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ABSTRACT. The as-cast and heat-treated structure of permanent mould castings of AlMg5SiosMn alloys
with different contents of Ti has been investigated by differential scanning calorimetry, hardness and
microhardness measurements, tensile tests and fractography analyses, scanning electron microscopy,
transmission electron microscopy, and energy dispersive X-ray analysis. We have established that
a-Al dendrites can be nucleated on an Al-Ti substrate, and also that primary Mg,Si crystals can
be nucleated on oxides, including oxides of Al and Ti compounds. The dependence of the change in
mechanical properties on ageing time, and on the amount of Ti in the alloys, is shown.
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1. INTRODUCTION

In recent years, the key adjectives in the design of
new materials have been light-weight, low-cost and
ecological. Age-hardening materials have attracted
attention due to their improved properties (low den-
sity, excellent castability, good wear resistance and
considerable mechanical properties).

There are three mainstreams of scientific and engi-
neering evolution in the area of aluminium alloys, in
particular casting:

e designing new casting processes and improving well-
established processes. Recent decades have seen the
birth of thixo- and rheo-casting processes, which
deal with semi-solid state alloys. As has been
pointed out in [T} 2], there is a call for new alloys
suitable for these processes;

e improved degassing and refining techniques for alu-
minium alloys;

o developing new alloys. This line of investigation is
especially important for casting alloys, because Al
is one of the few metals that can be cast by all of
the processes used in metal casting.

While the first and second evolution processes men-
tioned above are of vital importance for improving
casting properties and casting quality, the third pro-
cess - developing new alloys — is in great demand
for elaborating new cost-effective casting processes
and for designing innovative components for the next
generation of vehicles: trains, ships and airplanes.

One of the most significant achievements in the
development of new alloys has been the creation of
a series of casting alloys containing a radically new
combination of elements. Instead of using the classi-
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cal composition Al-7 % Si-0.3 % Mg (A356), the phase
equilibrium in the new alloys is enriched by magne-
sium in the Al-Mg-Si system [5].

The popularity and the successful implementation
into foundry practice of Al-Mg-Si-Mn alloys is based
on its advantages in comparison with Al-Si-Mg alloys,
such as:

o these alloys have one of the highest eutectic melting
points (597°C) among all commercial Al casting
alloys; eutectic alloys are the most suitable alloys
for casting.

e the low Si concentration in a solid solution (about
0.2at%) allows additional alloying (saturation) of
the Al matrix by a wide range of elements, such
as Zn, Cu, Sc, Zr, Cr, Ti, Li, or combinations of
these alloys. They cannot be added to conventional
Al-Si-Mg casting alloys due to the formation of
silicides.

To satisfy increasing demands for lightweight struc-
tures, several variations of the AlMgsSis Mn alloy have
been developed. Data on the possibility of improving
the mechanical properties of AlMgsSioMn by alloying
with Cu, Zn, Cr, Ti, Zr, Sc+Zr, Li, and heat treatment
is rather limited, and is controversial [3] 6, [12].

It is known that Al-Mg-Si belongs to the group
of age-hardenable alloys, and can be heat treated to
achieve a required combination of properties. The
plasticity and the hardness of these alloys may be con-
trolled by the formation of nano-dispersed particles
of a second phase within the matrix. The hardening
effects result from dislocation interaction, with the
precipitates acting as obstacles to the dislocation mo-
tion [7, [8]. However, the optimal solution treatment
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Alloy Element content, wt.% (Al-bal.)
Mg Si Mn Ti Zr Fe Cu Zn
Studied alloys
T 4.70 1.89 0.52 0.11 0.06 0.02 0.003 0.001
TP 4.67 1.89 0.51 0.26 0.08 0.02 0.003 0.001
Commercial alloys
A356 0.32 6.97 0.02 — — 0.06 — —
M59 5.50 2.00 0.60 0.20 0.05 0.20 0.05 0.07
TABLE 1. Nominal composition of alloys.
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heating and cooling rates.

temperature and time, and also the temperature and
time for artificial ageing have not yet been established.

As in the case of heat treatment, the effect of al-
loying AlMgsSisMn with Ti + Zr on the structure
formation and properties have not yet been dealt with
satisfactorily.

2. MATERIAL AND METHODS

All alloys were prepared in an electric resistance
furnace, using graphite crucibles. AlMgsg, AlSios,
AlMngg and high purity aluminum (Algg gg7) were
used as master alloys. The melt with a temperature
of 720 + 5°C had been degassed under an argon at-
mosphere for 10 minutes.

The chemical composition of the received samples
was measured using a CCD-based optical emission
spectrometer (OES) for Q4 TASMAN metal analysis.
The chemical compositions of the evaluated alloys are
presented in Tab. [I] Al;MgsSip ¢Mn alloy was chosen
as the base (denoted M59).

The heat treatment was performed in an electric re-
sistance furnace. The first type of heat treatment was
solution treatment at 570 °C, with quenching into wa-
ter. The second type of heat treatment was T6, which
combines solution treatment and artificial ageing at
175°C for different time.

Differential scanning calorimetry (DSC) measure-
ments were performed using a NETZSCH DSC 404

ing/cooling rate 10 K/min).

instrument. During the DSC measurements, the sam-
ples were protected under an argon atmosphere with
a flow rate of 75 ml/min. Measurements were taken in
the temperature range from 20 to 700 °C at a heating
rate of 10 K/min.

Samples for microstructure observations in a scan-
ning electron microscope (SEM) were prepared using
conventional metallographic techniques. The compo-
sition of the phases was measured by EDX analysis
using SEM.

Hardness was measured by a Brinell hardness test-
ing machine (HB) with a ball diameter of 2.5 mm,
a load of 62.5kg, and the loading time was 10 sec-
onds. Microhardness tests were carried out on pol-
ished non-etched specimens on an HV(.05 Duramin-2
microhardness tester, with standard indentation time.

Tensile tests were carried out on normalised speci-
mens, using an INSTRON 5582 testing machine, ac-
cording to the EN ISO 6892-1 standard.

3. RESULTS AND DISCUSSION

Differential scanning calorimetry. Figures
and [2] show the curves of the changes in the heat flow
depending on the temperature for representative alloys
(with a different cooling/heating rate) and for com-
mercial alloys. When the temperature reaches close
to 590 °C on the heating curve, a negative thermal
effect occurs, which corresponds to an endothermic
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FIGURE 5. Microstructure of investigated alloys: (a) T-series, as-cast state, (b) T-series, solution treated, (c)

TP-series, as-cast state, (d) TP-series, solution treated.

reaction. The observed effect is characterized by the
following temperatures (Fig. [2):

o Ty nset — melting temperature of the eutectic;
e Tieak,1 — temperature of peak 1;

o Toutset — the end of the thermal effect;

® Theak,2 — temperature of peak 2.

At low heating rate values (K/min), the magnitude
of the peaks is very small, and it is impossible to
identify all the thermal effects under both heating and
cooling of the samples. Acceleration of the heating
rate to 20 K/min does not change temperature Topset,
but it increases the absolute value of the peak. The
temperatures of the peaks Tpeak,1 and Tpeak 2 are also
shifted towards higher values (Fig. [1).

The relationship between the heating rate and the
peak area was experimentally established in [5]. The
change in the area of the peak is related to the fact
that any phase transformation with increasing heating
rate has less time to proceed.

With a heating rate of 10 K/min in the DSC curve,
two endothermic effects are clearly identified (see
Fig. [3)). The first endothermic effect corresponds to
the melting of the eutectic (Al) 4+ (Mg2Si) (marked 1).
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This thermal effect starts at Teut,onset = 994 £ 3°C,
and the temperature at the maximum heat flow is
Tpeak,1 = 602£3 °C. The second heat effect (marked 2)
corresponds to the melting of grain a-Al. The max-
imum of the second peak is Tpeak,1 = 621 £3°C. It
has therefore been confirmed experimentally that the
initial melting point of alloys of Al-Mg-Si is 594+ 3 °C,
which is 26 °C higher than the melting temperature
of commercial alloy A356.

In order to explain these effects, the DSC data was
compared with the phase diagram of Al-Mg,Si (Fig.[4).
The DSC results for the commercial AlsMg,SiMn alloy
fully correspond with the results obtained for samples
of T alloys. This demonstrates that the addition of
0.1 wt% Ti + 0.1 wt% Zr has no effect on the type of
melting and solidification of the Al-Mg-Si-Mn system
of casting alloys.

In Al-Mg alloys, according to [5], Ti and Zr are
present in the composition of a-Al, and they form
Al3Ti and Al3Zr compounds. No information has
been published about ternary compounds in the Al-
Mg-Ti system. In the alloy with a nominal composi-
tion Al + 1.0 wt% Mg + 0.05 wt% Zr can peritectically
form ternary compound L + AlgZr — AlMgZr + Al
However, no experimental confirmation of this reac-
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FIGURE 6. Distribution of Ti in a-Al grains: (a) as-cast, (b) solution treated.

FI1GURE 7. Eutectic morphology during solution treatment at 570-575 °C.

tion has been provided. The absence of formation
reactions of ternary compounds with Ti and Zr in
Al-Mg-Si-Mn alloys was confirmed by the DSC data
(no further thermal effects are detected). M59 and
TP alloys include a Ti content higher than at the
peritectic point of the Al-Ti binary phase diagram
(0.15wt%). However, no thermal effect was observed
at temperatures close to the peritectic reaction (at
665 °C [5]), presumably due to the small amount of
the Al3Ti phase.

Microstructure investigation. The structures of
the base alloy and after alloying by (Ti + Zr) are
shown in Fig. [5] All alloys exhibit an equiaxed grain
structure, and four phase constituents can be distin-
guished, i.e., a-Al solid solution (gray, denoted 1);
(Al) + (MgsSi) eutectic (dark, denoted 2); MgySi pri-
mary crystals (dark, denoted 3); a-Alja(Mn, Fe)sSi
phase (white, denoted 4); Al3Ti intermetallic com-
pound (white, denoted 5, only in TP alloy).

The preferential morphology of a-Al is a dendritic
structure with long primary arms for all alloys. The
(Al) + (MgoSi) eutectic has a lamellar morphology,
where long Mg,Si plates alternate with a-Al. Primary
MgsSi crystals have a regular polyhedral shape, and
are situated in the centres of eutectic colonies. The
addition of (Ti+Zr) produces a slight grain refinement
effect.

During solution treatment, the phase composition
remains the same as in as-cast condition, but there

are changes in the morphology of the phases (Figs.

and [6)) [10].

Element Distribution. a-Al grain. The compo-
sition of the matrix of all alloys varies slightly. The
a-Al solid solution of all alloys contains Mg, Si, Mn
and Ti. It is known that the solubility of magnesium
in aluminium amounts to 1.4 %, and for silicon the sol-
ubility amounts to 0.4 %, at room temperature. The
Mg content in a solid solution measured in SEM using
15kV acceleration voltage is 2.44 wt%. The Mg distri-
bution across the dendrite arm is non-homogeneous,
and varies in the range from 2.3 to 2.6 wt%.

For all alloys, the Mn content in an a-Al solid
solution is 0.45 £ 0.05 wt%. In the T alloy, the Ti and
Zr concentration is 0.2wt%. Its distribution seems
to be non-homogeneous and in some points (close to
the center of the dendrite arms) it reaches 0.39 wt%,
which is reduced to a grain boundary up to 0.19 wt%
(Fig.[6). The small Si content measured for SEM EDX
analysis obviously originated from the surrounding
Mg, Si lamellas, or from lamellas lying beneath the
surface. The Si concentration in the a-Al grains of all
alloys was less than 0.4 wt%. The average composition
of the a-Al matrix for all samples is presented here.

Eutectic. The stoichiometric composition of MgsSi
is 66.7 at% Mg and 33.3at% Si. The EDX spectra of
the lamellas, excluding the Al from quantification,
gave a composition of the eutectic lamella very close
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(b)

FIGURE 8. Morphology of primary crystals of MgsSi and their nucleation particles.

Crystals Elements, at.% Stoichiometric composition
O Mg Al S Ti V  Mn Zr of the nucleus
No. 1 (Fig. ) 2472  0.86 37.33 410 24.11 824 0.36 0.27 ~-(Ti, V)AL(O)
No. 2 (Fig. ) 42.55 19.56 18.26 19.65 — 0.10 — Al, O3 + SiO2 + MgO
No. 3 (Fig. ) 20.20  2.67 19.60 3.96 36.81 15.76 0.52 0.45 as-(Ti, V)3A1(0)

TABLE 2. Chemical composition of nucleating particles of MgaSi primary crystals.

to the stoichiometry of MgsSi. The EDX spectra of
the interlamellar spacing showed a high concentration
of Mg and Si.

The (Al) + (MgSi) eutectic in the T series and in
the TP series has a lamellar morphology, in which long
Mg,Si plates alternate with a-Al (Fig. [7h). During
solution treatment at 570-575°C, the MgoSi lamellas
disintegrated rapidly into separate spheres. A model
of the spheroidization of eutectic lamellas and fibres
in alloys of the Al-Mg-Si system is presented in [10].

Mn-containing phase. Due to poor solubility, iron
with silicon and aluminium in Al-Mg-Si alloys con-
stitute forms acicular-shaped intermetallic inclusions
that reduce the strength and the ductility of the al-
loys. To reduce the negative effect of this phase,
the investigated alloys are additionally doped by
0.6 % Mn [111, 12].

As has been shown in other studies, the addition
of 0.6 wt% of Mn in the alloy with a stoichiometric
ratio of Mg : Si close to 2 : 1 improves its mechanical
properties. The tensile strength and the yield strength
of the alloy increase on average by 30% with the
addition of manganese.

Multi-step nucleation. Generally, there are two
possible mechanisms for influencing the structure for-
mation of alloys. One is the influence of modifiers
on the solidification front, i.e., changing the surface
energy of the growing crystals. The second is based
on heterogeneous nucleation, i.e., the alloying compo-
nents serve as nucleating particles [I3].

Adding titanium into the aluminum alloy is an
example of the second of these mechanisms. Increas-
ing the number of nucleating particles increases the
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amount of crystals. This improves the microstructure
and the properties of the alloys [I3].

In alloys of the Al-Mg,Si intermetallic compounds,
which are based on titanium and aluminum (e.g.,
Al3Ti and AlyTi) can act as a substrate for the nu-
cleation of a-Al grains and primary crystals Mg,Si.
Theoretically, the growth of an MgsSi crystal follows a
typical faceted growth pattern in convention al solidifi-
cation conditions. Studies [I4] [T5] have shown a series
of geometric morphologies of primary MgsSi, e.g.,
octahedrons, truncated octahedrons, cubes (Fig. [8).
Among these morphologies, octahedrons and cubes
with a crystallographic orientation of the facets {111}
or {100} are of great value, due to their high po-
tential as substrates for eutectic growth and their
improving effect on the mechanical properties of ma-
terials [14} [15].

Figure [8] presents various morphologies of crystals
and their nucleating particles. The nuclei were identi-
fied according to [16] (Tab. [2)).

The a-Al matrix has an equiaxed grain structure,
with long primary arms (Fig. E}a) When the amount
of titanium is increased (above the peritectic values),
the number and the size of the nucleating particles
increases substantially (Fig. @3) This, in turn, con-
tributes to grain refinement of a-Al (Figs. [5| and E[)
The results of EDX-analysis showed that the titanium-
containing nucleating particles were the Al3Ti phase.

A similar effect of grain refinement when Ti
was added was obtained [I7] with HPDC of alloy
A15Mg1.5SiO.6Mn.

Mechanical properties. The results of hardness
and tensile tests are summarized in Fig.[I0] The result
of solution treatment is a significant decrease in both
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FIGURE 9. Grain size and nucleation of a-Al dendrites.
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FIGURE 10. Mechanical properties: (a) tensile strength; (b) yield strength; (¢) macrohardness; (d) microhardness.

HB and HV0.05 values. In addition, artificial ageing
increases all the mechanical properties of the alloys.
The changes during heat treatment are the result of
several processes that occur simultaneously during
heating. The first process is eutectic spheroidization
(Fig. E[) This process reduces the hardness of the
alloys [10]. The remaining processes occur in the
solid solution, and consist in forming nanoscale pre-
cipitates via decomposition of a supersaturated solid
solution (SSSS) during ageing. (Fig. [18]. The
grains in the solid solution contain plate-like parti-
cles, see Fig. [[Th. One of their sides is connected
with curved lines, which can be identified as disloca-
tions.

An investigation of the alloys after homogeniza-
tion shows the formation of 8-(Als(MnFe)Si) particles.
Their lack of coherence with the matrix probably leads
to a reduction in the hardness of the alloys (along
with decomposition of eutectic lamellas). In addition,
the 5'-Mg,Si particles dissolve during homogenization.
However, artificial ageing at 175°C causes them to
form again (Fig. [[1f).

It can be expected that the hardness of the tested
alloys will initially grow, and then decrease, due to
the growth of 3’-MgySi and their loss of coherency
with the matrix.

After 30 min of artificial ageing, an increase in HB
and HVO0.05 were detected for all alloys that were
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(a)

FIGURE 11. TEM bright field images of precipitates in AlsMg2SiMn casting alloys: (a) as-cast state; (b) after

homogenization; (c) after artificial ageing.

FIGURE 12. Fractography of Al-5Mg-2Si-0.6Mn: (a) as cast; (b) after heat treatment.

investigated. In the interval 105-120 min of ageing
time, the hardness of both alloys reached maximum
values. A prolonged ageing procedure reduces the
hardness values for the alloys.

It is shown in [20] that the hardness of hypereutectic
Al-MgsSi alloys is improved with increasing amounts
of titanium. It is also reported in [20] that an in-
creasing concentration of titanium (up to 0.4 wt%)
insignificantly improves the yield strength and the
tensile strength of HPDC AlsMg; 5S5ig.¢Mn. However,
in our alloys (casting in a permanent mould), as shown
in Fig. [I0] the mechanical properties are slightly re-
duced (from T-alloy with 0.1wt% Ti, to M59 with
0.2wt% Ti and to TP-alloy with 0.26 wt% Ti). In was
established in [I7, 20] that the addition of titanium
has a significant effect on grain refinement, and also
on the size of the primary crystals of MgySi. How-
ever, there is no information in [I7, 20] about Al3Ti
inclusions, which form after the peritectic point. We
observed this phase in TP-alloy (with a Ti content
of ~ 0.26 wt%, which is above the peritectic point).
These inclusions may reduce the mechanical proper-
ties.

The tensile strength of Al;MgoSiMn alloys (with
the addition of titanium) can reach 300 MPa and
elongation of 18 % at HPDC [I7]. As is shown in
Fig. the yield strength of alloys with a titanium
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content of 0.1 wt% can reach 200 MPa in the as-cast
state, while the maximum mechanical properties of
A356 were achieved only after heat treatment [21].

Fractographic analysis. Both systems of alloys
(Al-Si and Al-Mg-Si) have typical characteristics of a
transgranular fracture [21] 22].

The behavior of the fracture surface also confirms
that the main strengthening phase in the system is
the Al-MgsSi eutectic. Cracks are initiated on the line
of the eutectic cells — a-matrix grains and eutectic
cells — eutectic cells. Additional stress concentrations
are caused by the presence of Al3Ti inclusions. This
confirms our assumption that the deterioration of the
mechanical properties in the as-cast state is caused
by particles containing titanium (AlsTi).

The dendrites of the a-matrix behave in a similar
manner to grains [2I], and a strong interaction be-
tween inclusions and slip bands generates at the grain
boundaries during the plastic deformation process.
The final fracture paths tend to pass through the eu-
tectic cells, and a fracture of the eutectic generates
the formation of flat areas (Fig.[6). The existence of
shrinkage defects leads to a reduction in mechanical
properties [21].

Solution treatment leads to fewer brittle surfaces
than for the cast condition, and to the formation of a
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ductile fracture. This is associated with spheroidiza-
tion of the eutectic lamellas. This confirms the reduc-
tion in mechanical properties, as shown in the graphs
of hardness. The authors observed a similar effect
of heat treatment on the formation of the fracture
surface [22].

4. CONCLUSIONS

(1.) In the as-cast state, the microstructure of the
Al-Mg-Si-Mn alloy consists of the following phases:
a-Al solid solution grains, (Al) 4+ (MgsSi) eutectic
with MgoSi primary crystals in the centre, and also
several types of Mn-containing phases.

(2.) Increasing the Ti content up to 0.2-0.26 wt%
leads to the formation of an Al3Ti phase.

(3.) Intermetallic compounds based on titanium and
aluminum can act as a substrate for the nucleation
of a-Al grains and primary MgsSi crystals.

(4.) A higher solution treatment temperature leads to
faster eutectic lamella decomposition into smaller
segments, and to a spheroidizing effect. Homoge-
nization equalizes the distribution of all elements
in the grain.

(5.) Artificial ageing at 175 °C leads to the formation
of strengthening particles, and this leads to an in-
crease in the hardness and the microhardness of the
a-matrix.

(6.) The main strengthening phase in the system stud-
ied here is the Al-MgsSi eutectic.
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