Microstructure and Mechanical Properties of Si and Sb
Added AZ91 Magnesium Alloy
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The effect of Si (individual and combined) with 0.2 pct Sb additions on the microstructure and mechan-
ical properties of permanent mold AZ91 alloy has been studied. The results indicate that Si addition
introduces a Chinese script Mg,Si phase at the grain boundary along with the Mg;,Al,, -8 phase and
reduces ductility and strength of the alloy both at room and high temperatures. A small amount of
Sb addition modifies the Mg,Si phase besides distributing it evenly along the grain boundary. Improved
room- and high-temperature mechanical properties are observed in Sb added AZ91 + xSi alloys.
However, maximum properties are noticed with the alloy having the combined addition of 0.2 sili-
con and antimony. Fractograpy of tensile- and impact-tested AZ91 alloy shows cleavage and brittle
type of failure. Addition of Si reduces the quasi-cleavage planes, whereas Sb addition increases it

while also increasing the plastic zone.

I. INTRODUCTION

MAGNESIUM alloys have been widely used in auto-
mobile, aerospace, and electronic industries because of their
desirable combination of properties such as low-density high
specific strength and specific stiffness, improved damping and
electromagnetic shielding capacities, excellent machinability,
and good castability."'?! These alloys not only offer weight
reduction potential when used as structural material in trans-
portation vehicles but also improve the fuel economy and
emission regardless of the propulsion system used. During
the past decade, the use of magnesium alloy castings in the
automobile industry has increased at an impressive rate. AZ91
alloy, which contains 9Al-1Zn-0.2Mn, is the most widely and
commercially used Mg alloy system in the automotive indus-
try. Among the Mg alloy components used in transport indus-
tries, 90 pct are made from AZ91 alloy.”®! Even though this
alloy provides a wide range of room-temperature mechani-
cal properties, it does not exhibit good creep resistance.

To overcome this problem, alloys containing less aluminum
Mg-Al-RE (AE) Mg-Al-Si (AS) systems have been devel-
oped, and they have exhibited improved high-temperature
properties and are used in high-temperature applications.*!
The second phases such as MgRE and Mg,Si present in AE
and AS alloys, respectively, hinder the grain boundary move-
ment and thereby improve the creep properties. However, AS
alloys offer only borderline improvement in creep resistance,
whereas AE alloys have cost disadvantages due to costly RE
addition.! Moreover, these alloys are inferior in castability
compared to AZ91. Thus, their usage is restricted in high
integrity cast components. In the mean time, researchers have
started working to develop Mg alloys that provide high creep
resistance. Many experimental alloy systems such as Mg-Al-
Ca, Mg-Zn-Al-Ca, and Mg-Al-Ca have been developed. How-
ever, these alloys are not commercialized so far because of
their poor die castability. In the 1990s, work was initiated to
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modify the microstructure of the AZ91 alloy by introducing
thermally-stable intermetallics through addition of alloying
elements to improve high-temperature properties.”

Surface active elements such as Ca, Bi, and Sb are added
to AZ91 alloy to improve creep resistance. Wang et al.'% has
investigated the effect of Ca addition into AZ91 alloy and
has found that the Ca addition has refined the microstructure
and reduced the quantity of Mg;;Al;, phase by forming a
new Al,Ca phase. The Ca addition has also reduced the ambi-
ent temperature properties because of the fact that the Al,Ca
phase has low strength compared to Mg;,Al;, at room tem-
perature but confers to the elevated temperature strengthen-
ing of this alloy. Studies have been carried out on the bismuth
addition to AZ91 alloys,!”! which forms a high melting point
Mg;Bi (823 °C) phase, thereby improving the high-temper-
ature properties. Wang et al.®! and Yuan et al.™ studied the
effect of Sb addition on the high-temperature properties of
AZ91 alloy. The 0.5 pct Sb addition to AZ91 alloy has led
to a favorable microstructure by distributing the fine Mg;Sb
particles (melting point around 1228 °C) at the grain bound-
ary and refines the Mg,,Al,, precipitates, thus improving the
room- and high-temperature tensile properties.

It has also been reported!” that silicon added magnesium
alloys (AS41, AS21) have been shown to improve high-
temperature properties. A 1 pct silicon addition to die-cast AZ81
alloys improves the mechanical properties and creep resistance,
but reduces the ductility. However, reduced mechanical prop-
erties are reported in sand or permanent mold castings of Si
added Mg alloys, due to the presence of coarse Mg,Si phase.*>!!
Both Ca and P are normally added to refine the Mg,Si phase
in order to obtain improved mechanical properties.

In this study, individual and combined additions of silicon
(0.2 and 0.5 pct) and antimony (0.2 pct) have been carried
out in AZ91 alloy. Their effects on microstructure, on room-
temperature, and on high-temperature mechanical properties
have been studied.

II. EXPERIMENTAL

The AZ91 magnesium alloy used for this experiment was
prepared by melting together required quantities of commercially
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Table I.

Alloy Code and Major Chemical Composition of Alloys
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Fig. 1—Schematic diagram showing the casting dimensions and metal-
lography sample location.

available pure Mg, pure Al, pure Zn, and Al-10Mn master alloy.
Melting was carried out in a steel crucible in the resistance fur-
nace under proper flux cover. Silicon was added in the form of
Al-20Si master alloy and antimony in the form of Al-10Sb
master alloy. These additions were carried out when the melt
temperature was 700 °C. The melt was refined at 720 °C and
then held for 20 minutes for settling oxide particles. The melt
was poured into a die-coated metallic mold, which was pre-
heated to 250 °C. Five sets of castings were made with differ-
ent amounts of Si, with and without Sb addition, to study both
the individual and combined addition effects in AZ91 alloy.
The chemical composition analysis of these alloys was
carried out using an inductively coupled plasma spectrom-
eter (ICP Plasmascan, model LABTAM 8410). Antimony
analysis was carried out by the Gravimetric method. The
chemical compositions thus analyzed for the castings are
presented in Table 1. Microstructural samples drawn from
different castings of the same location (as shown in Figure 1)
were superficially ground using 4000 grit paper and then
polished with 0.25-um diamond paste subsequently etched
by an etchant (solution of 5 mL acetic acid, 10 mL H,O,
6 g picric acid, and 100 mL ethanol). X-ray diffraction studies
were carried out on the alloy containing different alloying
elements using a PHILIPS* PW 1710 powder diffrac-

*PHILIPS is a trademark of Philips Electronic Instruments, Mahwah, NJ.

tometer with Cu K, radiation. The composition of Si and
Sb bearing phases was examined in a JEOL,* JSE 35C scan-

*JEOL is a trademark of Japan Electron Optics Ltd., Tokyo.
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ning electron microscope (SEM) with an attached energy-
dispersive spectroscope (EDS).

Tensile specimens in accordance with the ASTM ES8
Standard were machined out from the castings and the room-
and the high-temperature (150 °C) tensile tests were performed
using an Instron universal testing machine (Instron Corp.,
England) with a crosshead speed of 2 mm/min. The impact
specimens of size 10 X 10 X 55 mm® having 2-mm depth
notch having 9-deg angle were also machined out and used
to measure the impact strength of the alloys at ambient tem-
perature using a Charpy impact test machine.

To understand the micromechanism of fracture, the frac-
tured surfaces of the tensile- and impact-tested specimens were
cut and cleaned with acetone solution using an ultrasonic vibra-
tor (Instron Corp., England) and examined using an SEM.

III. RESULTS AND DISCUSSION

A. Microstructure

Figure 2 shows the typical microstructure of permanent
mold cast AZ91 alloy. It consists of @-Mg solid solution
containing Al and Zn, and the divorced eutectic consists of
massive Mg,;;Al;, phase and supersaturated Mg solid solu-
tion.""?! Discontinuous precipitates of Mg;,Al,, are also
observed in the vicinity of massive eutectic. The presence
of zinc and comparatively faster cooling in permanent mold
produces divorced eutectic.!*!*!3 From SEM observations
(Figure 2(b)), it can be further confirmed that the AZ91 alloy
consists of two kinds of Mg;;Al,, particles having the same
composition. One is the massive Mg;;Al;, particles with
irregular shape and the other one is the small needlelike lam-
inar particles surrounding the massive particles. Continuous
cooling after the eutectic temperature leads to the formation
of laminar precipitates from the supersaturated eutectic
a-solid solution. The XRD analyses preformed on the AZ91
alloy shown in Figure 3 also confirm that the alloy consists
of two phases, viz., -Mg matrix and 3-Mg,;,;Al,, phase.

Figure 4 shows the microstructure of Si added AZ91 alloy.
When 0.2 pct Si is added to AZ91 alloy, a new Mg,Si phase
appears at the grain boundary in addition to the massive
Mg;,Al;, particles. In 0.5Si added alloy, the only microstruc-
tural change observed is the increase in the amount of Mg,Si
precipitates, and the Si bearing phase is well-defined Chinese
script (Figure 4(b)). Figure 5 shows the SEM photograph of
the alloy A3 focusing the Mg,Si Chinese script phase. Both
the EDX and X-ray analyses also confirm the presence of
the Mg,Si particles, and the morphology is consistent with
that reported in the literature.!'!! It is further noticed from
the microstructure that the addition of Si to AZ91 alloy does
not change the quantity as well as the morphology of the
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Fig. 2—Microstructure of AZ91 magnesium alloy: (a) optical micrograph
and (b) SEM micrograph showing two kinds of Mg;Al;, particles.

Fig. 4—Miicrostructure of AZ91 alloy containing Si: (a) AZ91 + 0.2Si and
(b) AZ91 + 0.5Si.
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Fig. 5—SEM micrograph showing Chinese script Mg,Si intermetallics in
Fig. 3—XRD pattern for the base alloy AZ91. alloy A3.
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Fig. 6—Micrograph of Sb added AZ91 + 0.5Si alloy showing the refined
Mg,Si particles.

Mg,;Al;, phase. The quantity is not changed for of two
reasons: (1) the possibility of the formation of any other
compound containing Al and Si is nil; and (2) the solid
solubility of Si in Mg is negligible. The microscopic exam-
ination also indicates that the added silicon does not change
the morphology of Mg;,Al;,. The EDX analysis performed
across the Mg;;Al;, phases indicates that there is no Si in
it. These facts confirm that Si does not act as a refiner or
modifier for the Mg;,Al,, phase.

Figure 6 shows the microstructure of 0.2Sb added AZ91
alloy containing 0.5Si. The addition of 0.2Sb has led to an
interesting microstructural change. The massive Chinese script
morphology of Mg,Si precipitates has been changed to a
fine polygonal shape besides distributing them evenly along
the grain boundaries. Further refinement in the grain size is
also noticed in the Sb added alloy. Microstructure of the heat-
treated (solutionized at 410 °C for 24 hours subsequently aged
at 200 °C for 2 hours) samples shown in Figure 7 confirms
the refinement in grain size (~60 wm) in alloy A4 (Fig-
ure 7(a)) as compared to the grain size (~80 um) observed
in alloy A1 (Figure 7(b)). The result of the X-ray diffraction
pattern of alloy AS presented in Figure 8 shows the peaks of
four phases such as Mg matrix, Mg;,Al;,, Mg,Si, and Mg;Sb,.
Even though the presence of Mg;Sb, phases is not clearly seen
from the optical micrograph, the secondary electron SEM
image and EDX spectrum on the center of the particle con-
firm the presence of Sb (Figure 9). The Mg,Si phase contains
black particles inside it, which are probably Mg;Sb,, which
might have acted as a nucleus for Mg,Si. However, the opti-
mum amount of Sb addition required to refine the Mg,Si pre-
cipitates for different levels of Si is to be studied in detail.

B. Mechanical Properties

1. Tensile properties

Figure 10 presents the tensile properties of the silicon (with
and without Sb addition) added magnesium alloy tested at room
temperature. It can be seen from the figure that the Si addition
reduces the room-temperature tensile properties compared to
the AZ91 base alloy. Reduction in both strength and elonga-
tion is observed for Si additions. The presence of coarse Mg,Si
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Fig. 7—Heat-treated microstructures showing grain size: (a) alloy A4 and
(b) alloy Al.
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Fig. 8—XRD pattern of alloy AS.
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Fig. 9—SEM photograph showing modified Mg,Si particles and EDS spectrum taken at the center of the particle.
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Fig. 10—Tensile properties of the alloys tested at room temperature.

phase in the Si added AZ91 alloys is the reason for reduction
in tensile properties; however, more reduction obtained in 0.5Si
added alloy is due to the presence of a large amount of coarse
Chinese script Mg,Si precipitates together with the Mg;Al;,
phase. Normally, in Si containing Mg-Al alloys (AS21 and
AS41 alloys), Mg,Si precipitates out as Chinese script mor-
phology due to slow cooling in the sand and permanent mold
castings compared to pressure die casting where the metal solid-
ifies faster. This reduces the mechanical properties, and because
of this the AS alloys are restricted to only die castings. !
This is due to the fact that crack will easily nucleate and develop
at the interface between the ductile Mg matrix and the coarse
Chinese script Mg,Si precipitates. In the present study also, the
number of cracked Mg,Si particles is confirmed from the micro-
graph (Figure 11) taken on the cross section just below the ten-
sile fractured surface of the Si added sample. This, along with
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Fig. 11—Optical micrograph showing fractured Mg,Si particles in alloy
A3.

the weak interface between the a-matrix and the B-Mg;,Al;,
phase, reduces the mechanical properties of the alloy.

The effect of Sb addition on the tensile properties of Si
containing AZ91 alloy can be clearly understood from Fig-
ure 10. The change in the shape of the Mg,Si precipitates
from the Chinese script to a pentagon shape greatly improves
the mechanical properties, particularly the ductility, when
0.2 Sb is added to Si containing AZ91 alloys. The ultimate
strength and ductility of 0.2 Sb added AZ91 + 0.2Si alloy
increase to 237 MPa and 6 pct, respectively compared to
the base alloy value of UTS (209 MPa) and elongation (4 pct).
The improvement obtained in strength and ductility with Sb
addition is due to the reduction in grain size and refinement
in the Mg,Si phase. Improved strength and ductility are also
obtained in A5 alloy compared to Al (base alloy) and A3
(without Sb) alloys, but it is less than the A4 alloy, which
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Fig. 12—Tensile properties of the alloys tested at 150 °C.

clearly indicates that the beneficial effects of Sb are reduced,
while the higher amount (0.5 pct) of silicon is added.

The elevated temperature (150 °C) tensile properties of
AZ91 alloy containing Si and Sb are shown in Figure 12. It
can be observed from the figure that, for all alloys studied,
both the UTS and yield strength get decreased in spite of the
improvement in ductility noticed at higher testing tempera-
ture. In spite of Mg,Si precipitate’s Chinese script morphol-
ogy, it improves the high-temperature resistance of AZ91 alloy
to some extent. The percentage of reduction in strength with
Si addition is found to be less, as compared to the base alloy,
even though strength (YS and UTS) values obtained are less
than that of AZ91 alloy. In A4 and A5 alloys, both the strength
and ductility values are found to be higher as compared to
the base alloy. This can be explained by the fact that mechan-
ical properties of an alloy consisting of a ductile phase and a
hard brittle phase will depend on how the brittle phase is
distributed in the microstructure. The condition of optimum
strength and ductility is obtained when the brittle phase is
present as a fine dispersion uniformly distributed throughout
the soft matrix.!'®! In the present case, fine and evenly dis-
tributed Mg,Si precipitates due to the addition of a small
amount of Sb improve the mechanical properties.

As far as AZ91 alloy is concerned, at room temperature,
the main strengthening element is Mg;;Al;, intermetallics.
However, this intermetallic has a low melting point (437 °C)
and has a tendency to become coarse at elevated tempera-
ture, i.e., above 100 °C, and no longer acts as a barrier for
dislocations.!'”181 Moreover Mg;,Al,, has a cubic crystal
structure, which is incoherent with the hcp magnesium
matrix.['”! Therefore, this phase leads to the poor elevated
temperature properties of AZ91 alloy. Addition of Si to AZ91
alloy forms Mg,Si precipitate, which has very high melting
point (1102 °C) and thermal stability compared to Mg;,Al;,
precipitates, because Si diffuses very slowly in Mg at higher
temperatures.**! Moreover, Mg,Si precipitates in the refined
form with the Sb addition, effectively acts as a dislocation
barrier at elevated temperature and pins the grain boundary,
hence improving the elevated temperature behavior.

2. Impact properties
The impact properties of Si and Sb added to AZ91 alloy
are presented in Figure 13. It can be deduced from the fig-
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Fig. 13—Effect of Si and Sb addition on impact strength of AZ91 alloy.

ure that the addition of Si reduces the impact properties of
the base alloy. However, the Sb added AZ91 + 0.2Si alloy
yields higher impact strength than the base AZ91 alloy. It
can be further noticed that again for high (0.5 pct) Si added
alloy, the impact strength is reduced in spite of Sb addi-
tion. This is due to the fact that the impact strength is directly
related to the ductility of the alloy, and the presence of a
higher amount of coarse, brittle, Chinese script Mg,Si pre-
cipitates due to the addition of 0.5 pct Si to AZ91 alloy
reduces the ductility. The change in morphology of Mg,Si
precipitates in A4 alloy due to Sb addition has improved the
ductility and hence yields higher impact strength.

It is worth mentioning here that even though the addition
of Si and Sb improves the mechanical properties, the effect
of these additions on the corrosion properties needs further
investigation. However, it is already reported in the litera-
ture that addition of Si to Mg-Al alloys does not affect the
corrosion properties due to the fact the Mg,Si precipitates
exhibit corrosion potential similar to that of magnesium and
hence have a negligible influence on corrosion resistance.?!!

C. Microfracture Mechanism

Figure 14(a) shows the fractograph of the tensile fractured
surface of AZ91 alloy tested in ambient temperature. In gen-
eral, the fracture surface reveals cleavage type of failure with
some secondary cracks (A in Figure 14(a)). Many cleavage
planes (B in Figure 14(a)) with cleavage steps of different sizes
and river patterns (C in Figure 14(a)) indicate the brittle fail-
ure. The river pattern represents steps between different local
cleavage facets of the same general cleavage plane. In AZ91
alloy, the Mg;,Al,, phases are discontinuously precipitated in
coarse lump shape and are very susceptible to fracture because
of their brittleness.”! When load is applied, microcracks are
initiated here and they are readily connected to grain bound-
aries, thereby making the AZ91 alloy brittle. However, in some
region, a quasi-cleavage plane (D in Figure 14(a)) with shal-
low dimples and severe plastic deformation is also seen.

The improvement in ductility in the alloy obtained at
150 °C can be correlated to the fracture surface, which
shows greater deformation zone (E in Figure 14(b)); how-
ever, the cleavage plane with secondary cracks noticed along
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Fig. 14—Tensile fractograph of AZ91 alloy at (a) RT and (b) 150 °C. (A)
secondary crack, (B) cleavage plane, (C) river pattern, (D) quasi-cleavage
plane, and (E) plastic deformation.

with the deformation zone ensures the brittle fracture (Fig-
ure 14(b)). More cleavage facets connected with tearing
ridges and shallow dimples ensure the high elongation val-
ues obtained at 150 °C temperature. This is likely due to
the introduction of additional slip planes such as pyramid
and prismatic planes through which cross-slip takes place
at elevated temperature.?*!

With 0.2Si addition, well-defined cleavage planes with
multiple secondary cracks are observed (Figure 15(a)). Cleav-
age planes without river pattern observed indicate that the
grain may have been orientated at a right angle to the main
tensile axis, causing the fracture to propagate very easily on
a single plane.?” While comparing the fracture surface of
the base alloy (Figure 14(a)), the plastic zone in the Si added
alloy is confined rather than distributed due to the presence
of coarse and brittle Mg,Si particles, which make the alloy
more brittle. This is further supported by the number of
cracked Mg,Si particles noticed from the micrograph of
the tensile fractured surface of Si added sample (Figure 11).

Addition of Sb changes the fracture mode from cleavage
to quasi-cleavage, which is evident from the fracture sur-
face where the presence of a greater number of plastic zones
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Fig. 15—Tensile fractograph of AZ91 alloy containing (a) 0.2 Si and
(b) 0.2 Si + 0.2Sb. (A) secondary crack, (B) cleavage plane, (D) quasi-
cleavage plane, and (E) plastic deformation.

has spread over the entire fracture surface, as seen in Fig-
ure 15(b). In quasi-cleavage fracture, the cracks initiate
and grow locally and finally form a pitlike morphology on
the fracture surface. The bottom of the pits is not made up
of strict cleavage planes, but consists of several, albeit some-
what sunken, planes with secondary cracks.!>>! Many quasi-
cleavage facets connected by tear ridges and shallow dimples
ensure the high ductility and strength obtained in this alloy.

Figure 16 shows the fractograpy of impact specimens.
When sudden impact load is applied, the stress distribution
is nonuniform, which leads to different fracture behavior in
different parts of the specimen.?®! This makes the fracture
process more complicated. The fracture surface of AZ91
alloy once again exhibits the brittle fracture having cleav-
age planes with river pattern (Figure 16(a)). More tearing
ridges and deformation are seen than the tensile fracture sur-
face. Cleavage tongues (F in Figure 16(a)) are also observed
in some cleavage facets, which can be related to mechani-
cal twinning. Tongues are believed to have formed by local
fracture along with a twin-matrix interface.'*”? These twins
are formed as a result of the high rates of deformation in
front of the advancing crack.
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Fig. 16—Fractograph of impact tested specimens: (a) AZ91, (b) AZ91 +
0.2 Si, and (c) AZ91 + 0.2Si + 0.2Sb. (A) secondary crack, (B) cleavage
plane, (C) river pattern, (D) quasi-cleavage plane, (E) plastic deformation,
and (F) cleavage tongues.

Less tearing zone observed with 0.2Si added alloy surface
(Figure 16(b)) as compared to Figure 16(a) can be related to
the marginally reduced toughness obtained in the alloy. Since
the impact load is applied instantaneously, only little time is
available for the microcracks to grow and coalesce. Once the
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main crack is formed at the rear surface (notch tip side fracture
surface), it grows fast and leads to failure. However, some
secondary cracks seen on the fracture surface are due to the
distribution of the stress.”®! However, more tearing ridges
and plastic zones seen in the Sb modified alloy (Figure 16(c))
prove that more energy is observed during deformation, which
leads to high impact toughness.

IV. CONCLUSIONS

Silicon addition to AZ91 alloy forms coarse Chinese script
Mg,Si precipitates at the grain boundaries along with Mg;Al,,.
The addition of 0.2Sb to the Si added AZ91 alloy not only
modifies the Chinese script Mg,Si phase to a favorable pen-
tagon shape but also distributes it evenly. Both the room and
elevated temperature tensile properties are found to improve
with the Sb addition; this overcomes the reduction in tensile
properties obtained in Si added AZ91 alloy. The maximum
property improvement is noticed with 0.2Si + Sb added AZ91
alloy. The fracture mode is influenced by the Si and Sb addi-
tions. The Si addition introduces more cleavage planes,
whereas the Sb addition increases the plastic deformation.
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