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Abstract: The effects of Mg content on the microstructure and tensile properties of thixoformed A319 alloys were studied. The
samples were thixoformed at 50% liquid content and some of the thixoformed samples were subjected to the T6 heat treatment. The
samples were then examined by optical microscopy (OM), scanning electron microscopy (SEM), energy dispersive X-ray (EDX)
spectroscopy and X-ray diffraction (XRD) analysis as well as tensile tests. The results showed that magnesium was able to refine the
eutectic silicon in the samples. It was also observed that a compact AlgFeMg;Sis phase was formed when the magnesium content was
1.0% and 1.5%. The results also revealed that as the magnesium content in the alloy increases, the tensile strengths of the
thixoformed alloys also increase. The ultimate tensile strength, yield strength and elongation to fracture of the thixoformed A319 heat
treated alloy were 298 MPa, 201 MPa and 4.5%, respectively, whereas the values of the thixoformed heat treated alloy with 1.5% Mg
content were 325 MPa, 251 MPa and 1.4%, respectively. Thixoformed A319 alloy showed a dimple fracture behaviour, while
thixoformed A319 alloys with 1.5% Mg showed a mixed mode fracture behaviour, where dimple and cleavage ruptures were seen on

the fracture surface of the samples.
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1 Introduction

A319 aluminium alloy is increasingly being used by
the automotive industry to produce engine components.
This type of alloy offers a high degree of strength
with excellent -castability, light weight and good
machinability [1,2]. The microstructural constituents
present in this alloy are typically complex multiphase
comprising eutectic Si and also numerous intermetallic
phases such as Al,Cu, Mg,Si, AlyFeMg;Sis, f-AlsFeSi
and AlsCuMggSis [3,4]. In recent years, the need to
produce near net-shape products that have superior
properties to those produced by the conventional casting
process has drawn attention towards a new processing
technique semi-solid metal (SSM)
processing [5]. This type of processing offers a solution
to the problems associated with die casting due to its
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capability of using a lower temperature than that required
by die casting [6,7]. It also uses low forming forces
during the shaping process [8]. Moreover, this process
also ameliorates the usage of feedstock materials and
contributes to the diminution of the cost of processing
manufactured parts [9,10].

One type of SSM processing is thixoforming, which
involves the preparation of suitable feedstock alloys,
re-heating them to a semi-solid state and then forming
near net-shaped products [11,12]. This process has an
advantage not only in enhancing the tensile strength of
the alloy, but also in augmenting the corrosion resistance
of the alloy which is essential for automotive industry. It
has been reported that corrosion properties of aluminium
alloys were improved by thixoforming process compared
to rheocast and gravity-cast samples [13]. Among the
SSM processing techniques for nondendritic feedstock
production, cooling slope (CS) casting is one of the most
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suitable techniques to obtain fine globular primary
particles with a high degree of sphericity [14,15]. This
technique involves pouring the molten metal over an
inclined plate with circulating water underneath so that
nucleation occurs during the flow of the liquid, thereby
producing a fine and less dendritic microstructure [16].
Cost effectiveness and simplicity are
advantages of using the CS technique. Additionally, it
can be used with ease [17,18]. Various studies have
reported on the effects of Mg and ageing on the
mechanical properties of A319 aluminium alloys.
According to ALKAHTANI [19], increasing the Mg
content up to 0.45% in A319 alloy improves the alloy’s
response to T6 heat treatment, which provides the best
combination of mechanical properties. Therefore,
increasing the Mg content in A319 alloy can improve the
mechanical properties of these alloys, which are suitable

the major

for automotive applications.

T6 heat treatment is usually used to enhance the
mechanical properties of AlI-Si—Cu alloys. The standard
T6 heat treatment consists of three stages: solution
treatment, water quenching, and artificial ageing.
Solution treatment of the alloy is normally performed at
more than 500 °C in order to dissolve the solutes atom,
which is responsible for the hardening response.
Quenching is then used to maintain the desired condition
of the supersaturated solid solution at low temperature.
Artificial ageing consists of further heating the alloy at
low temperature (at approximately 158 °C) and during
this stage, the precipitation of dissolved elements occurs.
These precipitates are responsible for the hardening of
the A319 alloy. The hardening during artificial ageing
that occurs by the cooperative precipitation of the Al,Cu

and Mg,Si phases results in a tremendous improvement
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in the mechanical properties of the alloy relative to those
of non-heat treated alloys [20]. Moreover, the reaction of
Mg with Fe the formation of the
n-AlgFeMg;Sis compound, which is less harmful than the
F-AlsFeSi compound. These compounds reduce the
tensile strength and ductility of the materials [21].

Most works on the effect of Mg on the mechanical

results in

properties of A319 alloys have focused on conventional
cast alloys. In contrast, there has been very limited work
on the effect of Mg on alloys formed by thixoforming
process. Therefore, the present study was undertaken to
investigate the effect of different Mg content (0.3%,
1.0% and 1.5%) on the microstructure and mechanical
properties of thixoformed A319 alloys. The alloys were
produced using a CS casting method, before they were
thixoformed in a compression press. The effects of T6
heat treatment on the mechanical properties and fracture

behaviour of the thixoformed alloys were also
investigated.
2 Experimental

Al-6.35i-3.0Cu—xMg (x=0.3, 1.0, 1.5, mass

fraction, %) alloys were

conventional

fabricated by using a
casting process to obtain the alloy
composition as depicted in Table 1. The experimental
flow process for this research is illustrated in Fig. 1.

Table 1 Chemical compositions of studied alloys (mass
fraction, %)

Alloy Si Cu Mg Mn Zn Ni Fe Cr Ti Al
A319 6.26 2.91 0.31 0.15 0.71 0.06 0.53 0.03 0.03 Bal.
TH1 6.31 2.92 0.92 0.11 0.54 0.04 0.45 0.03 0.01 Bal.
TH2 6.15 2.95 1.46 0.10 0.66 0.03 0.48 0.03 0.05 Bal.

| Al-68i-2.9Cu=0.3Mg | | Al-6Si-2.9Cu-1.0Mg | | AI-6Si-2.9Cu-1.5Mg
1 ¥

As-cast (permanent
mold casting)

Cooling slope
casting

|

Reheating |

|

Thixoforming | |T6 heat treatment |

'

Microstructural investigation ‘

Fig. 1 Process flow chart of experimental procedure
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Differential scanning calorimetry (DSC) was employed
to estimate the pouring temperature, the solidus and
liquidus temperatures and the liquid fraction profile
within the semi-solid transition range. The DSC results
that were recorded during the melting stage were used to
estimate the optimum pouring temperature for the alloys
during the CS casting process. The alloys were sectioned
into small pieces (approximately 20 mg) for testing with
the Netzsch-STA simultaneous thermogravimeter. The
samples were heated at 10 °C/min in nitrogen to prevent
oxidation. The determination of the fraction liquid with
the temperature for the alloys was obtained from the heat
flow versus temperature curves shown in Fig. 2.
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Fig. 2 DSC curves and liquid fraction profiles of alloy A319 (a),
alloy TH1 (b) and alloy TH2 (c)

Based on the DSC results, the pouring temperature
of 630 °C and CS length of 400 mm were employed in
this experiment. The alloys were superheated at 700 °C
in a silicon carbide crucible located inside a resistance
furnace in an argon atmosphere. The molten alloys were
cooled to the pouring temperature before being poured
onto the surface of a 90 mm wide inclined plate made of
stainless steel (6 mm thick) and were cast into a
permanent mould with a diameter of 25 mm and a depth
of 110 mm. The surface of the CS was coated with a thin
layer of boron nitride to counter act the stickiness of the
molten alloy. The tilt angle of 60° of the CS was selected
with respect to the horizontal plane and was cooled by
water circulation underneath.

Subsequently, the samples produced were heated in
a high frequency induction coil to the semi-solid
temperature range. The temperature was monitored with
a K-type thermocouple inserted in a 5 mm diameter hole
drilled at the top of the sample and the frequency of the
induction coil was measured to achieve rapid heating
(more than 130 °C/min) to avoid grain growth. Some of
the samples were isothermally held at their respective
semi-solid temperatures obtained from DSC before they
were quenched in water. The microstructure of these
samples was then analysed in order to determine the
optimum reheating temperature and soaking time for the
thixoforming process. The thixoforming process was
performed using a hydraulic cylinder press that provided
a load of 20 kN. The maximum speed for the ram was
85 mm/s and the die (Fig. 3) was preheated to 350 °C.
Graphite spray was used as a lubricant to reduce the
stickiness between the materials and the die. Some of the
thixoformed parts were heat treated to T6 temperature in
a salt bath. The solution heat treatment was carried out
for 8 h at 505 °C. The solution heat-treated samples were
quenched in warm water at 60 °C, and then aged at
158 °C for 4 h.
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Fig. 3 Schematic diagram of die for thixoforming process
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For metallographic preparation, the samples were
cut, mounted, ground, polished and then etched with a
Keller’s reagent for 20 min. Optical micrographs were
captured using an Olympus optical microscope (OM),
while image analysis, i.e., the calculations of the shape
factor (SF) and globule size (GS) of the a(Al) phase,
were carried out using Image-J software. The SF is
defined as 4nA4/P*, where P is the perimeter and A is the
area of the particle (the SF of a circle is equal to
one) [22]. The GS of the primary particles is defined as

[ZZ(Ai / n)l/ 21/ N, where 4; is the area of each particle

and N is the total number of particles in each image [23].
The phases in the alloys were identified using a Carl
Zeiss EvoMa 10 scanning electron microscope (SEM)
equipped with energy dispersive X-ray (EDX) and X-ray
diffraction (XRD).

Cylindrical tensile specimens with typical gauge
dimensions of 20 mm in length were machined from the
thixoformed and thixoformed T6 samples according to
the ASTM-ES8M standard. The tensile tests were
performed at room temperature using a 100 kN Zwick
Roell universal testing machine (UTM). The yield stress
was based on a 0.2% plastic strain offset. The fracture
surfaces of the tensile samples were investigated using a
Carl Zeiss SEM with 100x and 2000x magnifications.
By these means, the morphologies of the fractured
surface of the thixoformed and thixoformed T6 samples
were determined.

3 Results and discussion

3.1 Microstructure investigation

Figure 4 illustrates the as-cast microstructures
obtained for all alloys produced in this work. The
microstructures of the alloys consisted of a(Al)
distributed homogenously in an eutectic matrix. It can be
observed that as the Mg content increased (alloys TH1
and TH2), the size of a(Al) was decreased and became
less dendritic. It is very clear that Mg can modify the
primary o(Al) phase. Figure 5 shows the microstructures
of the alloys after they were cast over a CS plate. The
changes in the a(Al) phase upon the CS casting are very
evident; the dendritic morphology has been replaced by
o(Al) globules and rosettes. The shear-driven melt flow
along the slope plate is responsible for the change in the
shape and morphology of the primary phase [14].
Nucleation started when the molten alloy flowed in the
melt contact zone on the slope plate. This was due to the
high heat transfer created after pouring the molten alloy
onto the slope plate. During the movement of the melt,
the exerted shear stress, which is due to gravity, led to
the detachment of the newly formed a(Al) phase from
the slope surface. Following this, the crystals thus
nucleated were detached from the cooling plate and

trapped in the flowing melt and then flowed directly into
the mould before they evolved into ripened dendrites
[24]. The solidified CS microstructure of the billets
showed a fine and globular solid a(Al) phase distributed
homogenously in the sample. It was evidently shown in
Fig. 5 that the CS plate acted as a source of nucleation
during the solidification of the Al alloys and was able to
produce a suitable Al feedstock for thixoforming.
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Fig. 4 Microstructures of as-cast alloys: (a) Alloy A319 (0.3%
Mg); (b) Alloy TH1(1.0% Mg); (c) Alloy TH2 (1.5%Mg)
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3.2 Isothermal treatment

The semi-solid temperatures used for the
thixoforming process were determined from the liquid
fraction versus temperature curve, as shown in Fig. 2.
Billets with a diameter of 25 mm and a height of 30 mm
from alloys A319, TH1 and TH2 produced by CS casting
were heated to a semi-solid temperature of 571, 568 and
564 °C, respectively, which corresponded to 50% liquid
content. This was done for 5 min in the induction
furnace and then rapidly quenched in water in order to
get an indication of the evolution of the semi-solid
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A319; (b) Alloy TH1; (c) Alloy TH2

microstructure at the holding temperature. It was clearly
shown at Fig. 6 that the CS billet turned into uniformly
distributed globular particles after reheating and
isothermal holding at the semi-solid temperature. It was
also noticed that the eutectic constituent was melted
while all the primary phase remained solid, as
represented by the grey colour in Fig. 6. The 5 min of
isothermal holding is enough to transform the fine rosette
structure from CS casting into a globular microstructure.
During the isothermal holding experiment, it was clearly
shown that rosette morphology developed a more
spheroidal morphology with the development of
coalescent necks in the sample.

3.3 Microstructure of thixoformed samples

Figure 7 shows the thixoformed samples of the
A319, THI1 and TH2 aluminium alloys at 50% liquid
content. As can be seen from Fig. 7, the structure of the
samples predominantly consisted of a(Al) globules and

Vi
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Fig. 6 Microstructures of alloys after being isothermally held at
571 °C for 5 min: (a) Alloy A319; (b) Alloy THI; (c) Alloy
TH2

Si particles sitting in between these globules. The
uniform distribution of the microstructure in these
thixoformed samples resulted from segregation of the
liquid phase during forming [25]. At a reheating
temperature of 50% liquid content, the a(Al) particle
remained solid while the eutectic Si was melted during
holding. The eutectic Si that melted during reheating was
re-arranged during the 5 min holding time and some of
the Si and Al were deposited on the primary Si particles
and a(Al) [24]. This caused the coarsening process in the
a(Al) particles during holding in the semi-solid state. The
difference in the globule size of the thixoformed samples
is believed to be due to the appropriate heating rates used
in thixoforming, which increased the size of the a(Al)
phase and also helped with the rounding of the a(Al)
grains throughout the samples. It can be realized that the
eutectic Si is more effectively modified and refined in
alloy TH2 (1.5% Mg) than that in alloy A319 (0.3% Mg)
as shown in Figs. 7(a, b) and (e, f), respectively.
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Entrapped liquid

Fig. 7 Microstructures of thixoformed alloys: (a, b) Alloy A319; (c, d) Alloy TH1; (e, f) Alloy TH2

The eutectic of the alloys that contained Si, Al,Cu
and other particles embedded in Al and the shape of
these constituents were irregular as in a typical eutectic
structure. This is also seen at the higher magnification
micrograph in Fig. 7, where some of the liquids were
entrapped inside the a(Al) globules. Furthermore, it can
be seen that the alloys with low Mg content showed
more entrapped liquid during heating, whereas the alloys
with higher Mg content showed less entrapped liquid and
their structure was more globular. Entrapped liquid is
undesirable for thixoforming because it can generate
liquid inside the a(Al) globules when the material is
reheated to the semi-solid state, thus disrupting the
lubrication process which is very important for
generating semi-solid behavior during thixoforming [26].
Figure 8 shows the GS and SF of the thixoformed alloys.
It can be seen clearly that alloy TH2, which contains
1.5% Mg, recorded the highest SF of about 0.9 while the
GS was about 53.5 pm.
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Fig. 8 Globule size and shape factor of thixoformed alloys

The thixoformed alloys samples were subjected to
T6 heat treatment in order to enhance their mechanical
properties. The T6 treatment had an impact on the
microstructure as it modified the Si particles that were
embedded around the a(Al) globules, as shown in Fig. 9.
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Fig. 9 Microstructures of thixoformed alloys after T6 heat
treatment: (a) Alloy A319; (b) Alloy TH1; (c) Alloy TH2

During solution treatment at 505 °C, some physical
changes occurred, i.e., coarsening and spheroidization of
the Si particles, formation of small participates inside the
solid phase and a dissolving of the Cu-rich phase inside
the eutectic region. Coarsening is attributed to the
residual particles that are produced during the dissolution
process. The dissolution process is very important
because it can maximize the content and distribution of
Si, Cu and Mg in a solid solution as it can help to obtain
maximum yield strength [27]. The presence of Si
particles of rounded shape showed that there was an
evolution of the eutectic Si morphology caused by
thixoforming process [28]. Moreover, the fine Si
particles generated in the eutectic phase are related to the
effect of iron phase during thixoforming process [29].
After solution treatment, the samples were quenched in
warm water and then they were aged at 158 °C for 4 h.
As can be seen from Fig. 9, the aged alloy samples
exhibit precipitation of Al,Cu and Mg,Si phase in their

metastable form. Moreover, it was clearly seen in
Figs. 9(b) and (c) that the alloys TH1 and TH2 have
higher precipitation in the intermetallic phase when
compared to the alloy A319. This is due to the higher
amount of Mg in TH1 and TH2. There was also a
homogenous distribution of the precipitated particles
throughout the matrix in the T6 samples.

Figures 10 and 11 represent the SEM-EDX
elemental mapping of alloy TH1 in the thixoformed and
thixoformed T6 conditions, respectively. In the
thixoformed condition, Si Cu, Mg, Mn and Fe were
intensified in certain regions within the Al matrix while
in the thixoformed T6 condition, as shown in Fig. 11, Si
was spheroidized in certain regions within the globules
and Cu, Mg, Fe and Mn were distributed homogenously
in the sample. Microstructural characterization of the
thixoformed samples was carried out using SEM back
scatter analysis (BSE).

Figures 12 and 13 display the SEM images and
EDX patterns for alloy TH2 in thixoformed and
thixoformed T6 condition, respectively. The EDX
analysis result indicates the existence of a small amount
of Si, Cu, Mg and Fe elements in the Al matrix. These
elements accumulated heavily in the eutectic phase at the
grain boundaries. Figure 14 shows SEM images for the
alloys A319, TH1 and TH2 in thixoformed and
thixoformed T6 conditions. Figure 14(a) shows that the
A319 alloy contains Al,Cu, AlsCu,MggSis and f-AlsFeSi
phases that are present in the eutectic region while in
alloys TH1 and TH2, as shown in Figs. 14(b) and (c),
respectively, new phases of Mg,Si and AlgFeMg;Sis were
detected. These intermetallic compounds were confirmed
by XRD analysis as shown in Fig. 15. In alloy A319, all
of the Mg atoms reacted with Cu atoms to produce
AlsCuyMggSis during alloy solidification. In the case of
alloys TH1 and TH2, some of the Mg atoms reacted with
Si atoms to produce a Mg,Si phase and the remaining
Mg atoms reacted with Cu and Fe to produce an
AlsCu,MggSis and AlgFeMg;Sis intermetallic compound,
respectivelys. According to MOHAMED et al [30], the
AlgFeMg;Sis compound has a compact morphology
which is detrimental to an alloy’s tensile properties,
expecially elongation to fracture.

The microstrutcure of a sample obtained after T6
heat treatment is shown in Figs. 14(d)—(f). In the
thixoformed T6 sample, the particle distribution has
improved relative to those of the as-thixoformed samples
and the Si particles have completely transformed into the
spheoridal form. The T6 heat treatment had an impact on
the microstructure as it helped to spheroidize the Si
particles during solution treatment at 505°C and
developed intra-granular contrast during ageing at
158 °C [24]. The structure of the thixoformed T6 alloys
showed the dispersion of fine Si particles and an Al,Cu
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Fig. 10 SEM-EDX elemental mapping of alloy TH1:
image; (b) Mg; (¢) Al; (d) Si; (e) Cu; (f) Fe; (g) Mn

(a) SEM

Fig. 11 SEM-EDX elemental mapping of alloy TH1 after T6
heat treatment: (a) SEM image; (b) Mg; (c) Al; (d) Si; (e) Cu;
(f) Fe; (2) Mn
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Fig. 13 SEM-EDX analysis of thixoformed alloy TH2 after T6 treatment (Note: point @, AL,Cu; point b, AlsCu,Mg;Sis, point c,

AlgFeMg;Sis, point d, Mg,Si)
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Fig. 14 SEM backscatter electron images of thixoformed alloys: (a) Alloy A319; (b) Alloy TH1; (c) Alloy TH2; (d) Alloy A319-T6;
(e) Alloy TH1-T6; (f) Alloy TH2-T6 (Note: 1=Al,Cu, 2= Al;Cu,Mg;Sis, 3=4-AlsFeSi, 4= AloFeMg;Sis, 5= Mg,Si)
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Fig. 15 XRD patterns of thixoformed alloys
intermetallic phase embedded around the a(Al) globules

and the particle distribution including intermetallic
compounds was more homogenous after T6 heat

treatment. Small amounts of Mg,Si were precipitated
alongside the Si particles dispersed homogenously
throughout the samples, which may have improved the
mechanical properties of the alloy [18].

3.4 Tensile properties

Figures 16 and 17 show the tensile test results and
elongation to fracture, respectively, for the alloys A319
in as-cast, as-thixoformed and thixoformed T6. As shown
in Fig. 16, for the thixoformed sample A319, the ultimate
tensile strength and yield strength were 241 MPa and
176 MPa, respectively, while the elongation to fracture
(Fig. 17) was 3.2%. For the thixoformed alloy THI,
which contained 1.0% Mg, the ultimate tensile strength,
yield strength and elongation to fracture were 260 MPa,
216 MPa, and 1.5%, respectively, while for alloy TH2,
that contained 1.5% Mg, the ultimate tensile strength,
yield strength and elongation to fracture were 281 MPa,
237 MPa and 0.8%, respectively.



M. S. SALLEH, et al/Trans. Nonferrous Met. Soc. China 26(2016) 2029-2042 2039

3 Ultimate tensile strength (UTS)-T6
&3 Yield strength (YS)-T6
350+ Ultimate tensile strength (UTS)
=3 Yield strenth (YS)

As-cast

Fig. 16 Comparison of ultimate tensile strength and yield
strength of thixoformed and thixoformed T6 alloys
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Fig. 17 Comparison of tensile elongation of as-thixoformed and
thixoformed T6 alloys

The same patterns were also observed after T6 heat
treatment, as shown in Figs. 16 and 17. For the
thixoformed A319 alloy, the ultimate tensile strength,
yield strength and elongation to fracture were 298 MPa,
201 MPa and 4.5%, respectively. In the case of alloy
THI1, the ultimate tensile strength, yield strength and
elongation to fracture were increased to 311 MPa,
237 MPa and 2.1%, respectively, while for alloy TH2,
the ultimate tensile strength, yield strength and
elongation to fracture were increased to 325 MPa,
251 MPa and 1.4%, respectively. As expected, increasing
the Mg amount resulted in the reduction of elongation to
fracture in the thixoformed alloys. The reduction of
elongation to fracture is attributed to the formation of
more Mg,Si as well as the changes in the Fe-rich
intermetallic compounds (AlgFeMg;Sis) that form in the
alloys with increasing Mg content. Furthermore, T6 heat
treatment, which gave a good response in the formation

of more Mg,Si and Al,Cu precipitates in the Al matrix,
also contributes to the increase of strength. The
precipitation sequence of Mg,Si that emerges in the
structure after the addition of Mg to Al-Si alloys is as
follows [31]:

Solid solution |Quenching| |Artiﬁcial ageing

treatment
— R ——
() (2) 3)

Sawrated . GP v 4 (Mg,Si) —= 7 (Mg:Si)
solid solution ZOnes

Saturated solid solution was obtained by heating the
alloy to its solvus temperature and then quenching it to
form GP zones. The instable and consistent phase
n(Mg,Si) and stable and inconsistent phase # (Mg,Si)
was obtained after the ageing treatment. The 7 (Mg,Si)
phase that was formed at the end of the sequence, made
the dislocation movement more difficult, and as a result,
the tensile strengths of the alloys were increased. On the
other hand, this situation led to the reduction in the
ductility of the alloys. It is evident from Fig. 17 that the
elongation to fracture was reduced as the Mg content was
increased.

3.5 Fracture surface analysis

Fracture surface analysis was performed on the
tensile fractured samples of the thixoformed and
thixoformed T6 alloys in order to understand the fracture
mechanism that occurred during tensile testing. As can
be seen in Fig. 18(a), the thixoformed A319 alloy has a
ductile fracture as evidenced from the cellular
morphology type fracture that is dominated by a dimple
structure, which is believed to have good ductility. In
contrast, the fractographs of alloys TH1 and TH2 in
Figs. 18(b) and (c) show a combination of ductile and
cleavage ruptures, respectively. This type of fracture
reduces the ductility of the alloys as evidenced by the
tensile results presented in Fig. 17.

As discussed in the previous section, T6 heat
treatment helped to increase the precipitation of fine
Al,Cu and Mg,Si, which help to improve the mechanical
properties of the alloys. Solution treatment at 505 °C for
8 h resulted in partial spheroidization of the Si particles
and provided a large surface area of ductile Al matrix.
Moreover, dissolution of a large proportion of Cu and
Mg occurred during this solution treatment. After the
solution treatment, the samples were aged at 158 °C for
4 h and this introduced noticeable changes in the general
rupture features. As shown in Fig. 18(d), the T6 treated
A319 alloys were dominated by dimple structure, and the
crack occurred by void initiation at the Si particle, which
helped to improve the ductility of the T6 thixoformed
alloy. In the case of alloys TH1 and TH2, as shown in
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(e) Alloy TH1-T6; (f) Alloy TH2-T6

Figs. 18(e) and (f), respectively, the fracture samples
show a cleavage rupture resulted from brittle fracture
behavior. Crack propagation between a(Al) grains, which
is believed to originate in the Si, Fe and Mg containing
phase, reducing the elongation to fracture of thixoformed
alloys TH1 and TH2.

4 Conclusions

1) It was observed that the A319 alloys containing
various amounts of Mg are suitable for the thixoforming
process. Increasing the Mg content in A319 alloy up to
1.5% enhanced the alloy response to T6 heat treatment.
Moreover, addition of 1.0% and 1.5% Mg resulted in the
formation of Mg,Si and Fe-rich intermetallic compound
AlgFeMg;Sis in the alloys.

2) It was determined that the addition of Mg to
A319 alloy resulted in slightly refining the size of silicon
eutectic in the alloys.

3) The alloy with the highest Mg content had the
highest tensile strength but this amount of Mg reduced
the elongation to fracture of the alloy. The tensile
properties of the T6 heat treated A319 alloy samples
showed a significant improvement when Mg was added.
The ultimate and tensile strengths recorded were as high
as 325 MPa and 251 MPa, respectively, in alloys that
contained 1.5% Mg. However, the elongation to fracture
was reduced to 1.4%.

4) The A319 alloys showed a ductile fracture
behaviour while the alloys with 1.0% Mg and 1.5% Mg
showed a mixed mode fracture behaviour, where dimple
and cleavage ruptures were seen on the fracture surface
of the sample. The thixoformed alloys subjected to T6
heat treatment showed a mixed mode fracture
behaviour, where a dimpled structure was dominant in
the samples. This indicates that the T6 thixoformed
samples have improved material ductility relative to the
thixoformed samples.
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OB MAARESEX MR A319 &4 BREAS BRI . &E1ES S0%IBAHI BET 38 Y,
X G & AT T6 HALHE ., RADEEEME. b7 R, RS, X HRATH MR R &4
BHTRAE. SRRWH, BETANAE SR IEEE. MEETRN 1.0% Fl 1.5%8, &&HEHREER AlFeMg;Sis
Ao BEEBES RGN, MY &S MBI, A E AR R A319 &EMPiRsReE . JuiRGERE
A K25 514 298 MPa, 201 MPa f1 4.5%. % TR0 1.5%Mg FIfil A st A319 &4, HEhE S rPihis
FE.JE HR SR EE A R 23 B8 325 Pay 251 MPa il 1.4%. i35 A319 A& RDUNTIE W, Tan 1.5%Mg
11 A319 & &RVVEEGWIRL, 166 &R 0L 2IH) 5 W 2R miR.
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