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The driving force behind the efforts to develop magnesium metal matrix composites (MMC) via
high-pressure die casting is the requirements for advanced applications under severe operational conditions
in terms of stress, temperature, and corrosion resistance. Therefore this study aims to explore the
mechanical properties of die cast Mg-MMC in terms of hardness and strength, as well as its corrosion
resistance. AZ91D was chosen as the most commonly used magnesium alloy. The choice as the reinforce-
ment agent that has to be an economical and non-reactive addition was silicon carbide particles (SiCp) with
an average particle size of 10 pm. The challenge was production of high quality, homogeneous material with
good mechanical properties and acceptable corrosion resistance. The results revealed the advantages of a
die cast Mg-MMC as a new attractive alternative for advanced structural applications that can be used for

mass production.
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1. Introduction

In order to obtain high quality, sound components of die cast
Mg-MMC, the main challenge is the optimization of die casting
process to achieve uniformity and reproducibility given the
condition that the matrix alloy and the reinforcement are
suitable (Ref 1-4). Only then could a new attractive material
presenting superior mechanical properties be expected.

The desired mechanical properties in terms of wear, tensile,
and fatigue under high stresses and temperatures need also be
coupled with improved physical properties, such as thermal
conductivity, thermal expansion, and dimensional stability. In
this regard, the Mg-MMC alloys can be “tailored” according to
the application requirements with a critically established
amount of reinforcement particles (Ref 5). Currently, only
squeeze casting or infiltration methods are being used for the
production of MMC components. These previous investiga-
tions have shown that the undesirable reactivity between SiC
phase and AZ91 alloy matrix was reduced as compared to the
other alloys of magnesium (Ref 6-8).

This work attempts to assess the challenges involved in the
production of Mg-MMC materials via HPDC and process
optimization, and evaluates the effects of the reinforcement
particles on the properties and performance of this new
material.
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2. Experimental Procedures

The production procedure of magnesium metal matrix
composite (Mg-MMC) by die casting consists of two main
stages, namely incorporation of reinforcement particles into
molten alloy AZ91D and die casting of a part using this
mixture.

2.1 Materials

The most common die casting Mg alloy was selected as
matrix material.

Table 1-3 presents the chemical compositions of ingot and
die casting forms, physical and mechanical properties of
AZ91D.

The matrix alloy was reinforced by SiC particles, which
were 10 pm in average size. The chemical composition and
properties of the SiC used in the present investigation are
shown in Table 4 and 5, respectively.

Two different mixing ratios, 5 and 10 wt.%, were used for
composite production. This upper limit of 10% was set by the
high-pressure die castability of the mixtures. Higher quantities
of SiCp addition, e.g. 15 wt.%, proved extremely difficult due
to sticking problem in the die.

2.2 Material Preparation

The aim of the optimization procedure is to minimize
chemical reactions between the molten metal and the particles
during processing, to produce composite materials with homo-
geneous distribution of reinforcement particles and a minimum
level of microstructural defects.

Extensive trials showed that a number of parameters were
very important for the optimization of the process. The molten
alloy temperature before the introduction of SiCp and the
casting temperature are two of the important parameters to be
controlled carefully. Furthermore, the pattern of introduction of
SiCp and stirring parameters themselves were critically impor-
tant to achieve good quality composite structures.
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Table 1 Chemical compositions of AZ91D (in wt.%)

State Al Mn Zn Sinax Cuppayx Nipax Fewmax
Ingot 8.5-9.5 0.17-0.4 0.45-0.9 0.05 0.025 0.001 0.004
Die cast 8.3-9.7 0.15-0.5 0.35-1.0 0.10 0.030 0.002 0.005
Table 2 Physical properties of AZ91D
Density, Solidus Liquidus Casting Latent heat, Specific heat, Thermal
g/em® temperature, °C temperature, °C temperature, °C kJ/kg kJ/kg K conductivity, W/K m
1.81 437 598 660-680 370 1.02 51.0
Table 3 Mechanical properties of AZ91D Table 4 Chemical compositions of SiC
TYS, UTS, E, Impact, Young’s Hardness Components SiC SiO, C Si ALO;3 Fe,03
MPa MPa % J/em? modulus, GPa Brinell

Wt.% 98.0 075 040  0.60 0.20 0.005
160 240 5 4 45 70
Table 5 Mechanical and physical properties of SiC
Density, Bending Compressive Young’s Hardness Thermal Thermal
g/em® strength, MPa strength, MPa modulus, GPa Vickers, GPa expansion, 107 ¢ K™! conductivity, W/K m
32 400 2200 400 245 35 100

About 16 kg AZ91D ingots were re-melted in steel crucible N~ 7

up to 640 °C under the protection of a gas mixture of 99.5%
CO; + 0.5% SFg. Reinforcement particles (SiCp) were pre-
heated to 700 °C under argon atmosphere. The following three
methods were tried to introduce SiCp particles into the molten
alloy:

1. Entry of a package of particles wrapped in aluminum foil
into the melt during stirring.

2. Entry of the lose particles through the free surface of the
molten alloy during stirring.

3. Bottom entry of the lose particles during stirring of the
melt through a spill immersed in the melt.

The best results were obtained using the third method. The
rate of particle feeding was about 150 g/min that was
determined by the diameter of the spill. This rate also seemed
to allow a good mixing and a homogeneous dispersion of the
particles in the molten metal. A schematic drawing of the
experimental setup for this method is given in Fig. 1.

Following the introduction of the particles while stirring the
melt, the stirring was stopped and the melt was held for 2 h in
order to achieve good wetting of the particles by the molten
metal (Ref 8). Using holding time shorter than 2 h resulted in
undesirable increased porosity. Following this the stirring was
resumed for 15 min. Stirring was done at a frequency of 10 Hz,
which is sufficient for a good intensive stirring (Ref 9). The
effect of insufficient stirring of the melt is presented in Fig. 2.
Figure 2(a) shows the microstructure achieved after 5 min
stirring and Fig. 2(b) presents the case where the stirrer rotation
velocity is kept low. The result of optimized stirring conditions
is illustrated in Fig. 2(c), i.e. the stirrer rotation velocity 10 Hz
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Fig. 1 Experimental crucible equipment

and stirring time 15 min. In general, it was evident that
inadequate stirring process resulted in an inhomogeneous
dispersion of the SiC particles in the alloy matrix and
consequently non-homogeneous properties of the MMC mate-
rial system.

The flow chart of the optimized production procedure is
given in Fig. 3.

2.3 Gasting Procedure

Tensile, creep, fatigue, immersion corrosion, and impact
strength specimens were die cast using MRI’s (Magnesium
Research Institute) IDRA OL-320 cold chamber die casting
machine with a locking force of 345 ton, and a special die
(Fig. 4) containing cavities of required dimensions for each of
the specimen types. The gates area is 0.57 cm?.
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Fig. 2 Influence of stirring process on microstructure: (a) short stirring period, (b) low stirring velocity, and (c) optimized stirring conditions
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Fig. 3 Flow chart showing the optimized processing sequence and
conditions
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Fig. 4 Schematic drawing of the die containing various specimen
cavities

Shot-sleeve filling ratio was about 30% and conducted at a
temperature of 200 °C. Sticking phenomena was evaluated in the
gates area (the smallest transverse cross section through which
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the metal is introducing into the die cavities), considering the
variation of viscosity as a result higher gate velocities (Ref 10,
11). Thus the die-sticking problem was eliminated by reducing
the die surface temperature from the originally used temperature
of 200 °C for AZ91D, to 150 °C, and by employing richer
lubrication of the dies (Ref 12). As it was described above, the
MMC with 15 wt.% SiCp was regarded as non-castable in terms
of sticking near the gates area, for which our optimized
conditions were not effective. In order to avoid sticking, gates
areas would have to be increased, which would then result in a
decrease in the gate velocity and elimination of defects.

2.4 Microstructural Examination

The microstructure of the specimens was examined using an
SEM (JOEL JSM-35C with a resolution of 60 A, operated at
25 kV), and a light microscope (Nikon Metallurgical Micro-
scope OPTIPHOT). The specimens for microscopy were
prepared by standard wet grinding using SiC abrasive papers
and diamond paste followed by etching with oxalic acid. The
microstructure images were taken from the same areas of the
castings to have comparable cases. Grains size analysis was
based on line intercept method, which is a standard procedure
in quantitative microscopy. In this method the number of grains
along each line is counted and the average grain diameter is
calculated (according to the line length, image scale and
magnification). The following equation presents the grain size
measurement technique.

Dimensional Length [m]

1
Grain Si =
rain Size [u] Magnification x <Nuclei Counted)

2.5 Tensile Tests

The tensile specimens with the gage length of 750 mm and
diameter of 6 mm were prepared in accordance with the ASTM
B557M standard. Mechanical properties were tested using an
Instron 8500 series tensile testing machine with a crosshead
speed of 0.2 mm/min up to tensile yield strength (TYS) and
0.5 mm/min for the remaining of the tests up to rupture.

2.6 Hardness

Macro hardness of Mg and Mg/SiC samples was determined
using the Rockwell F scale. Rockwell hardness measurements
were made using a 1/16 in. diameter steel ball indenter with a
60 kgf test load, in accordance with ASTM E18-92 standard.
The measurements were performed on rectangular specimen
having the dimensions of 10 x 10 x 100 mm.
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Fig. 5 Wear resistance testing machine designed at MRI
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Fig. 6 Schematic diagram showing block-on-ring wear test ring

2.7 Density Measurements

The densities of samples were determined using the
Archimedes’ principle to quantify the volume fraction of
porosity. The density measurements involved the weighing of
samples in air and when immersed in distilled water. The
densities, derived from the recorded weights, were then
compared to the theoretical densities based on the rule of
mixtures from which the volume fractions of porosity were
calculated. At least ten specimens were taken into consideration
to obtain an average density for each material. The specimens
were taken from all areas of casting.

2.8 Wear Resistance Testing

The wear tests on Mg alloys were conducted on a block-on-
ring type wear resistance testing machine, which was developed
at MRI. The equipment is shown in Fig. 5.

The test conditions were as follows: sliding speed 300 rpm
(about 1.9 m/s), sliding time 60 min (about 2909 m in sliding
distance), and loads 5-120 N.

A schematic illustration of the test is given in Fig. 6.

The weight losses were calculated based on the weight of
the specimens (6 x 6 x 10 mm) before and after the wear tests.
The wear rate, defined as the weight loss percentage per unit
sliding distance, was then plotted against load in order to
compare different samples.

2.9 Corrosion Immersion Test

Corrosion tests were performed according to ASTM standard
B117. This standard requires the use of 5% NaCl test solution at
pH 11.5 and a cabinet temperature of 35 °C. Round specimens of
10 mm diameter and 100 mm length were exposed for various
lengths of time, namely 24, 48, 72, and 96 h. At the end of each
test, the corrosion products were cleaned by immersion in
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4 Salt immersion for 5 minutes <
in 1% NaCl solution

\4

10 hour humid environment
49°C and 95% - 100% rH.

One Cycle

A4

14 hour dry environment
30°C +2°C, and 30% rH.

Five Cycles per week (Friday -Saturday dry environment), Total 3 weeks

Fig. 7 Cyclic corrosion test experimental procedure

chromic acid solution (180 g CrOj; per liter solution plus 1%
silver nitrate) at 80 °C for about 20 min, and the weight loss is
determined after rinsing with hot water and drying in a stream of
air. The weight loss is used to determine the average corrosion
rate (C.R.) over the test period in mille-inch per year (mpy).

2.10 Cyclic Corrosion Test

In order to simulate the behavior of material during service
in vehicles, the cyclic procedure employed is shown in Fig. 7.

Specimen’s type, cleaning after test, and weight loss
determination procedure were all similar to those of the
corrosion immersion test.

2.11 Electrochemical Testing

Electrochemical polarization experiments were carried out
using round specimens which were immersed in a corrosion
cell containing of 3.5% NaCl solution with the steady state pH
of 10.5 and a polarization scan rate of 1 mV/s.

3. Results and Discussion

3.1 Microstructure

Figure 8 shows the homogeneous distribution of SiCp
except for a skin layer. The particle distributions can be
evaluated for various distances from the surface.

The matrix microstructure of MMC is typical of the HPDC
structure with a bimodal grain size distribution (Fig. 9). The
average grain size increases as the distance from the surface
increases. It can also be noticed that the average grain size of
AZ91D matrix decreases with increasing percentage of rein-
forcement.

The average grain size of the microstructures given in Fig. 8
and 9 was determined by using line intercept method, and the
results are given in Fig. 10.

It is evident that the microstructure became finer as the
percentage of SiCp increases. The reinforcement particles
probably facilitate the nucleation of new grains during solid-
ification, thus reducing the average grain size. The effect was
also observed during MMC fabrications using other casting
methods (Ref 5, 9).

A good wetting of reinforcement particles by the matrix is a
prerequisite for the success of the MMC to ensure the load
transfer across the matrix/particle interface. Figure 11 shows
the level of wetting and the resulting good adherence at the SiC
particle surfaces.
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Fig. 9 The microstructure of die cast material: (a) AZ91D, (b) AZ91D + 5 wt.% SiCp, and (c) AZ91D + 10 wt.% SiCp
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. 10 The effect of the amount of SiCp on the average grain size

It can also be observed that primary o, grains surrounded
by eutectic mixture of o, and B-Mg;;Al, and that SiC
particles pushed by primary o, phase into the last solidifica-
tion regions, i.e. the grain boundaries. On the other hand, the
SiC particles work as a barrier preventing grain growth. This
fact explains the decrease in average grain size with increasing
of SiC. Very few reinforcement particles can be observed
within the o, grains. The interface area of the matrix with SiC
is also mainly associated with -Mg;;Al;,.

The precipitations were probably formed due to the reaction:
SiC +2 Mg — Mg,Si + C (Ref 7). Although very rarely
some Mg,Si precipitations of round form with average
diameters of ~1 pm were also detected close to the SiC
particles.

Fig. 11 SEM micrographs of MMC structures
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3.2 Density

The measured density values, determined using the Archi-
medes’ principle, were compared with the theoretical values,
based on the rule of mixtures, as it was described in Sect. 2, in
order to determine the rate of porosity formation. Table 6
shows that addition of SiC particles resulted in an increase in
porosity with increasing percentage of particles as compared to
the monolithic alloy.

3.3 Mechanical Properties

The results of mechanical properties evaluation at room
temperature are presented in Table 7. Addition of SiC seems to
increase the TYS, while ultimate tensile strength (UTS) and
elongation decreased.

TYS did not seem to increase linearly with increasing
amount of reinforcement as shown in Fig. 12. SiC addition to
the matrix is a process that also led to some defects like
porosity, possibly resulting from the mixing and gases trapped
in the particle clusters. The positive effect of SiCp on the TYS
appears to be more pronounced when tensile testing was
conducted at higher temperatures (up to 175 °C). The Mg-
MMC with 10% wt. of SiCp presented significantly improved
TYS properties (up to 50%) at higher temperatures (see
Fig. 12).

Hardness levels were also shown to increase with reinforce-
ment.

Table 6 Density measurements results

Calculated
Volume Density, density, Porosity,
Material fraction, % g/cm’ g/em® %
AZ91D 0 1.791 1.8 0.5
AZ91D + 5 wt.% SiCp 2.88 1.790 1.806 0.9
AZ91D + 10 wt.% SiCp 5.88 1.839 1.882 2.1

Table 7 Mechanical properties at room temperature

UTS, TYS, Elongation, Hardness,

Material MPa MPa % HRF
AZ91D 240 160 5 78
AZ91D + 5 wt.% SiCp 217 185 1 82
AZ91D + 10 wt.% SiCp 220 180 1 83
200 —o— AZS1D
180 IEJ e - 0= - AZ9IDHS%SIC
—— A o AZS1D 10%SIC
— 160 L S Sy ]
& e Yo N
£ 140 i .
7] - O- -0
> 120 B N— U
100 Lo -
o
80 ; ; |
0 50 100 150 200

Temperature [°C]

Fig. 12 The change in the TYS with testing temperature
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Table 7 shows that the hardness of MMC is highly
dependent on the SiC percentage.

3.4 Wear Resistance

The wear rate in terms of weight loss versus load plots for
the magnesium systems studied is shown Fig. 13.

The observation of wear surfaces showed that at high loads
the removal of material from the surface of composite specimens
occurred due to the higher level of porosity in these samples,
while the worn surfaces of AZ91 were relatively smoother.

3.5 Environmental Behavior

Environmental behavior evaluation tests results, namely
corrosion immersion, cyclic test, and potential dynamic, are
presented in Fig. 14-16, respectively. It is clearly evident that
the corrosion rate increased as the percentage of reinforcement
increases. This tendency is true for all general corrosion tests
employed in this study.
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Fig. 13 Weight wear rate versus load
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Fig. 14 Corrosion immersion test results

10

29

Corrosion rate [mpy]

r
N

SiCwt.%

Fig. 15 Cyclic corrosion test results
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Fig. 16 Potentiodynamic polarization results in terms of corrosion
rate versus immersion time

The degradation in the environmental behavior is mainly

attributed to the micro-galvanic effect between the SiCp
particles and the alloy matrix. Additional detrimental effect
on the corrosion resistance is caused by the inherent porosity
that is enhanced by the presence of SiC particles.

4,

1.

Conclusions

An advanced production procedure for die cast Mg-
MMC material system has been developed. The obtained
material quality in terms of defects such as porosity may
be optimized by using special die design and by modify-
ing the gates structure.

The effects of the reinforcement particles on the proper-
ties of die cast Mg-MMC were evaluated. Die cast Mg-
MMC exhibits superior high-temperature performance as
well as improved wear resistant.

The influence of the reinforcement particles on the pro-
cessing characteristics, namely microstructure and poros-
ity, has been evaluated. Microstructure became finer as
the quantity of reinforcement particles increased.

892—Volume 18(7) October 2009

Increasing the amount of SiCp particles has a negative
effect on the environmental performance of the
Mg-MMC material system. This was mainly attributed to
the galvanic effect and porosity created by the SiC
particles.
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