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Abstract

This paper presents the processing of magnesium alloys and its composite through different stir casting technologies. Design and devel-
opment of stir casting technology that is suitable for processing of magnesium alloys has been done in this study. The low-cost stir casting
processing of magnesium alloy and its composite with flux and without flux has been explained. The magnesium alloy and its composite have
been fabricated by both the stir casting process. The micro structural characterization and mechanical properties of the developed composites
has been evaluated. The optical emission spectroscopy of the developed alloy and factography of the developed alloy as well as composite
was also examined.
© 2018 Published by Elsevier B.V. on behalf of Chongqing University.
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1. Introduction

Design and development of lightweight and energy effi-
cient material are one of the major challenges for the 21st-
century designer. Magnesium has the potential to replace
steel, aluminum alloy, and plastic-based materials. Initially,
due to the high price, there were limited applications of mag-
nesium alloy. But recently, the interest in magnesium alloys
has increased because of gradually decreasing cost of magne-
sium alloys. Magnesium alloys has better solidification char-
acteristics over other cast metals such as copper and alu-
minum alloys [1]. Casting is one of the dominant manufactur-
ing processes for the magnesium-alloy components represent-
ing 98% of structural application of magnesium [2]. Fabrica-
tion of magnesium alloy and its composite is the great chal-
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lenge for engineers and scientist because of the high affinity
of magnesium towards oxygen. There are various synthesis
techniques developed for the casting of magnesium-based al-
loys and composites. Gravity sand and permanent mold pro-
cesses are used to produce high-performance aerospace and
defense components [3]. Melting and casting of magnesium
alloys in the vacuum-assisted inert atmosphere is one of the
best suitable and environment-friendly processes.

1.1. Melting and melt protection

Molten magnesium does not react with iron like molten
aluminum, which has a very high affinity with iron; therefore,
magnesium-alloys can be melted and held in a crucible made
of steel. If the magnesium alloy contains aluminum as an
alloying element then it may react with the ferrous crucible,
so to avoid this paste of boron nitride is used to provide a
coating on steel crucible. The use of metallic crucibles allows
the crucible to be supported from the top by means of a
flange, leaving the space below the crucible [3]. Fig. 1 shows
the metallic crucible with boron nitride paste inside.
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Fig. 1. Metallic crucible with flange.

Molten magnesium is prone to oxidation and burn, un-
less due care is taken to protect its surface against oxidation
Aluminium alloy forms a continuous impermeable oxide on
the molten bath that restricts further oxidation but in case of
magnesium alloys, they form a loose permeable oxide coat-
ing on the molten metal surface. This loose oxide coating
allows oxygen to pass through and support burning. Protec-
tion of the molten alloy using either a flux or a protective
gas cover excluding the oxygen is required. There are basi-
cally two methods for melt protection of magnesium alloys
as described in next two subsections.

1.2. Flux protection process

Protection of molten magnesium with the help of flux was
used before the development of gaseous protection. A small
quantity of flux (20% KCI, 50% MgCl,, 15% MgO, 15%
CaF, wt%) is placed at the bottom of the crucible and pre-
heated to dull red hot [4]. Some more amount of flux is
slightly sprinkled during melting, holding and casting [3]. Af-
ter the invention of the fluxless process (protective gas and
inert gas environment) for magnesium melting and casting,
application of flux protection process has been limited to grav-
ity casting methods or some special casting with high melting
point [3].

1.3. Flux less protection process

With the addition of flux, there was possibility in magne-
sium alloy to lose their ductility. Therefore, a fluxless process
using SF6 has been developed by the researchers in 1970s. A
process with the vacuum-assisted inert atmosphere for melt-
ing, holding and casting of magnesium alloy and its composite
has been developed.

1) Protection using SFs: Development of Flux less melting
using air/SFg, air/CO,/SF¢ or CO,/SF¢ as the protective
gas mixture was a great invention in melting, holding and
casting of magnesium alloys [5,6]. SFs is one of the ex-
tremely effective oxidation inhibitors for magnesium al-
loys. The formation of MF, during oxidation of magne-
sium tend to block the pore in the natural oxide MgO and
make it more protective [7]

2Mg() + 02(2) — 2MgO(s)

2Mg(1) + Oz2(g) + SFs(g) — 2MgF;(s) + SOsF,(g)

The fluxless production process of magnesium by using
SF¢ (nontoxic) as a protective environment is accepted by all
the leading manufacturer of the ingot producer and die casting
sections of the foundry industry. In the flux-less process, the
chance inclusion due to flux is eliminated.

However, SF¢ has very high global warming potential
around 24,000 times more than of CO,, because of very long
retention in the atmosphere (3200 years), which means that
emission of 1kg SFg is equivalent to 26.5 MT of CO; [7]

2) Protection using inert atmosphere: A process with the
vacuum-assisted inert atmosphere for melting, holding and
casting of magnesium alloy and its composite has been
developed to cater the disadvantage of using SFg, which
has high global warming potential. The safest way to pro-
tect magnesium alloy melt is creation of vacuum followed
by impingement of inert gas in a controlled amount. This
study is focused on the stir casting process by using vac-
uum pump followed by impingement of controlled atmo-
sphere of argon gas.

On account of safety, prevention of accident and accidental
precaution the weight of the vehicle has been increased by
approximately 20% since last two decades. As the weight of
a vehicle increases, the fuel consumption also increases in the
same proportion of the weight of the vehicle. So there is huge
pressure on the design engineer to search newer lightweight
material.

Using magnesium alloys is one of the solutions for re-
ducing the weight of the vehicle and most importantly it is
recyclable. Some polymer material may also be used as low-
weight material, but the cost of polymer material is very high
and their thermal properties are highly negotiable. For de-
signing and casting of magnesium alloy based metal matrix
composite, there are several variables on the basis of which
a new composite can be manufactured. The most important
variables are:

* Selection of processing methods.

* Selection of magnesium alloys.

* Selection of reinforcement by characteristics.

* Selection of reinforcement by size.

* Variation of the volume fraction of reinforcement.

The liquid metal casting is one of the best and economi-
cal processing method for processing magnesium alloys and
its composites. Depending on the use and application, most
suitable alloy can be selected from available series of alloy
or a new alloy may be created by adding a different alloy-
ing element in base magnesium. The reinforcements are also
available in different types and sizes. The size and volume
fraction of reinforcement plays an important role in the pro-
cessing of metal matrix composites.
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2. Literature review

The pure Magnesium has limited applications because of
its reactivity and corrosion in open atmosphere. But mag-
nesium alloy and its composite has wide applications be-
cause of its superior and lightweight properties. Magnesium
is the third most-commonly used structural-metal, after steel
and aluminum. By using magnesium alloys, there is huge
weight saving. Magnesium alloys can save weight by 70%
and 30 % if it is used in place of steel and aluminum alloys,
respectively. Magnesium and its alloys has many outstand-
ing properties relative to other engineering material such as
low density, high strength, great damping capacity, and ex-
cellent fluidity for casting, good elastic shielding effect, non-
magnetic, satisfactory heat conduction, and low-heat capacity,
negative electrochemical potential, recyclable and nontoxic.
These properties make magnesium and its alloys more at-
tractive to many industries particularly in automotive and
aerospace industries, where the strength to weight ratio is a
critical issue [8]. Magnesium offers significant opportunities
for lightweight applications in automotive, aerospace, power-
tools, medical, and 3C (computer, communication, and con-
sumer products) industries.

Magnesium casting is widely used by many well recog-
nized automotive companies including G.M., Ford, Volkswa-
gen and Toyota [9-16]. The major automotive magnesium
application include instrument-panel beam, steering compo-
nent, transfer case, door and radiator support. On addition
of hard reinforcement, the yield strength of the materials de-
creases but the yield strength increases as the percentage of
SiC particulate increases [17].

Historically, magnesium was used by German military air-
craft in world war-I and extensively in world war-II [18]. The
United States Air Force also used a large amount of Magne-
sium in long-range bombers B-36 and B-52 [25]. Magnesium
was also used by Soviet aircraft industry: TU-95 plane had
1550 Kg and TU-134 plane had 780 Kg of magnesium com-
ponent at a different location of airplane [19]. Unfortunately,
the use of magnesium in modern aviations has drastically re-
duced due to perceived hazards with magnesium parts.

Today’s use of the proper alloying element in magnesium
alloy, the corrosion resistant of magnesium has improved re-
markably [20]. Magnesium is not used in a structural applica-
tion by major aircraft manufacturers such as Airbus, Boeing,
and Embraer [19], but it is mostly used in helicopter industry
such as cast gearboxes and some other non-structural compo-
nents.

Historically, magnesium has been used as a piston in the
racing engine for ‘Indy 500 in 1921 B Dow Chemical [18] in
the United States. In 1925, Germany used magnesium piston
and there were more than 4 million of them in operation by
1937 [21]. Sand cast crankcase was another early application
of magnesium as an automotive material by Chevrolair in
1931 [22]. Crankcase and its housing also produced by high
pressure die casting in Germany [23].

The increasing environment and legislative pressure on au-
tomotive industry to produce lighter, high performance and

better fuel efficient vehicle resulted in the use of magne-
sium and its alloys. Leading automobile makers such as Audi,
Daimler Chrysler (Mercedes-Benz), Toyota, Ford, BMW,
Jaguar, Volkswagen, Fiat, Hyundai and Kia Motors Corpora-
tion have used magnesium-based materials in their automobile
parts.

The lightweight magnesium is widely used in electronic
devices for lightweight as well as heat transfer properties. The
density, fracture toughness, elastic modulus and compressive
strength of magnesium are similar to the human bone; due
to this, magnesium can be used as an implant in the human
body.

Magnesium and its alloys are mainly processed either
through solid (powder metallurgy) or liquid phase. The liquid
phase processing is more beneficial than solid phase process-
ing. This is due to high-processing cost of the solid phase,
limitations on thickness, lower ductility, and fracture tough-
ness, and required tedious handling of fine powders. The lig-
uid phase processing can be classified into the sand cast-
ing, high pressure and gravity die casting, squeeze casting,
semisolid metal (SSM) casting, stir casing, spray forming and
melt infiltration method, in-situ synthesis is examples of lig-
uid phase processes. Stir casting is more appropriate liquid
processing method [24-26].

Stir casting is one of the most economical processes for
the production of metal matrix composite due to its simplicity,
flexibility and less processing cost [28]. Stir casting process
is suitable for casting of magnesium alloy as well as mag-
nesium alloy composites. The addition of particle into the
matrix is done by different proprietary methods. The mixing
of particles into the molten metal was performed with the
help of stirrer. The main issue related to stir castings is an
agglomeration of the reinforced particle, settling or floating
of reinforcing particle and reaction between reinforcing phase
and matrix materials. To avoid these problems mixing of re-
inforcing particle can be done in a semi-solid condition of
the metallic matrix.

3. Experiments

A low-cost stir casting process has been developed in pro-
duction lab of Mechanical Engineering department at IIT
BHU Varanasi. The schematic diagram of fabricated set-up
with different components is shown in Fig. 2.

The fabrication of the actual set-up has been done as per
the details available in the schematic diagram. The maximum
rage of furnace temperature was 1000 °C and maximum stir-
rer speed was 600 RPM. The furnace has a rectangular shape
with round opening. Two stepped semi-cylindrical round ce-
ramics bricks were used to cover the opening of the furnace.
The speed of stirrer rod was controlled by a speed controller.
The actual snaps of set-up are as shown in Fig. 3.

In the existing set-up having DC motor with spur gear ar-
rangement (as shown in Fig. 4), there was no provision for up
and down agitation of stirrer rod. To provide vertical agitation
of stirring rod, another stirrer motor is used for holding stirrer
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Fig. 2. Schematic diagram of stir casting set-up.

Fig. 5. Modified arrangement of the stirrer.

rod. This modified stirrer motor having vertical movement ar-
rangement from 1 mm to 60 mm, is shown in Fig. 5.

The second stir casting process has been developed at
KNIT Sultanpur with the support of VB ceramics, the com-
ponent used in the furnace is supplied by VB ceramics, but
the argon gas with pressure controller was purchased in local
Sultanpur market. The schematic diagram of vacuum-assisted
stir casting is shown in Fig. 6.

The set-up is fabricated by using some electronic and me-
chanical controlling device. The vacuum pump is used to cre-
ate a vacuum inside the metallic crucible as well as die holder
to avoid oxidation of the molten metal. The inert gas impinged
inside the crucible as well as die holder area. The pressure
inside the crucible is just above the atmospheric pressure to
avoid entrapment of oxygen inside the molten metals. The
pneumatic valve is used to control the opening and closing
of the crucible hole. The air compressor is used to supply
compressed air to the pneumatic valve for opening and clos-
Fig. 3. Set-up of stir casting. ing of the valve so that pouring can be performed after uni-
form mixing of reinforced particle and matrix elements. The
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Fig. 7. Actual set-up vacuum assisted stir casting.

anti-chamber with double knob has been used for holding of
reinforcement. After successful melting of materials, the re-
inforcement is released from anti-chamber and stirrer motor
was also fixed in stirrer rod for stirring. The vacuum assisted
stir casting set-up is shown in Fig. 7.

Oxidation of Mg on upper
Side of the crucible

Fig. 8. Casted product of Mg using flux.

The stirrer speed is also controlled by varying current sup-
ply. The metallic crucible is protected by boron nitride paste
to prevent reaction of aluminum with the metallic crucible.
The sealing of furnace door and bottom was done by silicon
washer. Chilled water is used to circulate in the head of the
crucible to prevent damage of silicon washer. The die cav-
ity is also sealed to avoid oxidation of magnesium in the die
area. The die is made of cast iron in two parts for providing
easy removal of the casted product. The stirrer motor can be
placed at any position from 0° to 90°. This will facilitate the
positioning and clamping of stirrer motor as per requiremnt.
The casting of magnesium alloy based metal matrix compos-
ite has been successfully casted at IIT BHU, Varanasi and
also at KNIT Sultanpur.

3.1. The casting of Mg alloy at IIT BHU Varanasi

The casting of magnesium alloy was performed at IIT
BHU Varanasi by adding flux because there was no any vac-
uum or inert atmosphere available at the time of the casting.
Due to highly oxidative nature of magnesium, and non avail-
ability of proper flux, about 15% of the magnesium has been
oxidized into MgO and the remaining magnesium alloy was
defect free and very hard in nature. The image of magnesium
alloy casting at IIT BHU Varanasi is shown in Fig. 8.

3.2. The casting of Mg alloy and composite at KNIT
Sultanpur

Die casting of magnesium alloy and magnesium alloy
based metal matrix composite has been performed. The aver-
age size of SiC particles are 40 microns. The following steps
are involved in the casting of Metal matrix composite.

Step 1. Cleaning of metallic (Inconel) crucible.

Step 2. Coating of the inner wall of the crucible with boron
Nitride paste.

Step 3. Placement of Crucible and die at the proper place.

Step 4. Loading of Material (Mg alloy) in crucible and
reinforcement in Anti Chamber.

Step 5. Creation of vacuum in a crucible, die, and Anti-
chamber.

Step 6. The opening of Argon gas valve.
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Step 9. Ensure metal melts fully, allow stirrer to rotate for
30 min.

Step 10. Turn on pouring by an open switch.

Step 11. Turn off furnace switch.

Step 12. After 5 min, close the Argon gas purging.

Step 13. After 30 min, open the die cavity and release die
bolt and take the sample.

The sample, which is obtained by casting was solid cylin-
drical, defect-free and porosity free. The diameter of the cir-
cular sample is 39 mm and length is 200 mm. The snaps of
the casted sample are shown in Fig. 9.

Fig. 9. Sample of the casted product. . .
4. Results and discussions

Step 7. Repeat steps 5 and 6 three times for complete  4.1. Microstructure of composite
removal of oxygen.

Step 8. Close the pneumatic valve by the close switch and Microstructural study plays a very important role for es-
Switch on the furnace. timating the quality of the liquid metal processing technique

Fig. 10. Optical micrograph (a) 3% SiC in AZ91 (b) 6% SiC in AZ91 (c) 9% SiC in AZ91 (d) 12% SiC in AZ91 (For interpretation of the references to
color in this figure, the reader is referred to the web version of this article.).
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Fig. 11. Scanning electron micrograph (a) 3% SiC in AZ91(b) 6% SiC in AZ91(c) 9% SiC in AZ91 (d) 12% SiC in AZ91.

[27]. The optical, as well as scanning electron micrograph of
the magnesium alloy (i.e. AZ91) composite reinforced with
SiC particulate, has been obtained with help of ZEISS optical
and ZEISS FE SEM. The distribution of particle within the
composite was found as fairly uniform throughout the sample.
As the percentage of reinforcing particle increases, the grain
boundary refined and the SiC particle also entered in a hard
secondary phase of the alloys. During the process of solidifi-
cation of the composite, most of the particle were segregated
in the intergranular regions of the other growing grains.

Fig. 10 shows the optical microstructure of AZ91/SiC com-
posites, which contains 3%, 6%, 9% and 12% by volume of
SiC as a reinforcement. The blue arrows represent the pri-
mary phase o, red arrows show the secondary phase f and
yellow arrow show the porosity. Fig. 11 shows the SEM mi-
crograph of SiC particle reinforced AZ91 magnesium alloy
at different percentage of SiC (i.e. 3%, 6%, 9% and 12% by
volume). The FE SEM micrograph shows the fairly uniform
distribution of SiC particle in AZ91 metal matrix composite.

The arrow marks clearly show the distribution of reinforced
particle and micro-fractured surfaces at a higher resolution.

4.2. Ultimate tensile properties

The ultimate tensile strength of magnesium alloy (AZ91)
was found to be 187.67 MPa, which is higher than SiC par-
ticulate reinforced composite. The UTS of the 3% composite
was lower than UTS of the magnesium alloy as shown in
Fig. 12 and the UTS increases as the percentage of rein-
forcement increases. However, UTS of 12% by volume SiC
reinforced composite is higher than unreinforced alloy. The
difference of UTS in AZ91/SiC composite is due to its pro-
cessing technique, which is stir casting. For the as-cast AZ91
composite, UTS is usually lower than that of as-cast AZ91.
Because of the addition of any secondary hard phase particle
reduces tensile strength. Under the tensile load, strong inter-
nal stress lead to the formation of cracks in secondary phase
and particle coated with secondary phase. Both SiC particle
and secondary phases are very brittle, so the interface be-
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Table 1

The composition of magnesium as received from supplier.

1 2 3 4 5

Mg Al Si Zn Fe
99.600 0.129 0.073 0.045 0.032
6 7 8 9 10
Ag Pb Ca Mn Sn
0.031 0.018 0.017 0.014 0.010
Table 2

The composition of AZ91 magnesium alloy developed at KNIT Sultanpur.
1 2 3 4 5

Mg Al Zn Mn Si
88.467 10.240 1.017 0.089 0.086
6 7 8 9 10
Cu Pb Fe Sn P
0.026 0.020 0.020 0.017 0.007

tween SiC particle and large secondary phase cannot bear the
large strain. However, as the volume fraction of SiC particle
increases, the large secondary phases at SiC particle surfaces
reduced significantly and the size of secondary phase was also
refined. This leads to the increase in the strength and elon-
gation as the volume fraction of SiC particle increases. The
variation in UTS with variation in particle content are shown
in Fig. 12. The highest value of UTS at 12% by volume of
SiC particle.

4.3. Optical Emission Spectroscopy

The Optical Emission Spectroscopy (OES) analysis has
been performed to know the quantitative analysis of the pure
magnesium and magnesium alloy, which was developed at
KNIT Sultanpur by adding the appropriate amount of alloy-
ing element. Tables 1 and 2 show the elemental composition
up to 10 elements of the pure magnesium as received and
magnesium alloy developed by stir casting set-up.

4.4. Fracture behavior

The fracture behaviors of the magnesium matrix are found
as a combination of brittle and ductile like features in the
cases of AZ91/SiC composites. The dimple size in the frac-
tured surface decreases as the percentage of SiC increases.

Fractured surface morphology of the composite also re-
veals that small size dimple, cracks, shrinkage porosity and
cleavage fracture increase with an increase in volume fraction
of the reinforcement. Figs. 13—15 show the facto-graph of the
AZ91, and Figs. 16-19 show the facto-graph of the SiC par-
ticle reinforced composite by stir casting routes. The cracks
between surfaces are observed at a high magnification of the
facto-graph image.

From Figs. 13-19, it can be concluded that on addition of
SiC particulate, the materials seem to be slightly ductile in

20 ym EHT =20.00 kv
WD =13.6 mm
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Date :4 Jul 2017
Time :16:00:41

Fig. 13. Facto-graph of AZ91 at magnification 500x%.
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WD =135mm
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Date :4 Jul 2017
Time :16:01:34

Fig. 14. Facto-graph of AZ91 at magnification 1000x.
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Fig. 15. Facto-graph of AZ91 at magnification 5000x.
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Fig. 16. Facto-graph of AZ91 at magnification 500x.

nature. The reinforced particles were also clearly seen from
these Figs.

5. Conclusions

The following conclusion can be drawn from the fabrica-
tion and experimental experience of stir casting set-up devel-
oped at IIT BHU, Varanasi, and KNIT Sultanpur.

A. The casting of magnesium with composite is not suitable
with addition of flux during casting.

B. The vacuum assisted stir casting is one of the most suitable
process for magnesium and its composite.

20 pm EHT =20.00kV
WD=135mm

Date :4 Jul 2017
Time :16:13:19

Fig. 17. Facto-graph of AZ91 at magnification 2000x.

Mag= 200KX

2pum EHT =20.00kV
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Mag= 500KX

Date :4 Jul 2017
Time :16:14:25

Fig. 18. Facto-graph of AZ91 at magnification 2000x.

C. The ductility of the all the composite (i.e. with varying the
percentage of SiC in AZ91) is lower than the ductility of
the magnesium alloy.

D. The casted product from stir casting set-up developed at

KNIT Sultanpur was defect free and porosity free as well
as the distribution of alloying elements and the reinforced
particle was also uniform.

E. The ultimate tensile strength increases as the percentage of
SiC particle reinforcement increases in AZ91 magnesium
alloy.
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Fig. 19. Facto-graph of AZ91 at magnification 2000x.
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