bosello SRE 80 industrial ma-
chine equipped with a macro-focus X-ray source to assure
the soundness of the specimens.

The age-hardening heat treatment (T6 state) of some se-
lected specimens was then performed in an air-circulating
furnace; the solution heat treatment was performed at
485°C for 24 h and then quenched in water at room tem-
perature, followed by aging at 180 °C for 8 h. The tempera-
ture for solution heat treatment was selected on the basis of
the results from differential scanning calorimetry (DSC)
analyses performed in our previous research [24]. Longer
solutionizing time was applied to enable the precipitation
reactions involving transition metals, such as Zr and V, in-
side a-Al grains [25].

Several tensile specimens representing the base and Zr/
V-modified alloys both in the as-cast and heat-treated states
were chosen for microstructural analyses and sectioned
from the cross-section of the gauge length. The specimens
obtained were then mounted, ground and polished follow-
ing the standard techniques. Optical microscopy (OM),
scanning electron microscopy (SEM) equipped with en-
ergy-dispersive X-ray spectroscopy (EDS) and transmis-
sion electron microscopy (TEM) equipped with EDS were
used to investigate the microstructure. Some microstructur-
al features, such as the roundness of Si particles, and the
fraction of Fe-rich compounds, were quantitatively ana-
lyzed using an image analyzer. Several optical micro-
graphs, representing a total area of 5 mm?, were captured
from each specimen to obtain a statistical average of the
analyzed parameters.

All the as-cast and heat-treated tensile bars were then
machined to produce specimens with total length of
175 mm, a gauge length of 65 mm, and a diameter of
10 mm. The tensile tests were conducted on an MTS 810
tensile testing machine at a strain rate of 10~ s~!. The strain
was measured using a 25-mm extensometer. The as-cast
specimens were only tested at room temperature (20°C),
whereas the heat-treated specimens were tested at both
room (20°C) and high temperatures (200 and 300 °C). For
the cases of high-temperature tests, the tensile specimens
were held at testing temperature for 30 min before starting
the test. At least four tensile tests were conducted for each
condition. Experimental data were collected and processed
to provide yield strength (YS), ultimate tensile strength
(UTS) and elongation to fracture (% EI).

3. Results

3.1. Microstructural evolution

Figure 1 shows typical as-cast microstructures observed
in the base and Zr/V-modified alloys. The microstructure

of the base alloy exhibits o-Al matrix, eutectic Si,
Al;5(FeMn);Si, and Cu-rich phases (see Fig. 1a); in addi-

Table 1. The chemical composition of the base and Zr/V-modified alloys (wt.%).

Alloy type Si Fe Cu Mn Mg Zn Cr Ni Ti Pb \Y Zr Al
Base 7.8 0.46 3.1 0.23 0.32 0.78 0.040 | 0.030 0.1 0.03 0.01 0.01 bal.
Modified 7.5 0.45 3.0 0.22 0.30 0.76 0.037 | 0.025 0.1 0.03 0.30 0.15 bal.
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tion, small and rare AlgMg;FeSi, and Ca-, Bi-, Pb-rich par-
ticles are observed in the microstructure, as discussed in
detail in our previous study [26, 27]. Microstructural char-
acterization of the Zr/V-modified alloy (see Fig. 1b) re-
vealed the presence of Zr-rich compounds in addition to
the phases observed in the base alloy; these Zr-rich interme-
tallic compounds are identified as (AlSi);(ZrTi) phase [24].
The (AlSi);(ZrTi) compounds reside in the interdendritic
regions in a size range of 10 pm (Fig. 1). The excess solute
of V rejected into the interdendritic liquid during alloy soli-
dification was found to be solely bound to pro-eutectic a-
Al;5(FeMn);Si, compounds (see Fig. 2), thus slightly in-
creasing the fraction of Fe-rich phases from 0.4% in the
base alloy to 0.5 % in the Zr/V-modified alloy. In our pre-
vious study [24], a small amount of pro-eutectic (AlSi), -
(VTiMn) compounds were detected in the microstructure
generated at a lower cooling rate corresponding to the
SDAS value of ~65 pm. In the present study, however, the
higher cooling rate corresponding to an SDAS of ~ 15 pm
seems to retain more V in the o-Al solid solution, thus
avoiding the precipitation of pro-eutectic (AlSi),(VMn)
phase.

As shown in Fig. 3, both V and Zr added into the alloy
tended to mainly concentrate in the o-Al grain interiors.
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Fig. 1. Typical microstructures of the (a) base, and (b) Zr/V-modified
alloys in as-cast states. The samples were etched in a mixture of H,O
and H,SOy, preheated to 70 °C to highlight Fe-rich compounds.

Figure 3 also shows how the peritectic-forming Zr and Ti
tended to segregate towards the core/centre of o-Al grains
due to their partitioning coefficient, which is larger than
unity, while Mn showed more homogeneous distribution
over the cross-section of a-Al matrix as its partitioning
coefficient is equal to unity. In other words, non-equilibri-
um solidification can result in the inhomogeneous distribu-
tion of Zr and V inside the a-Al grains, i.e. positive and
negative segregation of these elements in dendrite cores
and edges, respectively, due to limited solid-state diffusion
(see Fig. 3).

Figure 4 shows the typical microstructures representing
the base and Zr/V-modified alloys after T6 heat treatment.
Qualitative comparison of as-cast and T6 heat-treated mi-
crostructures indicates how applying heat treatment chan-
ged the size and morphology of eutectic Si particles and
led to the dissolution of Cu/Mg-rich interdendritic particles
into the a-Al matrix. It is known that eutectic Si particles
tend to undergo fragmentation and spheroidization during
solution heat treatment [28]. Quantitative analysis of eutec-
tic Si particles in the base and Zr/V-modified alloys re-
vealed that the roundness value changes from ~35 in the
as-cast state to ~ 2 in the heat-treated state. Only small
amounts of Cu-rich compounds still exist in interdendritic
regions (see Fig. 4) indicating their incomplete dissolution
into the a-Al matrix, whereas the a-Al;s(FeMn);Si, and
(AlSi)5(ZrT1) phases showed no tendency to dissolve into
the a-Al matrix and remained stable in grain boundaries
and interdendritic regions (Fig. 4 and Fig. 5).

X-ray mapping analyses (Fig. 5 and Fig. 6) suggest that
the undissolved Cu-rich particles are mainly AlsSigCu,Mgg
and some blocky Al,Cu compounds, which are typically
observed in Al-Si—-Cu-Mg alloys; this indicates the neces-
sity for higher solutionizing temperature. Moreover, the
trace amounts of Ni (~250 ppm) appear to be sufficient to
form some thermally more stable Al-Ni-Cu interdendritic
intermetallics, which remained undissolved into the a-Al
matrix during the solutionizing stage (Fig. 6).
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Fig. 2. Typical EDS spectra of a-Al;5(FeMn);Si, phase observed in
the (a) base, and (b) Zr/V-modified alloys in as-cast states.
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It is known that the mechanical properties of Al-Si alloys
containing Cu and Mg can be significantly improved by ap-
plying the age-hardening heat treatment. The bright field
(BF) TEM micrographs in Fig. 7 show that precipitation oc-
curred upon T6 heat treatment in the intradendritic regions
(a-Al grain interiors). The needle-like precipitates, which
are believed to be 0" phase [29], are dominant throughout
the microstructure (Fig. 7). Detailed characterization of the
solid-state precipitation reactions involving Cu and Mg in
Al-Si—-Cu-Mg alloys can be found elsewhere [29-31].
Comparison of the microstructures of the base and Zr/V-
modified alloys revealed the presence of Zr/V-rich precipi-
tates inside the a-Al matrix of Zr/V-modified alloy. Due to
limited diffusivity of Zr and V in a-Al matrix, the solid-
state precipitation reactions involving these elements re-
quire higher temperatures than that applied during the aging
stage. Microstructural investigations of the alloys after so-
lution heat treatment and quenching stages confirmed the
occurrence of solid-state precipitation reactions involving
Zr and V during solution heat treatment, as shown in
Fig. 8. It is evident that the density of precipitates in the
Zr/V-modified alloy is substantially higher than that of the
base alloy.

The EDS analysis of the base alloy (Fig. 9) suggests that
a few precipitates observed in the o-Al grain interiors are
of a-Al(MnFe)Si type [32, 33]. The EDS investigation of
the precipitates formed in the Zr/V-modified alloy suggests
the presence of three different types of Zr- and V-rich
phases (Fig. 10). The precipitate numbered 1 in Fig. 10a is
believed to be the a-Al(MnVFe)Si phase, which is also ob-
served in the grain interiors of the base alloy in the form of
o-Al(MnFe)Si [33-35]. The a-Al(MnVFe)Si particles ap-
pear in plate-like morphology with an average size of
100 nm and account for a major part of the precipitates
formed during solution heat treatment of the Zr/V-modified
alloy. The role of V appears to be significant in promoting
the precipitation of a-Al(MnFe)Si by substituting Mn in
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Fig. 4. Typical microstructures of the (a) base, and (b) Zr/V-modified
alloys in the heat-treated states. The samples were etched in a mixture
of H,O and H,SO,, preheated to 70 °C to highlight Fe-rich compounds.
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Fig. 3. SEM image of a-Al grain in Zr/V-modified alloy with corresponding EDS line-scan, showing the distributions of Zr, V, Ti, Mn and Cu ele-

ments.
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this phase. The flaky-like Zr-rich precipitates numbered 2
in Fig. 10a and identified as (AlSi);(ZrTi) in Ref. [19] are
rarely observable in the a-Al grain interiors, which can be
due to the low solubility of both Zr and Ti in a-Al. The irre-
gular-shaped V-rich precipitate numbered 3 in Fig. 10a is
believed to be an (AlSi),(VCr) phase according to its com-

position; however, further TEM investigations seem neces-
sary to conduct full crystallographic studies of this phase.
This precipitate is also hardly apparent in the microstruc-
ture (grain interiors), which can be explained by more
preferential involvement of V in the precipitation of a-
Al(MnVFe)Si phase.
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Fig. 5. Backscattered electron image of a typical microstructure of Zr/V-modified alloy after T6 heat treatment with corresponding EDS composi-

tion maps, showing the distributions of Zr, V, Cu, Mg and Fe elements.

e

Fig. 6. Backscattered electron image of a typical microstructure of Zr/V-modified alloy after T6 heat treatment with corresponding EDS composi-

tion maps, showing the distributions of Al, Si, Mg, Ni and Cu elements.
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Fig. 8. (a,b) Optical micrographs, and (c,d) BF TEM micrographs showing the precipitates formed during solution heat treatment of the (a,c) base,
and (b,d) Zr/V-modified alloys. Optical micrographs were obtained from samples etched in 1 % HF for 30 s to reveal secondary precipitates.
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Fig. 9. (a) BF TEM micrograph showing the a-Al(MnFe)Si precipitate formed in a-Al grain interior during solution heat treatment of the base al-
loy, and (b) EDS spectrum of a-Al(MnFe)Si precipitate shown in Fig. 9a.

3.2. Tensile properties

Table 2 presents the room-temperature tensile properties in
the as-cast and heat-treated states of both the base and Zr/
V-modified alloys. The response of both the base and Zr/
V-modified alloys to heat treatment seems to be similar.
While the yield strength (YS) and ultimate tensile strength
(UTS) of the base alloy increased from 155 and 248 MPa
in the as-cast state to 364 and 415 MPa in T6 heat treated
states, respectively, the elongation to failure (% EI) re-
mained almost constant in the range of ~2% in both the
as-cast and heat-treated states. The Zr/V-modified alloy ex-
hibits slightly better YS in both the as-cast and heat-treated
states (see Table 2).

Figure 11 shows the tensile properties of the base and Zr/
V-modified alloys after T6 heat treatment as a function of
testing temperature. It is evident that tensile properties tend
to decrease as the testing temperature increases [36]; the YS
and UTS of the base alloy decreased from approximately
364 and 415 MPa at room temperature to about 262 and
271 MPa at 200°C, followed by a further decrease to 83
and 86 MPa at 300°C testing temperatures respectively,
whereas the % El increased from ~ 2 % at 20 °C to approxi-
mately 2.5 % at 200 °C, and 8 % at 300 °C. Adding Zr and V
showed no significant improvement on room-temperature
tensile properties of the alloy. However, with increasing
the testing temperature, the positive effects of Zr and V be-
came more evident (Fig. 11a and c). The UTS and YS of Zr/
V-modified alloys at 300 °C testing temperature are higher
by around 20 % compared to the base alloy. The improve-
ment, however, was also followed by a slight decrease in
% EI (Fig. 11c).

3.3. Fractographic observations

Typical examples of SEM fractographs observed on the
fractured surfaces of the studied alloys tested at 20 and

300 °C temperatures are shown in Fig. 12. The presence of
casting defects, such as oxide inclusions and shrinkage, ap-
pear to govern the fracture of the tensile-tested specimens;
these casting defects can act as preferential sites for crack
initiation [37]. Once the damage is initiated by the casting
defects, the propagation occurs through the cracking of in-
terdendritic brittle phases, such as eutectic Si and Fe/Cu-
rich intermetallic particles (see Fig. 13 and Fig. 14), due to
the development of internal stresses in the particles by plas-
tic deformation. Microcracks originating in those interden-
dritic, brittle intermetallics propagate through the a-Al ma-
trix and subsequently connect to each other to produce the
main crack.

As can be seen in Fig. 13, the main fracture profile line of
the base and Zr/V-modified alloys in the as-cast state re-
flects the shape of the dendritic structure. The cleavage
fracture of eutectic Si and Cu/Fe-rich intermetallics is evi-
dent. The plastically deformed microregions (micronecks)
of the a-Al dendrites are also noticed in both the base and
Zr/V-modified alloys, which suggests that a mixed intergra-
nular-transgranular fracture mode was operative in the as-
cast state of the studied alloys, with the intergranular brittle
fracture mode being the dominant one. The SEM fracto-
graph representing Zr/V-modified alloy in the as-cast state
also shows the tear ridges and fractured brittle phases, such
as Si and Cu/Fe-rich intermetallics (Fig. 15a). Since the a-
Al matrix is relatively soft and ductile, the stress incompat-
ibilities evolved at the particle/matrix interfaces favour
cracking of brittle, interdendritic phases, which dominates
the fracture mode [38].

Applying T6 heat treatment showed no significant influ-
ence on the fracture profile of the alloys tested at room tem-
perature (see Fig. 14a and d and Fig. 15b). Although the so-
lutionizing stage caused spheroidization of eutectic Si
particles, some Si particles still remained elongated and
coarser and these particles crack more easily as they pos-
sess lower fracture stress [39—41]. Although more spheroi-
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dized Si particles in heat-treated alloys would contribute to
higher elongation to failure, the hardening of o-Al matrix
induced by T6 heat treatment restrains the plastic deforma-
tion of the a-Al matrix. These microstructural changes can
be responsible for having nearly the same elongation to fail-

100 nm
—

ure observed in both the as-cast and heat-treated states of
the studied alloys.

When the testing temperature was increased to 200 °C,
the fracture profile of the studied alloys remained almost
unchanged compared to the alloys tested at room tempera-
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Fig. 10. (a) BF TEM micrograph showing the precipitates formed in a-Al grain interiors during solution heat treatment of Zr/V-modified alloy; (b)
EDS spectrum of AI(MnVFe)Si precipitate numbered 1 in Fig. 10a; (¢c) EDS spectrum of (AlSi);(ZrTi) precipitate numbered 2 in Fig. 10a; (d) EDS

spectrum of (AlSi),(VCr) precipitate numbered 3 in Fig. 10a.

Table 2. Tensile properties with corresponding standard deviation (in parentheses) of the base and Zr/V-modified alloys before and after

T6 heat treatment at room temperature.

Alloy type As-cast T6 treatment
YS (MPa) UTS (MPa) % El YS (MPa) UTS (MPa) % El
base 155 (5.2) 248.2 (2.8) 1.95 (0.20) 364.4 (2.8) 415.17 (4.6) 1.98 (0.26)
modified 158.6 (0.3) 248.8 (1.5) 1.77 (0.12) 368.8 (2.1) 414.8 (3.5) 1.7 (0.30)
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ture, even though some dimples can be seen at fracture sur-
faces; a slight increase in the elongation to failure of the al-
loys tested at 200 °C compared to the alloys tested at room
temperature also confirms the occurrence of slight plastic
deformation. The absence of significant amount of dimples
on the fracture surfaces of the alloys tested at 20 and
200°C (Fig. 15a—c) is an indication of the brittle fracture
mode that was operative in these investigation conditions.
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Fig. 11. A comparison of the tensile properties of the base and Zr/V-
modified alloys after T6 heat treatment, obtained at different testing
temperatures: (a) yield strength, (b) ultimate tensile strength, and (c)
elongation to failure.

Further increase of the testing temperature to 300 °C re-
sulted in brittle-to-ductile transition of fracture mode in
both alloys (see Fig. 12). Although interdendritic particle
cracking and micronecks can be also seen on the fractured
surfaces (see Fig. 14c and f), the fracture path mainly fol-
lows the sheared a-Al matrix (see Fig. 12). Fracture of the
alloys tested at 300°C was dominated by ductile dimple
fracture with the cavities containing multiple fragmented
intermetallic phases (Fig. 15d) [38, 42]. Note that at low
temperatures, a single dominant cleavage crack of brittle,
interdendritic phases was observable on the fracture sur-
faces (Fig. 15a—c). When the testing temperature is raised
to 300°C, the o-Al matrix becomes much softer than at
room temperature, thus increasing the plasticity of the al-
loys. At high temperatures, the o-Al matrix is more prone
to deformation, which implies that internal stresses origi-
nated by the structural inhomogeneity can be partially re-
covered at the expense of the matrix.

4. Discussion
4.1. Microstructural evolution and phase transformations

Although the added level of Zr in this study is quite low
(0.15 %), a limited amount of primary (AlSi);(ZrTi) com-
pounds with flaky morphology can be seen throughout the
microstructure (Fig. 1b and Fig. 5). The majority of Zr and
V added to the alloy tends to reside inside o-Al matrix
(Fig. 3) and contribute to the refinement of the a-Al grains
[24]. The amount of V rejected to interdendritic regions
was solely bound to pro-eutectic a-Al;s(MnFe);Si, phase
(Fig. 1 and Fig. 5), which caused a slight increase of the
fraction of interdendritic a-Al;s(MnFe);Si, in the micro-
structure. The previous investigation [24] revealed the pre-
sence of interdendritic (AlSi),(VMn) phase in the slowly-
solidified microstructure. In contrast, in the present study,
the higher cooling rate appears to facilitate the a-Al solid
solution to retain more V during solidification and, as a re-
sult, a lower amount of V can segregate to interdendritic re-
gions, thus suppressing the formation of (AlSi),(VMn)
phase. It is worthy noting that the addition levels of V
(0.3 wt.%) and Zr (0.15 wt.%) selected in the present study,
showed no significant influence on the fraction of insoluble
intermetallics.

Solution treatment, which is the first stage of T6 heat
treatment, is normally applied to dissolve interdendritic
Cu- and Mg-rich particles into the o-Al matrix, and also
spheroidize the eutectic silicon particles [3, 28, 43]; how-
ever, this study also revealed that the solutionizing stage
can also promote the precipitation of a large volume frac-
tion of Zr/V-rich precipitates inside o-Al matrix (see
Fig. 8b and d). Considering that the peritectic-forming Zr
and V elements tend to partition towards the a-Al grain
cores during solidification and remain in a-Al solid solution
(Fig. 3) and their excess amounts tended to form the insolu-
ble, interdendritic intermetallics (see Fig. 5), it can be thus
inferred that the supersaturated Zr and V amounts in solid
solution obtained during non-equilibrium solidification
can only be involved in the solid-state precipitation occur-
ring inside o-Al matrix.

As mentioned earlier, a very limited amount of -
Al(MnFe)Si precipitates formed in a-Al grain interiors of
the base alloy at the solution heat treatment stage (see
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Fig. 12. Secondary electron micrographs showing the fracture surfaces of Zr/V-modified Al-7Si-3Cu-0.3Mg alloy in T6 heat-treated state and
tested at (a) 20, and (b) 300 °C temperatures. The location of crack initiation, and the casting defects, such as shrinkage and oxide inclusions, that
initiated the crack can be seen.
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Fig. 13. Optical micrographs of fracture profiles, showing a mixed transdendritic—interdendritic fracture on the (a) base, and (b) Zr/V-modified al-
loys.
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Fig. 8a and c). Since Mn is normally added to promote the
formation of a-Al;5(MnFe);Si, over B-AlsFeSi during soli-
dification [27], some amount of Mn can also accumulate
into primary o-Al matrix during solidification. Non-equi-
librium solidification, in turn, can also result in the supersa-
turation of Mn, Cr and Fe in a-Al solid solution; hence, the
solid-state precipitation reaction involving Mn occurred
during solution heat treatment.

As stated earlier (Section 3.1), the presence of V in the Zr/
V-modified alloy significantly increased the density of a-
Al(MnFe)Si intradendritic precipitates. This behavior can
be explained by the peritectic nature of V and its ability to
substitute Mn in a-Al(MnFe)Si phase. The combined invol-
vement of V and Mn to form precipitates in the a-Al grain in-
teriors is highly beneficial; the partitioning behavior of V
during solidification is opposite to that of Mn and this beha-
vior can lead to a more uniform distribution of the precipi-
tates. Moreover, both Mn and V are the slow diffusers, with
relatively high solid solubility in a-Al; hence, the solid-state
precipitation of a-Al(MnVFe)Si phase occurs in relatively
high-volume fractions. It can also be noted that the size of
precipitates is in the order of 100 nm (see Fig.9 and
Fig. 10), which is significantly larger than the Cu-rich preci-
pitates formed at aging heat treatment stage (see Fig. 7).
Muggerud et al. [32] investigated the solid-state precipita-
tion behavior of a-Al(MnFe)Si in direct-chill cast 3xxx alloy
annealed at 375 °C for various times, and it has been found
that too long annealing time considerably decreases the vol-
ume fraction of precipitates due to their coarsening behavior.
Optimization of solution heat treatment parameters of sec-
ondary Al-7Si-3Cu-0.3Mg alloy with Zr and V additions
may result in the precipitation of a-Al(MnVFe)Si in smaller
sizes and higher number density, thus contributing much bet-
ter to the high-temperature strengthening of Al-Si alloys.

The majority of a-Al(MnVFe)Si precipitates possess a nearly
cubic shape and seem to have the same orientation to the o-
Al matrix. The o-Al(MnFe)Si dispersoids have recently been
shown to be partly coherent with the Al matrix [37].

The solutionizing stage also caused the a-Al solid solu-
tion supersaturated with Zr to decompose and precipitate
inside the a-Al matrix in the form of (AlSi);(ZrTi) phase
in a very limited amounts and average length of around
100 nm. Gao et al. [21] have reported how Ti and V can ac-
cumulate in Al;Zr phase [44]; however, in the present
study, only Ti, which is present in the alloy as a trace ele-
ment, tended to substitute Zr, whereas V showed no ten-
dency to contribute to the formation of (AlSi);(ZrTi) phase.
This could be due to a more favorable involvement of V in
the formation of a-Al(MnVFe)Si phase. Sepehrband et al.
[25] revealed that solution heat treatment of A319 alloy
containing Zr, at 505°C for 24 h caused the precipitation
of Al;Zr particles with a length of around 210-250 nm in
grain interiors. The smaller size of these rod-like preci-
pitates observed in the present study could be due to the
lower solutionizing temperature (485 °C) applied. In a re-
cent study, the (AlSi);(ZrTi) precipitates have been shown
to be partly coherent with the Al matrix [19].

Small amounts of V also appear to be bound to irregular-
shaped V-rich precipitate, which is believed to be (AlSi), -
(VCr) phase, in the o-Al grain interiors, however, further
crystallographic investigations of this precipitate are neces-
sary.

It is worth noting that the presence of several types of
transition metals, such as trace (impurity) Mn, Fe, Ti and
Cr, and deliberately-added Zr and V, in the Zr/V-modified
alloy yielded the formation of a substantial volume fraction
of Zr/V-rich precipitates during solution heat treatment
stage (see Fig. 8).

20 °C

200 °C

300 °C

Base alloy

Base alloy+Zr,V

, A

‘ \
N L A7 e , : -

Fig. 14. Optical micrographs of the tensile fracture profile of the (a,b,c) base, and (d,e,f) Zr/V-modified alloys tested at (a,d) 20, (b,e) 200, and (c,f)

300 °C temperatures.
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4.2. Microstructure—property relationship

The addition of Zr and V showed a slight influence on the
tensile properties of Zr/V-modified alloy in the as-cast
state; the YS increased slightly by ~5 MPa, which could
be associated with the contribution of alloying additions to
solid solution strengthening [45].

The role of T6 heat treatment in the strengthening of
Al-Si—Cu-Mg based alloys is well-known [28]. The solid-
state precipitation reactions involving Cu and Mg can pro-
vide significant strengthening by precipitation hardening
[28]; comparison of the tensile properties of the base and
Zr/V-modified alloys reveals slightly higher YS by
~4 MPa in Zr/V-modified alloy. This indicates that the en-
hanced properties of both alloys upon T6 heat treatment are
primarily the consequence of intradendritic Cu/Mg-rich
precipitates while the influence of intradendritic Zr/V-rich
particles on alloy strength at room temperature appears to
be negligible.

Increasing the testing temperature decreased the tensile
properties (UTS and YS) of both alloys (Fig. 11a and b). It
was also noticed (Fig. 11a and b) that UTS is more sensitive
to temperature compared to YS of the alloys [46]. With in-
creasing the temperature, the cross slips are thermally acti-
vated by climbing of dislocations resulting in the reduction
of material strength [13, 21, 36, 47]. In addition, the solute
diffusion of Cu and Mg becomes increasingly effective in
promoting precipitate coarsening within the matrix, hence
further contributing to the alloy softening [5, 36]. Compari-
son of the tensile properties of the alloys as a function of
testing temperature (Fig. 11a and b) indicates that the effect
of Zr and V additions seems to be more evident at high tem-
peratures; both the YS and UTS parameters of the Zr/V-
modified alloy are higher by ~20% with respect to the
base alloy. This improvement is attributed to the formation
of intradendritic V/Zr-rich precipitates, which are much
more thermally stable in comparison with the Cu/Mg-rich
precipitates.

Fig. 15. Secondary electron micrographs of fractured surfaces of Zr/V-added Al-7Si-3Cu-0.3Mg alloy in (a) as-cast, and (b,c,d) T6 heat-treated

states and tested at (a,b) 20, (c) 200, and (d) 300 °C temperatures.
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The effect of adding Zr and V on elongation to failure re-
mains almost negligible (see Fig. 11c), which can be ex-
plained by the fact that both Zr and V tended to concentrate
mainly in grain interiors during solidification, and showed
less impact on the evolution of insoluble, interdendritic in-
termetallics.

5. Conclusions

The effects of combined V and Zr additions, and heat treat-
ment on the microstructure and mechanical properties of
the secondary Al-7Si-3Cu-0.3Mg alloy were investigated.
The following conclusions can be drawn from this study.

The majority of Zr and V added to the alloy was retarded
inside a-Al matrix during solidification. The excess Zr
amount that was rejected to interdendritic regions during
alloy solidification was involved in the formation of flaky-
like, interdendritic (AlSi);(ZrTi) compounds, whereas ex-
cess V was bound to script-like Al;s(MnFe);Si, phase. A
slight increase in yield strength of Zr/V-modified alloy in
the as-cast state can be attributed to the solid solution hard-
ening effects of V and Zr.

Upon heat treatment, the interdendritic intermetallics con-
taining Zr and V, such as (AlSi);(ZrTi) and Al,5(FeMnV);Si,
compounds, remained undissolved in the o-Al matrix. The
supersaturated solid solution of Zr and V in a-Al matrix, ob-
tained during solidification, tended to decompose and preci-
pitate inside a-Al grains during the solution heat treatment
stage. The interaction between the deliberately-added Zr
and V, and impurity (trace) Mn, Fe, Ti and Cr elements pro-
moted the formation of a substantial volume fraction of mul-
tiple intradendritic, nano-sized precipitates: the blocky-like
o-Al(MnVFe)Si, the flaky-like (AlSi);(ZrTi) and the irregu-
lar-shaped (AlSi),(VCr) phases. The o-Al(MnVFe)Si ac-
counted for the major part of the thermally stable phases
formed during the solutionizing stage; the interaction be-
tween peritectic-forming V and eutectic-forming Mn to form
the a-Al(MnVFe)Si precipitate is believed to be highly bene-
ficial due to their opposite partitioning behavior, as well as
their higher solubility and lower diffusivity in o-Al matrix.
Increase in the UTS and YS of Zr/V-modified alloy with re-
spect to the base alloy at elevated temperatures are believed
to be the consequence of the thermally stable precipitates
formed during solution heat treatment.

This work was developed at University of Padova within the ERAS-
MUS MUNDUS Project (Silkroute — Strand 1/Lot LO09, project n.
545765). The author would like to acknowledge Raffineria Metalli
Capra Spa (Brescia, Italy) for the experimental support to the research.
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