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Abstract

This paper presents the individual and the combined impact of melt thermal treatment and artificial aging treatment on
microstructure and mechanical properties of A356 alloy. Samples modified with and without strontium (Sr)-based master
alloy are also prepared for comparison purposes. The as-cast results for melt thermal treatment processed alloys displayed
the refinement of «-Al grains coupled with a drop in eutectic silicon length. Further treatment results of artificial aging treat-
ment alter eutectic silicon morphology into a spherical shape, and distribution of a-Al and eutectic silicon phase improves
significantly compared to as-cast A356 alloys. The best eutectic silicon modification in terms of aspect ratio and roundness
is obtained in the case of aged A356 alloy processed through melt thermal treatment along with Sr modifier. Because of this
improvement in eutectic Si characteristics, the ultimate tensile strength, elongation, and hardness of the aged A356 alloy
treated through melt thermal treatment along with Sr modifier increased by 9.6%, 24.4%, and 10.1%, respectively, compared
to the aged untreated alloy. DSC results show that a maximum shift in eutectic peak temperature is observed in the melt

thermal treatment along with Sr modifier A356 alloy.
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Introduction

Among different hypoeutectic Al-Si—-Mg alloys, A356 series
alloys are most commonly used by industries because of
their relatively high strength to weight ratio and low cost.
As-cast A356 alloys consist of coarse a-Al dendrites and
needle-like eutectic silicon, which negatively affects the
mechanical properties of the alloy such as tensile strength,
hardness, toughness, and ductility. These properties can
be improved by grain refinement of a-Al dendrites and by
modifying eutectic silicon shape from acicular to spheroidal
[1-3].

Traditionally, grain refinement can be achieved by
chemical treatment such as the addition of Al-Ti-B- or
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Al-Ti—C-based master alloys [4-8] and by mechanical
treatment such as ultrasonic vibration treatment [9—11]. It
is well known that the grain refining efficiency of a refiner
depends on the effective heterogeneous nucleation sites pro-
vided by the refiner. All these refining techniques have their
limitations. For example, Ti-based refiner (e.g., Al-Ti-B)
undergoes decreased grain refining efficiency when added to
Al-Si (Si> 5 wt%) melts because of the Si poisoning effect.
According to this effect, many of the nucleation particles
such as AITi3 or TiB2 formed from Ti-based refiners get
coated with Al-Ti-Si compounds [12, 13], which reduces
the number of effective nucleation sites for aluminum den-
dritic formation. Similarly, Taghavi et al. [9] reported that
the complexity of the required equipment and overall high
cost of the ultrasonic vibration method makes it difficult to
accept in actual industrial practice.

The eutectic silicon particle characteristics such as round-
ness, aspect ratio, etc., affect the mechanical properties, in
particular ductility of Al-Si alloy. Various modification tech-
niques can control the size and shape of eutectic Si. Several
investigators [1, 14—17] have reported that the eutectic Si
shape can be changed from needles to fibrous by adding a
small amount of Sr and mischmetal (MM) such as Ce- and
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Nb-based master alloy. Zhu et al. [14] have found that the per-
centage elongation increases by 10.25% by MM-modification
along with T6 heat treatment in the case of A356 alloy.

Melt thermal treatment (MTT) is a modified casting pro-
cess that causes refinement and modification of Al-Si melt
structure without any additives. The concept of melt thermal
treatment was first proposed by Banamove [18] and concluded
that when a superheated melt and an undercooled melt of
the same chemical composition are mixed, it creates many
nucleation sites for the solidification of the primary phase.
This treatment can reduce the size of the primary silicon in
hypereutectic aluminum-silicon alloys [19, 20]. Wang et al.
[21] have also observed that the primary Si refined to about
20 um from about 50 um, and the eutectic silicon modified
by melt thermal treatment. Jia et al. [22] have reported that
tensile strength and elongation increase by 20.3% and 19.2%,
respectively, by the melt thermal rate treatment, compared to
the untreated Al-9Si—0.5Mg alloy. Samuel et al. [23] have also
reported that strontium modification along with melt thermal
treatment leads to better tensile properties and eutectic silicon
modification than only strontium modification in A356 alloy.

In refined and modified alloys, eutectic Si distribution is
usually heterogeneous, and the morphology is fibrous, which
still needs improvement for better ductility. Age hardening
treatments, including solutionizing followed by quenching
and artificial aging, can optimize mechanical properties. These
treatments result in a change of morphology of Si to sphe-
roidal form in hypoeutectic Al-Si alloy. Various researches
have been conducted [24-31] on chemical modification and
T6 heat treatment’s combined effect on Al-Si—-Mg alloys. Zue
et al. [31] studied on effect of T6 heat treatment on the micro-
structures, tensile properties of 356 alloy with and without
modifier. It is observed that T6 treatment modified morphol-
ogy of eutectic silicon particles. The influence on the degree
of spheroidization of eutectic silicon particles is greatly for
with modifier A356 alloys than that of without modifier alloy.
However, minimal work is carried out to determine the com-
bined impact of MTT and age hardening treatment on micro-
structure and mechanical properties. The aim of this paper
is to investigate the combined impact of MTT and artificial
aging on microstructure, thermal behavior, and mechanical
properties of A356 alloy. The author selected shorter solution
treatment and artificial aging time to study the effect on degree
of spherodization of the eutectic Si of with and without MTT
processed alloys.

Materials and Methods

In melt thermal treatment (MTT) process, commercial pure
A356 alloy (procured from Kastwel foundries) was remelted
in an electrical resistance furnace at 720 °C and was held at
that temperature for 1 h for homogenization. The prepared
melts were degassed using C,Cl; tablet. Further, the prepared
melts (with or without modifier) were divided in 1:1 ratio into
two different graphite crucibles. One half of the melt, termed
as high-temperature melt (HTM), was transferred to a furnace
held at temperature 900 °C, and the other half melt termed
as low-temperature melt (LTM) was transferred to a furnace
held at temperature 600 °C. These HTM and LTM were held
at their respective temperatures for 15 min, and then, the HTM
melt was mixed with the LTM melt. Finally, the mixed melt
was poured into a preheated (250 °C) cylindrical graphite mold
(20 mm X 150 mm) for casting. In order to study the combined
effect of modifier and MTT, a melt was also prepared by the
addition Al-5Sr (Sr-200 ppm) modifier in the melt after degas-
sing. Further, similar procedure of MTT was used as described
above. These alloys termed as MTT processed alloys.

The A356 alloy (with or without modifier) was also pre-
pared without the MTT process for comparison purposes. For
this purpose, prepared melts (with or without modifier) were
degassed by C,Clj tablet followed by pouring into a preheated
cylindrical graphite mold. Such type of prepared alloys termed
as conventionally processed alloys. Further, all the prepared
alloys were solutionized at 550 °C for 120 min followed by
quenching in hot water at 70 °C and then artificial aging at
175 °C for 150 min. Finally, the samples were air cooled. The
cast alloys termed as as-cast alloy and heat treated (T6) cor-
responding alloys termed as aged alloy.

The chemical composition of A356 alloy and Al-5Sr mas-
ter alloy as investigated by optical emission spectroscopy
(OES) technique (Spectrolab) is listed in Table 1. Sample
details and alloy code of various prepared alloys are listed in
Table 2. A circular band cut all cast and aged samples perpen-
dicular to the centerline axis of samples and were polished
according to the standard metallographic procedure. The pol-
ished samples were then etched with Keller’s etchant (95-ml
H,0+2.5-ml HNO; + 1.5-ml HCI+ 1-ml HF) for microstruc-
tural examination, and for macrostructural analysis, the sam-
ples were etched with Poulton’s etchant (60-ml HNO; +30-ml
HCl1+ 5-ml HF + 5-ml H,0). For microstructural observation,
both the as-cast and heat-treated specimens were examined
using a scanning electron microscope (FE-SEM, Nova Nano

Table 1 Chemical composition
(Wt%) of various procured

alloys

Element Si Mg Fe Ti Cu Mn Zn v B Sr Al
A356alloy 6.81 032 015 0.03 0.05 0.05 0.01 0.01 - - Bal
Al-5Sr 0.1 001 024 0.006 0.001 0004 0.001 0012 - 482 Bal
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Table 2 Sample description

Alloy description

Alloy code
of prepared A356 alloy under
different casting conditions A
MTT
AM
MTTM

Casting of A356 alloy via conventional casting process

Casting of A356 alloy via melt thermal treatment process

Casting of (A356 + Al-5Sr) alloy via conventional casting process
Casting of (A356+ Al-5Sr) alloy via melt thermal treatment

SEM 450). The macrostructure of the samples was observed
using a stereomicroscope at 12X magnification. The param-
eters, i.e., mean diameter, aspect ratio, and roundness, used to
characterize the size and shape factor of silicon particles in
the samples were analyzed using Image Pro Plus 6.0 software.

Mean diameter is the average length of diameters meas-
ured at 2° intervals, the aspect ratio is the ratio between the
major axis and minor axis of the particles, and roundness
(R) is defined as R =p*/(4uS), where p and S represent the
perimeter and area of a particle [31].

Differential scanning calorimeter (NETZSCH DSC 404
F3) analysis was carried out to identify changes in eutectic
silicon peak temperature of A356 alloys after adding modi-
fier and MTT. Small samples weighing 15-20 mg were cut
and placed in an Al,O; crucible under a nitrogen gas atmos-
phere with a 60 ml/min flow rate for analysis. The samples
were heated up to 700 °C from room temperature and cooled
to 300 °C at a rate of 10 °C/min during the measurement.

Tensile test was conducted on a universal testing machine
(Model: H25KL, Tinius Olsen) at a strain rate of 1 mm/min.
The testing was carried out on at least two different standard
samples ((ASTM EO08, gauge diameter =6 mm and gauge
length =24 mm) prepared under similar conditions to ensure
reproducibility of the results. Fracture analysis of tensile test
specimens was carried out to relate the fracture mode and
morphology of eutectic Si using a scanning electron micro-
scope. Vickers microhardness (ASTM E384) was measured
of at least two different samples prepared under identical
conditions using a load of 200 g and a dwell time of 15 s,
and an average of reading was considered.

Results and Discussion
Microstructural Analysis
As-Cast Alloys

Figure 1 shows the variation in macrostructure, and Fig. 2
shows variation in SEM microstructure of as-cast A356 alloy
prepared by different methods. The macrostructures show
that the MTT processed alloys (MTT and MTTM) consist of
the refined and equiaxed grain structure of a-Al phase com-
pared to conventionally processed alloys, with or without
modifier (A and AM alloy). This is because of intermixing

of HTM with LTM, which produced many nucleation sites
for the solidification of a-Al phase. The maximum grain size
reduction is observed in the MTTM alloy, which is ~50%
compared to the A alloy. From SEM microstructure (Fig. 2),
it is observed that prepared alloys microstructure consists of
a-Al dendrites (plain black regions) and eutectic Si (white
regions) in the form of needle-like in A and MTT alloys
(Fig. 2a and b) and fibrous-like structure in AM and MTTM
alloys (Fig. 2c and d). However, the size of the eutectic Si
is lesser in the case of MTT alloys compared to A alloys
without any other changes in morphology. In the case of Sr-
modified alloys (AM and MTTM), the morphology of eutec-
tic Si gets transformed into short rod-like and/or spherical
shapes from needles-like shapes. When a modifier is added
to the melt, the growth mechanism of eutectic Si changes,
and is known as impurity-induced twinning. According to
this mechanism, Sr modifier atoms segregate at the interface
of solid dendrites and eutectic liquid, and inhibit the growth
of eutectic Si particles.

Apart from them, intermetallic phase such as Fe-rich
phase (marked by white circle in Fig. 2) is present in the
form of Chinese script type and needle-like in each samples.
EDS analysis (Fig. 2e) confirmed the presence of the Fe-rich
phase in the microstructure of alloys.

Table 3 quantitatively shows variation in average grain
size of a-Al (g) and eutectic Si particles length (1) of pre-
pared alloys. It is observed that the a-Al grains get refined,
and the average length of eutectic Si particles reduced sig-
nificantly in both the MTT processed alloys. The percentage
reduction in g and 1 in case of the AM alloy is appx. 41%
and 32.2% than that of the A alloy, respectively. The average
length of eutectic Si in MTTM alloy was reduced by appx.
86% and 14% compared to CC and MCC alloy, respectively.
Similar observations have been made by Samuel et al. [23]
and have reported that MTT exhibits refinement in eutectic
Si to a certain extent without change in morphology. Wang
et al. [32] have also concluded that the MTT process refines
a-Al because of the multiplication of nucleation site for
solidification of a-Al after intermixing.

According to Wang et al. [10, 11], intermixing of the
HTM and the LTM forms many small and uniformly distrib-
uted solid-like atomic clusters in the final melt. These atomic
clusters act as nucleation sites for a-Al phase. Also, LTM
has semi-solid content, which when mixed with HTM pro-
duces free secondary dendritic arms. These free secondary
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Fig. 1 Macrostructure of as-cast
A356 alloys a A, b MTT, ¢ AM,
and d MTTM

dendritic arms also act as heterogeneous nucleation sites
for a-Al. In both of the above-mentioned ways, MTT pro-
cessed alloys (MTT and MTTM) produce finer microstruc-
ture (Fig. 1b and d).

Aged Alloys

The aging treatment causes spherodization of eutectic Si
particles and precipitation of Mg,Si in both unmodified
and modified alloys [28, 29]. SEM microstructure of aged
A356 alloy prepared under different casting conditions is
presented in Fig. 3. The gray and black region in the micro-
structure indicates transformed eutectic Si and a-Al phase,
respectively. In each alloy, aging treatment alters eutectic
Si morphology into rounded shape, and distribution of both
the phases (eutectic Si and a-Al) improves considerably
compared to respective as-cast alloy. However, degree of
spherodization and morphology of the eutectic Si are differ-
ent in each alloys. The microstructure of alloy A consists of
partially transformed eutectic Si in the form of rod/fibrous
structure, and MTT alloy consists of coarse spheroids Si.
Fine sized spheroids Si present in AM alloy and MTTM
alloy. These indicate that degree of spherodization in with
modifier alloys (AM and MTTM) is better than that of with-
out modifier alloy (A and MTT) for short solutionizing time.
However, large-sized and rod-like eutectic Si in the aged
alloy A can be observed compared to MTT-treated alloy.

@ Springer

Table 4 quantitatively summarizes variations in eutectic
Si characteristics after aging. The results indicate that MTT
significantly reduced the mean diameter and aspect ratio
compared to untreated A356 alloy (A). Since the average
length of eutectic Si is lesser (~ 49%) in the case of as-cast
MTT alloys than the as-cast A alloy, it leads to better sphero-
dization in MTT alloys after aging. However, there is a less
significant change in the MTT alloy’s aspect ratio than the
modified alloy. A minimum aspect ratio of 1.52 is observed
in the case of the MTTM alloy. The maximum improve-
ment in roundness is observed in MTTM (1.54) alloy as
compared to the A alloy (3.71). These results reveal that
the addition of modifier along with MTT treatment leads
to best modification in the morphology of eutectic Si than
only modifier addition or MTT treatment even at the short
solutionizing time.

The reason behind these variations in microstructure
is explained by Paray et al. [30] and Kahtani et al. [33].
According to them, there are mainly three stages through
which the morphology of eutectic Si gets altered in aging
treatment. In the first stage, large Si particles break into sev-
eral small Si particles, followed by spherodization of eutec-
tic Si. Then, if the solutionizing time is too large, the size of
particles starts increasing, which is known as coarsening. In
the present work, solutionizing time is short (120 min), lead-
ing to incomplete spherodization in the A alloy case. How-
ever, in the case of the modified alloys (AM and MTTM),
the morphology of eutectic Si is already modified into the
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Fig.2 SEM micrographs of as
cast A356 alloys a A, b MTT, ¢
AM, and d MTTM

40

Table 3 Quantitative variation in microstructural features of as-cast
A356 alloys

Sample Grain size (um) Eutectic Si
length (um)
A 73045 239+5.3
MTT 425+20 122+2.7
AM 63025 32+14
MTTM 365+17 3.7+2.1

fibrous structure in cast condition because of the addition of
a modifier. This requires less time during the first stage of
aging treatment than unmodified alloy and leads to complete
spherodization.

DSC Analysis

The DSC cooling curves (cooling rate =10 °C) of as-cast
A356 alloys treated in various ways are shown in Fig. 4.
These curves indicate that each alloy exhibits two exother-
mic peaks, one at higher temperature (between 615.76 and

605.6 °C) corresponding to solidification of a-Al dendrites
and the other at a lower temperature (between 571.9 and
546.08 °C) corresponding to solidification of eutectic Al-Si.

Table 5 lists the liquidus temperature (7)), solidus temper-
ature (T), solidification range, and eutectic peak tempera-
ture (7;,) of A356 alloys treated in various ways. The tem-
perature of eutectic Al-Si is shifted to lower temperatures
after adding modifiers in both AM and MTTM alloys. The
maximum shift in eutectic peak temperature is observed in
the MTTM alloy compared to the A alloy. The eutectic tem-
perature shift is 2.44 °C, 4.9 °C, and 5.1 °C in MTT, GM,
and MTTM alloys, respectively, compared to the A alloy.
This indicates that the amount of required undercooling
for solidification of the eutectic phase is higher in the case
of MTTM alloy. Chen et al. [34] have also found that the
Li-based modifier reduces the eutectic temperature of base
A356 alloy and increases undercooling. Research by Kanga
et al. [35] summarizes that a sufficient eutectic depression
(at least 6 °C) is required for the morphology transition into
the fibrous structure of eutectic Si crystals.

The DSC results show a significant increment in the
solidification range (difference between liquidus and solidus
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Fig.3 SEM micrographs of
aged A356 alloys a A, b MTT, ¢
AM, and d MTTM

Table 4 Quantitative variation in eutectic Si characteristic of various
aged A356 alloys

Table5 Variation in thermal parameters of as-cast A356 alloys
treated in various ways

Sample Diameter (um) Roundness Aspect ratio
A 6.32+2.25 3.71+£0.85 3.11+1.2
MTT 471+1.51 3.14+0.57 2.41+0.88
AM 2.15+0.85 1.89+0.53 1.75+0.72
MTTM 1.87+0.57 1.54+0.35 1.52+0.42
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Fig.4 DSC cooling curve of as-cast A356 alloys prepared by differ-
ent treatments
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Sample Liquidus Solidus Solidifica-  Eutectic peak
temperature  temperature tion range  temperature
O (§®) Q) Q)

A 616.86 548.89 67.97 565.96

MTT 61576 547.30 68.46 563.52

AM 616.96 546.86 70.1 561.06

MTTM 615.96 546.08 69.88 560.86

temperature) after the MTT process. The maximum solidi-
fication range is 70.1 °C in the case of the AM alloy. Zhang
et al. [16] have concluded that the eutectic temperature and
the freezing range become wider after adding Yb and La.
These thermal analysis results justify the results of micro-
structural analysis that the addition of modifier along with
MTT treatment can cause very significant modification in
eutectic Si. Figure 5 shows DSC cooling curves of as-cast
and aged MTT alloys. The results indicate that aging is not
the cause of considerable variation in the cooling curve with
respect to the as-cast alloys. This is because of the dimin-
ishing aging effect after remelting of aged alloys in DSC
instruments.

Mechanical Properties

The variation in ultimate tensile strength (UTS), elonga-
tion, and Vickers hardness (VHN) of as-cast and aged A356
alloys is summarized in Fig. 6a—c. The results show that the
properties are significantly increased after the aging process
in each of the alloys. These enhancements are attributed to
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Fig.5 DSC cooling curve of as-cast and aged MTT alloy

the spherodization of eutectic Si particles and the dissolu-
tion of Si and Mg in a-Al matrix [30]. The maximum vari-
ation in UTS after aging is observed in the aged A alloy,
approximately 55.5% compared to the as-cast A alloy. The
data obtained for different casting conditions of as-cast A356
alloy reveal that MTT process improves mechanical proper-
ties, especially ductility, with or without modifier compared
to untreated alloy. This results from better grain refinement
of a-Al and refinement of eutectic Si particles to a certain
extent in the MTT process. The UTS, elongation, and VHN
of as-cast MTTM alloys are increased by 18.6%, 38.8%,
and 15.7%, respectively, compared to that of the as-cast A
alloy and increased by 4.4%, 3.2%, and 2%, respectively,
compared to that of the as-cast AM alloy. These results are
justified by the research of Wang et al. [32]. They have con-
cluded that the improvement in UTS of as-cast A356 alloy is
limited, but the ductility increases by 46.2% after the MTT
process. Jia et al. [22] have also reported that tensile strength
and elongation increase

by 20.3% and 19.2%, respectively, by the melt ther-
mal rate treatment, compared to that of the untreated
Al-9Si-0.5 Mg alloy.

The variation in mechanical properties of different as-cast
alloys can be described as follows. The size, shape, and dis-
tribution of eutectic Si particles along with the grain size of
a-Al are important parameters that affect the value of impact
energy of cast Al-Si alloys [36]. The alloy having more
refined and uniformly distributed phases is expected to have
higher strength properties. The as-cast unmodified alloys (A
and MTT) consist of large grains of a-Al and needle-like
eutectic Si particles in the microstructure (Fig. 2a-b). These
needle-like Si particles act as stress concentration sites or
preferred crack initiation sites in the a-Al matrix. Hence, the
ductility of these alloys is lesser compared to Sr-modified
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Fig.6 Variations in mechanical properties of as-cast and aged A356
alloys a UTS, b elongation, and ¢ hardness

alloys (AM and MTTM). The as-cast MTT alloy has a
microstructure consisting of relatively finer a-Al grains and
shorter needles of Si, and these features are responsible for
better strength and ductility in MTT alloy over the A alloy.
The morphology transformation in both Sr-modified alloys
(AM and MTTM) leads to lower stress concentration effect
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of Si particles, and hence, Sr-modified alloys have better
mechanical properties than unmodified alloys.

A similar trend is also found after aging treatment of vari-
ous A356 alloys. The UTS, elongation, and VHN of aged
MTTM alloy are increased by 9.6%, 24.4%, and 10.1%,
respectively, compared to the aged A alloy, and increased
by 2.6%, 3.7%, and 4.9%, respectively, compared to aged
AM alloy. The variation in these properties is attributed to
the morphology transition of eutectic Si, which depends on
the size and shape of eutectic Si in the as-cast condition.
The best modification in the morphology of eutectic Si is
observed in the case of as-cast MTTM alloy, which results
in better mechanical properties than other alloys. Ammar
et al. [28] have also found that rapid enhancement in tensile
properties after the aging process can be attributed to the
change in Si particle morphology into round shape and dis-
solution of Mg and Si.

Fracture Analysis

SEM micrographs of fractured tensile test sample surfaces
of various aged A356 alloys are shown in Fig. 7a—d and that

Fig.7 SEM micrographs of
fracture surfaces of aged A356
alloya A, b MTT, ¢ AM, d
MTTM, and e as-cast A

@ Springer

of as-cast A356 alloy are shown in Fig. 6e. Each of the aged
alloy fracture surfaces indicates a mixed mode of fracture
(more dimple and less cleavage) because of the presence of
modified morphology of eutectic Si. The modified alloys
(both AM and MTTM) show small and uniformly distributed
dimple structures compared to the unmodified alloys (A and
MTT). This indicates that the ductility of modified alloys is
better than that of the unmodified alloys, which justifies the
tensile test results. The fracture surfaces of as-cast alloys
fracture consist of cleavage planes due to the presence of
longer needle-like eutectic Si which creates brittleness in
the alloy.

The ductile fracture is dependent on the size of dimples or
microvoids and the cracking behavior of eutectic Si [36]. In
general, microvoids initiate the fracture as a result of deco-
hesion of Si particles from the matrix (in modified alloys) or
cracking of Si particles (in unmodified alloys). Then, coales-
cence of microvoids leads to the formation of microcracks
followed by fracture. Small and perfectly spherical Si par-
ticles do not easily lead to decohesion/cracking compared
to larger Si particles and less spherical particles. That is,
why smaller and spherical eutectic Si in aged MTTM alloys
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provide better mechanical properties, specifically ductility,
than other alloys.

Conclusions

The following conclusions can be made based on the present
research:

Maximum reduction in grain size of a-Al and length of
eutectic Si particles are observed in the case of as-cast
MTTM alloy compared to other as-cast alloys.

Best modification in eutectic Si characteristic is found
in aged modified alloys (AM and MTTM), and this is
attributed to morphology transition into fibrous-like
structure in the as-cast condition.

DSC analysis results have revealed that maximum eutec-
tic peak temperature depression occurs in the case of
MTTM alloys.

The rapid improvement in mechanical properties in the
alloys after the aging process is because of the changes
in the morphology of eutectic Si into spherical shape.
The maximum improvement in mechanical properties
is observed in the MTTM alloy in both as-cast and aged
conditions.
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