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Abstract

AZ61 magnesium alloy metal matrix composites (MMCs)
with different weight percentages (0, 1 and 2) of micro-
silicon carbide particles (SiCp) were fabricated using stir
casting method. Effects of SiCp on the microstructural
distributions, mechanical and fatigue properties, and
fracture surfaces have been investigated. The microstruc-
tural observations of as-cast MMCs unveil the existence of
primary o-Mg phase and the presence of large amount of
p-Mg;7Al;, secondary phase at grain boundary. The
specimens are subjected to homogenization heat treatment
at 410 °C for 24 h; the f-Mg,;,Al;, phases are significantly
dissolved in the matrix grain boundaries which enhance the
ductility and decrease the hardness compared with the as-
cast materials. The addition of SiCp reinforcement led to
improved yield strength (YS) and ultimate tensile strength
(UTS) of AZ61/SiCp composite compared to the unrein-
forced alloy. The maximum values of YS and UTS have
been attained at AZ61/Iwt%SiCp composites. The

enhancement of YS and UTS was due to the presence of a
uniformly distributed reinforced SiCp, which depends on
grain refinement of the matrix and strong interfacial
bonding between the matrix and reinforcement. In the case
of fatigue test results, the addition of SiCp reduced the
fatigue life and strength of AZ61 alloy composite. How-
ever, addition of Iwt%SiCp showed good mechanical and
fatigue properties compared to pure AZ61 magnesium
alloy and AZ61/2wt%SiCp composite. Furthermore, the
effects of addition of SiCp on the mechanical and fatigue
properties of the composite were confirmed by using the
scanning electron microscope observation of fracture
surfaces.

Keywords: AZ61 magnesium alloy, silicon carbide
particles, microstructure, homogenization heat treatment,
fatigue behavior

Introduction

Recently, the magnesium-based alloys/light metals are
gaining major interest as lightweight structural materials
for different industrial applications. This is due to the
requirement of high stiffness and strength to improve the
fuel efficiency and reduction in emissions. The density of
magnesium is less than that of aluminum and iron which
are mainly used in the automobile industries.! Furthermore,
magnesium-based alloys are very attractive materials for
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the production of load bearing components for steering
wheels, seat frames and gear box housing applications.
Such alloys are also used for structural applications
exposed to dynamic loading conditions involving
mechanical loading, thermal cycling and their combined
loadings.” However, magnesium and its alloys owing to its
hexagonal closed packed crystal structure have limited slip
systems. This leads to poor ductility, low formability, low
hardness and poor wear resistance at room temperature.’
In latest, aluminum-zinc (AZ)-based magnesium alloy has
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been gaining more attention, and specifically, the AZ series
AZ61 magnesium alloy is found of the promising alloy.°

As proposed in the recent studies,® the magnesium alloys
can be subjected to the heat treatment process to enhance
the mechanical properties. On the other hand, addition of
reinforcing hard particles into the magnesium alloy is one
of the best solutions to improve the wear resistance, creep
resistance, corrosion resistance behavior, stiffness and
hardness to improve the overall mechanical properties of
the material.” From recent studies, it can be seen that
addition of reinforcing particles (silicon carbide, aluminum
oxide, boron carbide, etc.) into the matrix of light metals/
alloys can improve the microstructural and mechanical
properties. Metal matrix composites (MMCs) are consid-
ered as isotropic materials, and its fabrication techniques
are similar to matrix materials. It is an effective approach
to attain two basic requirements such as light weight and
mechanical properties enhancement. But, as the existence
of trade-off between the two properties, it is challenging to
obtain optimal matrix materials easily.

The mechanical properties of the matrix materials can be
improved with the addition of reinforcement particles
depending on the size, type, shape and content of the
particles. Generally, the SiC particle (SiCp) is the most
commonly used reinforcement material for magnesium and
aluminum alloys, owing to its low cost, high hardness and
good compatibility. In addition to that, the tensile strength
of composites can be effectively improved by using SiC
reinforcing micron particles.® Micro-particles are very
economical because of their easy dispersion during fabri-
cation, and it has good mechanical properties.” The micro-
scaled composite reinforcement has an advantage com-
pared with nanoreinforcement in industries for achieving
higher modulus and strength because they possess a higher
volume fraction.'” AZ61 magnesium alloy with various
weight percentages (0, 0.5 and 1) of SiCp fabricated by stir
casting method followed by tubes hot extrusion revealed
enhanced tensile strength, yield strength and elastic mod-
ulus of the MMCs, but addition of more than 2.5% of SiCp
showed no significant effect.'""'> The addition of high SiCp
content with 9.8 and 26.3 wt% of SiCp (25 pm) synthe-
sized via decomposition melting deposition (DMD) tech-
nique enhanced the hardness, elastic modulus (E) and 0.2
offset yield tensile strength (YTS). The reason for the
improved hardness is due to the formation of Mg,Si phase
at the interface of Mg and SiCp.'*'* Furthermore, the
microplastic deformation behavior of AZ61/SiCp MMCs is
seen improved with applications of solution and aging heat
treatment processes and by reinforcing of SiC (3, 6, 9 and
12 vol %) with monolithic magnesium fabricated by stir
casting method. From various compositions of SiC/Mg
composites, it has been found that increased SiC particle
content increases the hardness values and tensile
properties'”.
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In standard practice, the fatigue behavior of MMCs can be
estimated based on two approaches: stress life approach
and strain life approach. Stress life approach (S-N curve) is
used to determine the stress range via Wohler S-N curve
(log—log graph of stress range versus a number of cycles to
failure).'® The study of fatigue behavior of MMCs is
necessary for structural design at high and low cycle fati-
gue conditions.'”™'? In the literature, the low cycle fatigue
properties of MMCs are not studied in detail regarding the
cyclic stress—strain relations and the mean stress effects.?
Furthermore, the fatigue initiation and crack propagation
characteristics of MMCs are critical for many high-per-
formance structural applications.”’ The existing results on
fatigue life prediction were based on the total strain energy
density method for both loading conditions of stress- and
strain-controlled low cycle fatigue.19 Many researches also
investigated the high cycle fatigue properties of equal-
channel angular pressing (ECAP) processed magnesium
alloys.”” Some studies showed that the plasma electrolytic
oxidation of AZ61 magnesium alloy results in high cycle
fatigue conditions in atmospheric air.”> And it also con-
cludes that SiCp reinforced AZ91D magnesium alloy
exhibited high cycle fatigue life than monolithic AZ91D.
In addition to that, the lower particle size of SiCp rein-
forced AZ91D magnesium alloys showed higher fatigue
life.**

The metal matrix composite (MMC) fabrication involves
stir casting, squeeze casting, powder metallurgy, and spray
casting and physical vapor deposition. Stir casting is the
easiest and economically feasible method to produce the
MMCs relative to all other fabrication methods. Hence, it is
used for mass production and to achieve uniform distri-
butions of the reinforced materials and to minimize the
porosity.”

The present work investigates the effects of micro-SiCp
weight percentages on the mechanical, fatigue strength and
cyclic life behavior of AZ61/SiCp magnesium MMCs
fabricated by stir casting method. The microstructural
properties of AZ61/SiCp MMCs are investigated using
optical microscope (OM), scanning electron microscope
(SEM) with energy-dispersive X-ray (EDX) and X-ray
diffraction (XRD) techniques. The tensile and fatigue
properties are characterized using MTS material testing
machine.

Experimental Procedures

Materials

The AZ61 magnesium alloy MMCs are fabricated by stir
casting method with different wt% (0, 1 and 2) of SiCp as
shown in Figure 1. AZ61 magnesium alloy was purchased

from Guangyu Technology Co., Ltd., and it is used as
matrix material. Silicon carbide powder with the size of
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Figure 1. Stir casting setup with major components and internal detailed sectional view.

10 pm was purchased from Jiehan Technology Corpora-
tion, and it is used as reinforcement. The chemical com-
position of the AZ61 magnesium alloy is shown in Table 1.

Fabrication Method and Specimen Preparation

In a crucible, different wt% of SiCp was added into the
AZ61 magnesium alloys at the initial stage and stirred at
the melting stage of AZ61/SiCp MMCs to get uniform
distributions of particles in the matrix. The casting tem-
perature was increased by 100 °C for each step of 15-min
interval, and the fiber cotton was used to prevent the heat
loss during casting. During the casting process, SF6/CO2
gas was passed into the crucible at 400 °C to prevent the
burning of AZ61 magnesium alloy MMCs at the melting
stage. Furthermore, argon (Ar) gas is applied at 700 °C to
prevent oxidation, especially during pouring of the melt to
the mold. The SiCp/AZ61 MMCs melt was stirred at
760 °C for 3 min with 2 stirrer impellers at a speed of
300 RPM. Finally, the melt is poured into the mold which
is placed inside the lower chamber of the furnace as shown
in Figure 2.2’ The mold was composed of stainless steel,
and it was not preheated prior to casting. It was cleaned
properly and placed in the lower chamber of the casting
furnace.

Table 1. Chemical Composition of the AZ61 Magnesium
Alloy

Al Zn Mn Fe Si Cu Ni Mg

595 0.64 0.26 0.005 0.009 0.0008 0.0007 Balance
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Figure 2. Circular mold used for casting process.

Two different batches of specimens are cut from the casted
ingots. First, the ingots cut with size of 10 mm x 10
mm x Smm for OM, SEM and XRD analysis and
microhardness studies. Secondly, the middle part of the
cast ingot is used to prepare the tensile and fatigue test
specimens according to the ASTM standards. Some of the
microstructure samples are kept in as-cast conditions and
remaining all the specimens which are prepared from the
ingots are subjected to heat treatment process (homoge-
nized) at 410 °C for 24 h to increase the ductility of the
material and to reduce secondary phases created during
casting.

Material Characterizations

The prepared microstructural analysis samples were pol-
ished using silicon carbide abrasive paper (100, 240, 600,
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1000 and 2000 CW) and then etched by 100 ml of ethyl
alcohol, 10 ml of distilled water, 5 ml of acidic acid and
6 g of picric acid for 25s of etching time. The
microstructure distributions and compositions of each
specimen were observed by using OM, SEM with EDS and
XRD analysis. Three samples were used for the grain size
measurements to determine the average grin size of the
composites. Similarly, metallographic specimens without
etching are used to identify the phase composition of the
composites using X-ray diffraction (XRD) (model Bruker
D2 phase) with Cu Ko radiation generated at 45 kV and
0.8 mA and scan rate of 0.04°/s in a 20 range 20°-80°.

Tensile and Fatigue Properties

The microhardness is investigated by Vickers micro-hard-
ness testing machine (Akashi MVK-H1) to examine the
effects of SiCp distributions on the enhancement of
microhardness. The hardness test measurements were sta-
tistically evaluated across a 1 mm scan with an average of
9 indentation readings for two samples.

The uniaxial tensile strength test is conducted to evaluate
the mechanical properties of the fabricated MMCs. Tensile
test specimens are prepared according to ASTM ES8 stan-
dard as shown in Figure 3a, and the test is conducted using
a 100KN MTS 810 testing machine at a constant dis-
placement rate of 1 mm/min at room temperature. Three
samples were tested from each composite sample, and the
average value was taken into the account for final results.

The load controlled low cycle fatigue test was carried out
using MTS Landmark® servo hydraulic testing machine
equipped with a 100 KN load cell at room temperature. The
tests were conducted at a constant frequency of 4 Hz and a

@) 20 mm 18 mm

v

®3.5 mm

(b)

stress ratio of R = — 1 (fully reversed tension—compression
condition). The fatigue test specimens were prepared using
ASTM E606 standard as shown in Figure 3b. The mean
stress (0, = 0) is taken with a stress amplitude of 50%,
30% and 20% of the ultimate stress. Three samples were
tested from each composite sample, and the average value
was taken into account for the final results.

In this study, the cast ingots were sent to the company to
prepare the specimens using Waterjet machine for tensile
and fatigue test with ASTM standard dimensions. Before
the testing process, the specimens were polished with 400
and 600 silicon abrasive papers to avoid the microcracks
induced from the machining process.

Results and Discussions
Microstructural Analysis

As shown in Figure 4, the microstructures of the as-cast
and homogenized AZ61/SiCp magnesium alloy MMCs are
characterized using OM. The OM microstructural obser-
vations of as-cast MMCs unveil the existence of primary o-
Mg phase and the presence of large amount of -Mg,Al;,
secondary phase at grain boundary. From observation, it is
also clear that the distribution of the SiCp is uniform and
nearly equiaxed grains of the matrix alloy and reinforced
composites. The uniform distribution of SiCp is due to the
stir casting parameters such as stirring speed, stirring time
and method of mixing. The existing B-Mg;;Al;, phase
being a brittle phase shows deleterious effects on
mechanical properties, and it forms a continuous network
on the grain boundaries (Figure 4a). The formation and
segregation of -Mg;,Al;, phases were more dominant and
dense in the as-cast AZ61 alloy without addition of SiCp

] dS5S mm
4% 4
%

Figure 3. Specimens for (a) tensile test and (b) fatigue test.
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Figure 4. Optical microscope observations of as-cast (a) pure AZ61, (c) AZ61/
1wt%SiCp, (e) AZ61/2wt%SiCp and homogenized (b) pure AZ61, (d) AZ61/1wt%SiCp
(f) AZ61/2wt%SiCp MMCs.

which demonstrates the presence of thick precipitates. The
role of B-Mg;Al, phases is detrimental in altering the
mechanical properties. Therefore, the addition of SiC leads
to reduce the thickness of B-Mgi;Al;, and refine the
microstructure of AZ61 alloy (Figure 4c and e).”**° When
the specimens is subjected to homogenization heat treat-
ment at 410 °C for 24 h, the secondary phases are observed
significantly dissolved in the matrix grain boundaries
(Figure 4b, d and f) which enhances the ductility and
decreases the hardness compared with the as-cast
materials.””

Grain size measurements are conducted with ImageJ soft-
ware, and linear intercept method is used to measure the
grain size and to validate the measurement accuracy. Ini-
tially, the grain size of the matrix material, AZ61 magne-
sium alloy, was seen as 56.42 pm. The addition of SiCp as
shown in Figure 4d and f refines the grain size of the
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matrix in AZ61/SiCp composites compared with the matrix
alloy (Figure 4b). Grain size of AZ61/1wt%SiCp and
AZ61/2wt%SiCp is obtained to be 41.49 pm and
50.93 pm, respectively. Overall, the grain size refinement
was attributed to the presence of SiCp which acts as a
heterogeneous nucleation sites of primary o-Mg grains and
restricts the grain growth during the solidification process
which is in fact incorporated with enhanced mechanical
properties.>*! However, the grain size of AZ61/
2wt%SiCp is lower comparatively to the 1wt%SiCp as
shown in Figure 5. Thus, higher weight percentage of SiCp
is not effective due to more aggregated particles and sec-
ondary phases during the stirring process which is less
significant to initiate heterogeneous nucleated site in
magnesium alloy compared with 1wt%SiCp.>* The average
grain size is evaluated from three samples for three images
of each sample.
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Figure 5. Average grain size of AZ61/SiCp.

The SEM and EDS microstructural analysis is carried out
to evaluate the microstructure of homogenized matrix alloy
and AZ61/SiCp MMCs as shown in Figure 6. The results
indicated that the distributions of secondary phases are
greatly affected by the homogenization heat treatment
process and the weight percentage of SiCp. And also, the
formation of different elemental compositions is observed
using EDS for the homogenized pure AZ61 magnesium
alloy (Figure 6a and b) (highly concentrated areas such as
Mg, Al, Mn and Zn) and for the AZ61/SiCp composites
(Figure 6¢-f) (Si element is found along with composed of
Al, Mg, Mn and Zn). The presence of SiCp results the
formations of the dendritic-shaped structure Mg,Si hard
and brittle phase with the form of Chinese script type
(Figure 6e).

X-ray Diffraction (XRD) Studies

Figure 7 shows the XRD analysis results of AZ61 mag-
nesium alloy, AZ61/1wt%SiCp and AZ61/2wt%SiCp
composites at cast and homogenized conditions to identify
different phases. As observed from Figure 7 at the
homogenized condition, the brittle Mg;7Al;, phase is dis-
solved in all three types of materials. The identified results
of XRD patterns show that the homogenized heat treatment
process influences to affect the diffusion and formation of
Mg;;Al;, on matrix alloy and AZ61/SiCp MMCs. As
shown in Figure 7b and c, intermetallic Mg,Si phase of the
Mg-Si system and SiC phase is detected with the addition
of 1 and 2 wt% of AZ61/SiCp MMCs at the as-cast and
homogenized conditions. The reaction processes for the
formation of intermetallic Mg,Si phase are given below.

4Al + 3SiC = ALC; + 3Si
Si + 2Mg = Mg,Si

Eqn. 1
Eqgn. 2

It is known that the SiC is thermodynamically stable in
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pure Mg.*® Therefore, the intermetallic Mg,Si phase
formations are due to the presence of aluminum in the
Mg alloy. From Eqn. 1, SiC reacts with the aluminum to
produce aluminum carbide, and as a result, the available
silicon content increases in the matrix. This contributes to
the development of the intermetallic Mg,Si phase as shown
in Eqn. 2. However, no direct evidence was found for the
formation of Al4C; from our experiment. The SEM
microstructure and EDS analysis (Figure 6¢, e and g) of
AZ61/SiCp MMCs obtained from the particle surface
suggests that the phases are complex reaction products
containing Mg, Al, Si, C and 0.3* The complex reaction
products are speculated as Mg,Si 4+ Al4C;. The detected
phases from XRD analysis were confirmed with the SEM
and EDS analysis (Figure 6). Similarly, from previous
work®® synthesized Mg alloy reinforced with SiCp
produce Mg,Si phase from the high-intensity ultrasonic
cavitation-assisted casting and stir casting process.

Mechanical Properties
Micro-Hardness

Generally, the micro-hardness of AZ61 magnesium alloy
MMCs is higher compared to the micro-hardness of pure
AZ61 magnesium alloy. Recent research work®’ investi-
gated the effect of adding Al,O3 and nanosized SiCp on the
tensile, compressive and micro-hardness behavior of
AZ31magnesium alloy composites, and it is found that the
addition of Al,O3 and nanosized SiC increases the strength
and micro-hardness. The effect of homogenization heat
treatment on the micro-hardness response of AZ61/SiCp
MMC:s is investigated by comparing with the micro-hard-
ness of as-cast AZ61/SiCp MMCs, as shown in Figure 8.
Before and after applying heat treatment, the addition of
different weight percentages of SiCp into the matrix alloy
showed a significant effect on the micro-hardness values.
The micro-hardness values of as-cast MMCs are increased
with increasing SiCp weight percentage, i.e., for pure
AZ61, it was 57.46 HV, for 1 wt% of SiCp it was increased
to 59.54 HV, and the addition of 2 wt.% of SiCp showed
62.8 HV micro-hardness values. Similarly, the micro-
hardness values for homogenized pure AZ61, AZ61/
1wt%SiCp and AZ61/2wt%SiCp were 56.94, 57.44 and
59.92 HV, respectively. Adding 1 and 2 wt.% of SiCp in
homogenized condition increased the micro-hardness val-
ues by 0.87% and 4.13%, respectively. Results indicated
that the addition of SiCp increases the micro-hardness of
the AZ61/SiCp due to the highly localized plastic defor-
mation restricted by the presence of hard ceramic particles
during the indentation.®® Besides, the reason behind the
decreased micro-hardness values of homogenized MMCs is
due to the dissolving and segregations of secondary phases
along the grain boundaries of the matrix materials as shown
in Figures 4 and 7.
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Figure 6. SEM and EDX images of homogenized (a, b) pure AZ61, (c, d) AZ61/1wt%SiCp, (e, f) AZ61/2wt%SiCp and
(g) EDS analysis at point A in (c and e) MMCs.
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Figure 8. Micro-hardness values of as-cast and homog-
enized AZ61/SiCp MMCs.
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Tensile Strength Behavior

The tensile strength tests are conducted at room tempera-
ture to evaluate the influence of different weight percent-
ages of SiCp and homogenization heat treatment on the
AZ61/SiCp MMCs. Figure 9 shows the engineering stress
vs. engineering strain curves of AZ61/SiCp MMCs, and the
ultimate tensile strength (UTS), yield strength (YS) and
elongation of the AZ61/SiCp MMCs are shown in Table 2
(extracted from the results presented in Figure 9). The
addition of SiCp from 0 to 1 wt% shows enhanced in UTS
(from 156.61 to 170.06 MPa) and YS (from 91.45 to
108.17 MPa), and strain at fracture increases from 4.62 to
4.47%. Furthermore, addition of SiCp from 1 to 2% leads
to the decrease in the UTS (from 170.06 to 166.64 MPa) as
well as YS (from 108.17 to 100.64 MPa). Correspondingly,
the addition of 2 wt% of SiCp/AZ61 MMCs decreased the
fracture strain from 4.47 to 3.44%. Therefore, the addition
of SiC reinforcement particles led to improvement in the
YS and UTS of AZ61/SiCp composite compared to the
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Figure 9. Experimental results of tensile test for stress—
strain curves of AZ61/SiCp MMCs.

Table 2. Mechanical Behaviors of AZ61/SiCp MMCs

Materials Ultimate 0.2% yield Elongation
stress (MPa)  stress (MPa) (%)

Pure AZ61 156.61 91.45 4.62

AZ61&1% SiC 170.06 108.17 4.47

AZ61& 2% SiC  166.64 100.64 3.44

unreinforced materials. However, the maximum values of
YS and UTS have been attained at AZ61/1wt%SiCp
composites. The enhancement of UTS and YS was attrib-
uted to the presence of a uniformly distributed reinforced
SiCp which depends on the grain refinement of matrix
grains and the formation of strong interfacial bonding
between the matrix and ceramic reinforcement particles.
The appropriate interfacial bonding between the matrix and
reinforcements is used to transfer the applied load from the
soft matrix material to hard reinforcement particles. The
addition of hard reinforcement particles increased the
composite performance to transfer more load from the
matrix to reinforcements which leads to the increased
strength of the composites.”® Moreover, the strength of
composites is improved due to the large dislocation density
raised from the thermal expansion mismatch and elastic
modulus mismatch between matrix and reinforcement.
Furthermore, addition of 2wt%SiCp into the AZ61 alloy
led to the decrease in YS and UTS of AZ61/2wt%SiCp
composites compared with AZ61/1%SiCp due to the
agglomeration effect of SiCp and the formation of high
amount of Mg,Si brittle intermetallic phase as shown in
Figure 6e.'' Therefore, significant amount of Mg,Si phase
bring detrimental effect on the mechanical properties. The
tensile test results are correlated with the microstructure
properties (Figures 4 and 5). The fracture strain decreased
with the addition of SiCp, which is due to the presence of
reinforcement particles and the localization of the matrix
deformation.
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Tensile Test Fracture Surface Analysis

After the tensile test, the fracture surface characteristics of
the AZ61/SiCp MMCs are studied using SEM analysis.
Many microscopic images have been used from each
sample to evaluate the fracture surfaces, and the most
feasible and representative image has been selected.
According to the previous literatures, the fracture surface
characteristics of brittle materials consist of inter-granular
fracture and cleavage type trans-crystalline rupture, while
the fracture surface consists of dimple structures that
results in ductile properties.®® As depicted in Figure 10, the
tensile fracture surface analysis of homogenized pure
AZ61 and AZ61/SiCp MMCs confirmed that the pure
AZ61 fracture surface has more dimples features with
small cleavage structures compared to the AZ61/SiCp
MMCs which indicates its ductile behavior (Figure 10a).
However, the addition of 1 wt% of SiCp content shows the
mixed features of fracture patterns and it is predominantly
quasi-cleavage (cleavage facets dimple) structures and
tearing ridges as shown in Figure 10b. Furthermore, Fig-
ure 10c clearly displays that the cleavage facets and tearing
ridge fracture surface patterns for the addition of 2 wt% of
SiCp which is a brittle fracture behavior. The tearing ridges
are visible in the 2 wt% of SiCp/AZ61 MMCs which is due
to the presence of micro-plastic deformations, and it often
results in brittle fracture and reduced elongation of MMCs.
Therefore, addition of SiC hard particles leads to refine-
ment and interfacial deboning between the matrix and
reinforcement. Increasing the SiC contends in AZ61 alloy
decreases the size and numbers of dimples and increase in
cohesion features of matrix and reinforcement. The pres-
ence of tough and hard particles reinforced with matrix
leads to the plastic flow at the interface. Due to that, the
fracture behavior of composites leads to change from
ductile to brittle failure which causes increase in strength of
the composites.

Fatigue Strength Behavior of SiCp/AZ61 MMCs

The fatigue tests are conducted at room temperature and
low cycle fatigue condition (< 10° cycles) and evaluated
by considering the influence of SiCp on the AZ61 mag-
nesium alloy MMCs. During the fatigue test, the loading is
applied with 50%, 30% and 20% of the ultimate load and
the obtained results are represented by using S—N curves as
shown in Figure 11 and the corresponding results are
shown in Table 3. Pure AZ61 magnesium alloy shows
significantly high fatigue life compared to the SiCp rein-
forced MMCs. In fact, the cyclic fatigue life difference
between the three materials such as pure AZ61, 1 wt% of
SiCp/AZ61 and 2 wt% of SiCp/AZ61 is increased with
decreasing amplitude stresses. At low number of cycles to
failure, the fatigue life of pure AZ61 magnesium alloy was
higher compared to the SiCp/AZ61 MMCs. However, the
endurance limits of pure AZ61 and 1 wt% of SiCp/AZ61
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Figure 11. S—N curve diagram for AZ61/SiCp MMCs.

MMCs are similar. In addition, the cyclic ductility
decreased owing to the presence of a significant amount of
SiCp which confirms the existence of brittle properties.
This is due to the increasing SiCp content in the matrix
which causes highly localized plastic damage due to the
reinforcement that leads to crack initiation.*°, *! Similar
results are also recorded in different literatures studying on
aluminum composites with increasing ceramic particle
volume fractions for low cycle fatigue analysis.*?, **

Fatigue Fracture Surface Analysis

The fatigue fracture surfaces of the homogenized SiCp/
AZ61 MMCs specimens are analyzed using SEM. Based
on the microstructural analysis, the overall fracture surface
and fatigue crack initiation modes are investigated. In the
case of samples extracted from pure AZ61, fatigue cracks
initiations are observed to occur at the edge surface of the
specimens as shown in Figure 12. In the case of SiCp/
AZ61 MMCs, the crack initiation sites are observed at
random locations inside the fatigue fracture surface of the
composite. In this case, the crack initiation and micro-
cracks are located at the SiCp—-AZ61 interface, secondary
phase—AZ61 interface and at a combination of the three
materials interfaces. The secondary phase precipitations
can be dissolved partly during the homogenization heat
treatment process which results in improved strength of
MMCs.** The overall fatigue fracture surface features of
pure AZ61 fatigue test specimens loaded by symmetrical
tension—compression loading and failed at 4.9 x 10*
cycles are shown in Figure 12. Features of fracture surfaces
of pure AZ61 showed the long propagation patterns and
fatigue striations followed by secondary cracks which
predict the higher fatigue life of pure AZ61 magnesium
alloy compared to SiCp/AZ61 MMCs as shown in Fig-
ure 12b and c. Furthermore, the higher fatigue life of pure
AZ61 was attributed due to its higher ductility.

Similarly, the fatigue fracture surface shown in Figure 13
was obtained by symmetrical tension—compression fatigue
loading of 1 wt% of SiCp reinforced MMCs specimens
which failed at 3.2 x 10* cycles. The red arrow shown in
Figure 13a indicated the fatigue crack initiation site

Table 3. Fatigue Behavior of SiCp/AZ61 MMCs

Load (%) Stress amplitude (MPa) Pure AZ61 AZ61/1%SiCp AZ61/2%SiCp
Cycles to failure (Ny)
50 78.304 290 65 30
30 46.899 49,180 32,280 7852
20 31.301 120,000® 114,000% 86,484
@Did not fail
International Journal of Metalcasting/Volume 15, Issue 3, 2021 789
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Figure 14. Fatigue fracture surface patterns of 2wt%SiCp/AZ61 MMCs failed at

7.8 x 10% cycles.

virtually at the center of the fracture surface of MMCs.
Moreover, fatigue fracture propagated along all the direc-
tions until the final fracture occurred. The fracture surface
in Figure 13b indicates the presence of weak interfacial
bonding between constituent phases. The formation of
interfacial cracks observed due to local stress-induced
plastic deformation of the MMCs matrix.*’ Therefore, the
surface analysis of 1 wt% of SiCp/AZ61 MMCs indicates
the co-existence of both ductile and brittle fracture phe-
nomena. The fracture surfaces are exposed to micro-cracks
when the fine particles are disaggregated from the matrix
alloy phase to form void nucleation, as shown in
Figure 13c.

Finally, the fatigue fracture surface of the 2 wt% of SiCp
reinforced SiCp/AZ61 MMC specimens was investigated.

790

The 2 wt% SiCp reinforced SiCp/AZ61 MMCs loaded by
the symmetrical tension—compression loading as shown in
Figure 14 showed the shortest fatigue life which failed at
7.8 x 10° cycles relative to the pure AZ61 and 1 wt%
SiCp MMCs. Due to the presence of Mg,Si and large
(2 wt%) amount of SiCp, different crack initiation patterns
are observed throughout the fracture surfaces.

Conclusion

In this work, the tensile and fatigue strength behaviors of
AZ61 magnesium alloy metal matrix composite reinforced
with different weight percentages (0, 1 and 2) of SiCp and
fabricated by stir casting method were investigated. The
experimental analysis of tensile and fatigue behaviors is
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conducted on the homogenization heat-treated samples.
From the comprehensive analysis, the following conclu-
sions are reached:

1.  The microstructural observations indicate the
existence of primary o-Mg phase and large
amount of B-Mg;;Al;, secondary phase at grain
boundary. Performing homogenization heat treat-
ment on the as-cast composite dissolves the B-
Mg,7Al;, phase into the matrix along its grain
boundaries. This leads to enhanced ductility and
decreases the hardness compared with the as-cast
materials.

2. The addition of SiCp increased the UTS and YS

of the MMCs. The enhancement of UTS and YS
was attributed to the presence of a uniformly
distributed reinforced SiCp which depends on the
grain refinement and of the matrix and strong
interfacial bonding between the matrix and
ceramic reinforcement particles. The appropriate
interfacial bonding between the matrix and
reinforcements is used to transfer the applied
load from the soft matrix material to hard
reinforcement particles.

3. The fatigue strength is decreased as the weight
percentages of SiCp contents are increased which
indicates that the fatigue properties of SiCp
reinforced magnesium metal matrix composites
are lower compared to the matrix magnesium
alloys.

4. The fatigue fracture surface from SEM observa-

tions of SiCp reinforced composites indicates the
crack initiation, propagation patterns, microc-
racks and void nucleation formation compared
with AZ61 alloy which are consistent with the
fatigue test results.
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