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Abstract In the present study, the A356Al-base com-
posite materials were fabricated by introducing 2.5, 5, 7.5,
10 mass% of Al-Ni—Co decagonal quasicrystalline parti-
cles using the mechanical stirring method. The micro-
structures, mechanical properties, and Brinell hardness of
these composites were investigated in detail by means of
scanning electron microscopy (SEM) and energy dispersive
spectroscopy (EDS). It is found that serious compositional
diffusion occurs between the Al;,Ni|,Co¢ quasicrystalline
particles and the Al melt. Microstructural analysis of all as-
cast composites shows that the structure of the quasicrystal
disappears and is replaced by the formation of two crys-
talline phases, Co-rich 0-phase and Ni-rich y-phase which
all contain Al, Si, Ni, and Co. The particle sizes of the two
crystalline phases are much smaller than that of the original
decagonal quasicrystalline phase. The composites exhibit
improvement of 10.5-24% and 20-25% in yield strength
and Brinell hardness, respectively, while the percent
elongation decreases obviously. Examination of the frac-
ture surface of the as-cast A356Al-base composites shows
that they exhibit typical brittle fracture mode.
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Introduction

A composite material is a combination of two or more
distinct material phases. Metal matrix composites (MMCs),
especially Al-metal matrix composites, have emerged as an
advanced engineering materials in the field of aerospace
and automotive industries due to their high strength and
stiffness, excellent elastic modulus, good thermal and
mechanical fatigue, and creep resistance than those of
monolithic materials [1, 2]. Nowadays, particulate rein-
forced metal matrix composites (PRMMCs) are one of the
most popular composites and receive wide application,
because they provide essentially isotropic properties and
reasonable ductility. The most commonly developed
PRMMCs are Al-base composites with SiC and/or Al,O3
reinforcing particles [1, 3-5]. However, the complex fab-
rication process and high production cost of current
PRMMC:s, such as Al/SiC, MMCs, are still strong barriers
which hinder their extensive application. Thus, the research
on the development of low-cost PRMMCs with high
properties is still needed.

Following the first discovery of icosahedral quasicrys-
tals by Schetman et al. [6], extensive theoretical and
experimental studies on Al-base composites reinforced by
quasicrystals have been carried out, because quasicrystals
(QC) have the advantages of brittleness, hardness, low
frictional coefficient, and good wear-resistance. In 1993,
Al-base composites using Al powder and Alg,CuyyFeq,
icosahedral quasicrystal powder were fabricated success-
fully by Tsai et al. [7]. In these composites, the hardness
was improved remarkably and reached the maximum value
of 120 kg/mm? for a 25 vol.% AlgsCu,sFe;, particle rein-
forcement content. Al-base composites reinforced by
quasicrystalline particles were also studied by many
researchers using powder metallurgy [8—13], where the
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icosahedral quasicrystalline alloys, i.e., Al-Cu-Fe and
Al-Cu—Cr, were always selected as the reinforcing phase.

Following the Al;..Ni,Co, pseudo binary phase dia-
gram established by Yokoyama et al. [14], Al-Ni—Co sin-
gle-phase quasicrystal, with a chemical composition in the
vicinity of Al;,Nij;Coe (at.%), was prepared using the
Czochralski method. The fabrication process, microstruc-
tural characterization, and growth behavior in Al;,Ni;,Co14
decagonal quasicrystal (D-AINiCo) were investigated in
detail, and it was found that it showed high thermodynamic
stability [15—18]. Unlike icosahedral quasicrystal, the dec-
agonal quasicrystal possesses both quasiperiodic and peri-
odic directions in one grain. However, Al-base composites
reinforced by single-phase decagonal quasicrystals were
rarely reported. In order to explore and develop the appli-
cation areas of quasicrystalline materials, we investigated
the use of A356 foundry aluminum alloy and Al;,Ni;»,Co¢
decagonal quasicrystalline particles to prepare PRMMC:s.
The stability of Al;,Ni;,Co;¢ decagonal quasicrystal in the
Al melt was studied. The microstructures, mechanical
properties, and strengthening mechanisms of the A356Al-
base composites were also investigated.

Experimental
Materials
The materials used in the present study are commercial

A356 alloy and D-AINiCo particles. The chemical compo-
sition of A356 alloy is 6.92Si-0.29 Mg-0.18Ti—0.099Fe—

0.0071Cu-bal Al (in weight percent). The Al;,Ni;;Cog
quasicrystalline alloy was prepared by melting pure Al, Ni,
and Co (purity >99.8 wt%) in a medium frequency induc-
tion furnace, and the melt was poured into a graphite mold.
ICP-AES examination revealed that the composition of the
above quasicrystalline alloy fits well with the nominal
composition. The quasicrystalline alloy was mechanically
crushed into several millimeters in size, following which
D-AINiCo particles were obtained by ball milling and
sieving. Sieve sizes of D-AINiCo particles, ranging from 53
to 147 pm, were preserved for use. The D-AINiCo particles
were cleaned 5-7 times using acetone in order to remove the
fine particles attached to the big ones.

Experimental procedure

The A356 aluminum alloy was used as a matrix, and the
D-AINiCo particles were selected as the reinforcing phase.
The A356Al-base composites were fabricated by mechan-
ical stirring method. The schematic diagram of the exper-
imental apparatus is given in Fig. 1. The main equipment is
as follows: furnace, graphite crucible, a motor, stirring
equipment, and K-type thermocouple. The particles are
introduced into the Al melt through the funnel. The stirring
speed of the melt can be controlled by using the adjustable
speed motor. The K-type thermocouple is used to measure
the temperature of the melt.

First, the A356 alloy was melted using an electric
resistance furnace. The melt was refined using hexachlo-
roethane and then degassed by pure Ar at 730 °C. Subse-
quently, the melt temperature was lowered below the

Fig. 1 The schematic diagram ©) 8) 7 6)
of the experimental set-up
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liquidus, to the semi-solid state. When it reached 610 °C,
the D-AINiCo particles, preheated at 500 °C for 2 h, were
added into the slurry and stirred continuously for 10 min to
disperse the particles uniformly. The addition level of the
D-AINiCo particles ranged from 2.5 to 10 wt% in steps of
2.5%. After that, the composite slurry was reheated to
720 °C and stirred again for 5 min. Finally, the melt was
poured into a preheated metal mould (at about 300 °C).
The fabricated composites were of a size 18 mm in
diameter and 130 mm in height.

Characterization and tests

After cashing the composites, specimens for metallography
were cut from the castings and mechanically polished. The
microstructures were characterized by means of optical
microscopy (OM; Olympus PMG) and scanning electron
microscopy (SEM; Tescan Vegall). The local phase com-
positions were determined using energy dispersive spec-
troscopy (EDS; Oxford Inca 350). The tensile tests were
performed using a universal tensile testing machine (Instron
5581). The tested specimens were of cylindrical shape of
5 mm diameter and 25 mm gauge length. Each value of the
tensile properties reported was the average value of four
tensile specimens. After tensile tests, the tensile-fractured
specimens were protected, cleaned, and cut along the tensile
direction. The fracture surfaces of the tensile-tested samples
were examined in a SEM under the secondary electron
mode.

Results and discussion
Al-Ni—Co decagonal quasicrystal

Figure 2a shows the microstructure of the as-cast
Al;;Ni,Co,6 quasicrystalline alloy examined under back-
scatter electron (BSE) imaging mode, which shows that it
contains a single phase, in addition to several small black
voids representing casting defects. EDS qualitative analysis
shows that the decagonal phase has an average composition
of 71.55 at.% Al, 12.23 at.% Ni, and 16.22 at.% Co, which
is quite consistent with the nominal composition of the
as-prepared material. The XRD pattern further confirmed
the existence of the single decagonal quasicrystalline phase
(Fig. 2b).

After ball milling, the Al;,Ni;»,Cojg quasicrystalline
alloy was broken into small particles, irregular polygon-
like in shape with sharp edges, with clean surfaces and no
finer particles attached to them, as is shown in Fig. 3. The
washing of the particles with acetone using an ultrasonic
wave washer ensured that the particles were of a high
quality before adding them into the Al melt.
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Fig. 2 BSE image (a) and XRD pattern (b) of the as-cast
Al;,Ni,Coy quasicrystalline alloy

Microstructures of the as-cast A356Al-base composites

Figure 4a—d shows the BSE images of A356Al-base com-
posites containing different amounts of D-AINiCo particles
(2.5, 5.0, 7.5, and 10 wt%), where details in the micro-
structures may be observed clearly from the corresponding
magnified images (Fig. 4e-h). The difference in contrast
reflects the difference in composition. The BSE images in
Fig. 4a—d show the microstructures of the A356Al-base
composites consist of the «-Al matrix, eutectic silicon, and
the white reinforcement particles. In the as-cast composites,
the eutectic silicon, distributed randomly in the interden-
dritic regions has a coarse flake-like or acicular morphology,
the same as that observed in A356 alloy. Non-uniform dis-
tribution of white reinforcement particles can be observed,
distributed within the «-Al matrix and in the interdendritic
regions.

@ Springer



J Mater Sci (2010) 45:3727-3734

Fig. 3 The morphology of Al;;Ni;;Co¢ quasicrystalline particle
after ball milling

The constitutional contrast shown in Fig. 4 does not
distinguish clearly the white particles in a-Al matrix and
the interdendritic regions. EDS analysis showed, however,
that the white particles distributed in o-Al matrix and the
interdendritic regions all contain Al, Si, Ni, and Co. The
EDS results on the white particles in two regions are given
in Table 1. The white particles distributed in a-Al matrix,
named as 6-phase, contain 69.75-84.05 at.% Al, 1.21-
1.93 at.% Si, 3.98-6.16 at.% Ni, and 9.41-14.03 at.% Co,
whereas, the ones distributed in the interdendritic regions,
named as y-phase, have the average composition of 77.07—
86.81 at.% Al, 0.80-3.84 at.% Si, 8.65-16.03 at.% Ni, and
0.71-4.37 at.% Co, as shown in Table 1. Based on the EDS
results, for 0-phase and y-phase, the contents of Al and Si
are almost the same, while the contents of Ni and Co are
different. Based on the Al-Ni and Al-Co binary phase
diagrams [19], the maximum solute concentrations of Ni
and Co in a-Al matrix are 0.023 and 0.009 at.%, respec-
tively. EDS analysis shows that o-Al matrix contains
1.27 at.% Si, 0.01 at.% Ni, and 98.72 at.% Al, which
means that just a small amount of Ni dissolves into the a-Al
matrix; no Co is detected due to its extremely low solid
solubility. The EDS results also revealed that no Ni and Co
elements were detected in the eutectic silicon.

At 2.5 wt% D-AINiCo particle addition, as shown in
Fig. 4a, it can be observed that the white O-phase has a
block-like form in o-Al matrix, while the y-phase has a
skeleton-like form, as arrowed in Fig. 4e. However, when
the addition level of D-AINiCo particles exceeds 5.0 wt%
(Fig. 4b—d), the O-phase content increases in the composites,
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and the distribution of the particles is quite regular. As
shown in Fig. 4f-h, the 0-phase mainly exhibits a blocky-
shape, with its size ranging from 15 to ~40 um, while the
y-phase is distributed in the interdendritic regions and has a
fine skeleton-shape or blocky-shape. From the microstruc-
tural observations, it was also found that the sizes of the
0-phase and y-phase particles are much smaller than that of
the original D-AINiCo particles.

According to the Al-Ni—Co ternary phase diagram [20],
the decagonal quasicrystalline phase cannot coexist with
the Al phase. So, diffusion should occur when the
Al;,Ni;,Coq¢ particles are introduced into the Al melt.
From the above microstructural analysis (Fig. 4), the white
particles in the composites are quaternary intermetallic
compounds. These observations indicate that when the
D-AINiCo particles are introduced into the Al melt, serious
compositional diffusion occurs between the D-AINiCo
particles and the Al melt via heat, mass, and momentum
transport [3]. During the liquid fabrication processing of
Al-base composites reinforced by a quasicrystal phase, the
diffusion between the Al matrix and the quasicrystal phase
is inevitable, and the thermodynamic stability of the
quasicrystal phase depends on the temperature and time.
When the Al-base composites are prepared by solid state
vacuum sintering at 525 °C, the structure of the quasi-
crystal can be sustained and just a thin diffusion layer at the
interface between the Al matrix and quasicrystal phase [9].
However, higher heating temperature (>400 °C) leads to
the disappearance of the quasicrystal and formation of
ternary crystalline Al,Cu,Fe phase in the Al-base com-
posites [12, 13, 21]. During hot pressing, as the tempera-
ture increases from 600 to 700 °C, a series of phase
transformations occurs in the (AlgsCusoCrys),/Al compos-
ites, and the structure of the quasicrystalline particles
finally transforms into the equilibrium phase ® [10]. In our
study, during the stirring process, dissolution of the sharp
outer edges of the D-AINiCo quasicrystalline particles
occurs first, and a diffusion layer forms between the inner
regions of the particles and the Al melt. Then the reaction
proceeds through the whole quasicrystalline particle,
resulting in the disappearance of the quasicrystal particles
and the formation of the new crystalline phases. The con-
tinuous intensive stirring accelerates the dissolution and
fragmentation of the particles. The above information
indicated that, when the Al-base composites are fabricated
by mechanical stirring method, the diffusion reaction
between the quasicrystal phase and the Al melt is too rapid
to control, and the structure of the quasicrystal is com-
pletely changed. Cheng et al. [22] proved that the reaction
was completed within 20 s in the Al/Al;,Ni;,Co;¢ System.
The addition of D-AINiCo particles changes the local
temperature field and concentration field around the parti-
cles, which favors the nucleation and growth of newly
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Fig. 4 BSE images showing the microstructures of the as-cast A356Al-based composites with x wt% Al;,Ni;,Co;¢ quasicrystalline particles.
a,ex=25Db,fx=50;¢c,gx=75,d, hx=10

formed crystalline phases. Thus, two phases with different =~ Mechanical properties

compositions are obtained in a-Al matrix and interdendritic

regions, respectively. When equilibrium is reached, the = The hardness and tensile properties of the A356Al-base
compositions of f-phase and y-phase remain stable. composites were determined. Table 2 shows the tensile
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Table 1 Chemical compositions of the two white intermetallic
compounds identified by EDS analysis in the as-cast composites
(Range in at.%)

Element Al Ko Si Ko Ni Ko Co Ku
0-phase 69.75-84.05  1.21-1.93  3.98-6.16 9.41-14.03
y-phase 77.07-86.81  0.80-3.84  8.65-16.03  0.71-4.37
Table 2 Mechanical properties of the as-cast A356Al-base
composites

Particle content (wt%) o, (MPa) 09, (MPa) 6 (%) HB
0 164.09 92.73 4.03 57.9
2.5 172.50 102.50 3.88 70.2
5.0 170.00 108.75 3.63 72.4
7.5 155.00 110.00 3.17 72.4
10.0 147.75 115.25 2.55 69.7

strength (o), yield strength (g(,), elongation percentage
(0%), and Brinell hardness (HB) of the as-cast A356Al-
base composites. It can be seen that gy, increases at first,
reaches a maximum value of 172.50 MPa for a 2.5 wt%
D-AINiCo particle addition, then decreases until it reaches
a value below that of the A356 base alloy with increas-
ing addition of D-AINiCo particles. As the addition of
D-AINiCo particles increases, o, increases steadily. From
Table 2, it is found that the value of ¢ equals to 4.03%.
However, after introducing D-AINiCo particles, the ¢ of
the as-cast A356Al-base composites was decreased
remarkably into 3.88-2.55%.

Microhardness measurements showed that the presence
of AlCuFe quasicrystalline particles considerably increase
the microhardness of the matrix in the as-cast Al-base
composites by conventional casting method [23]. As shown
in Table 2, the Brinell hardness of the A356 base alloy is
57.9. After adding D-AINiCo particles, the Brinell hard-
ness of the A356Al-base composites is greatly improved.
Compared to the A356 base alloy, the improvement in
Brinell hardness of the composites was about 20-25%,
ascribed to the dispersion of reinforcing particles in the
composite matrix.

Strengthening mechanisms

During the past two decades, the strengthening mecha-
nisms of composites have been extensively documented [2,
3, 24-27]. From Table 2, the values of g, in the A356Al-
base composites are improved by about 10.5-24% as
compared to that of the A356 base alloy. As identified by
EDS, small amount of the dissolution of Ni, and Si ele-
ments in «-Al matrix results in the solid solution
strengthening of the composites. Although the Al-Ni—Co
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decagonal quasicrystals are not sustained as the reinforce-
ment particles, the resulting crystalline phases, 0-phase and
y-phase, can still act as effective reinforcements for pro-
moting the tensile strength of the composites.

It has been proved that the dislocation density in the
composite matrix is higher than that in the unreinforced
matrix [28, 29]. The dislocation density p caused by the
large difference between the coefficients of thermal
expansion (CTE) of the reinforcing particles and Al matrix
can be expressed as:

 12ATACY,
p=—m (1)

where, AT and AC are the temperature difference and
thermal expansion coefficient difference between the
reinforcement particles and Al matrix, respectively, f, is
the volume fraction of the particles, b is the Burger’s
vector, and d is the particle size.

Thermal residual stress due to thermal expansion dis-
location strengthening has a direct effect on the yield
strength of PRMMCs. The incremental increase in yield
strength Agcrg of the composites due to thermal expansion
dislocation strengthening can be estimated as:

AGCTE = OCGbp]/2 (2)

with G is the shear modulus of the matrix, o a parameter
showing the dislocation strengthening efficiency. As the
crystalline phases in the composites, 0-phase and y-phase,
are the final reaction products, the detailed thermodynamic
parameters could not be given in the present study. During
cooling, the differences of CTE between Al matrix and the
reinforcing particles result in sufficient stress to cause
plastic deformation. Thus, dislocations could be generated
in order to accommodate the heterogeneous plastic flow in
the vicinity of the deforming matrix [28]. When a misfit
strain ¢ ~ 1% is developed in the Al/SiC, system, a dis-
location density, p = 1.8x10"* m™2, is generated as cal-
culated from the calculation through ¢ = pLb [3]. The
intensity of dislocation generation at the interface between
the Al matrix and the reinforcing particles is associated
with the shape and size of the latter. From their investi-
gation of the relationship between particle size and the
plastic zone, Lee et al. [30] pointed out that the degree of
plastic relaxation is strongly dependent on particle size,
and the plastic zone size increases with increasing particle
size. Thus, dislocation generation increases significantly
with the increase of particle size, and higher deformed
regions result in higher dislocation density, and vice versa.

Although the tensile strength of the as-cast A356Al-base
composites can be improved, there exists a major limitation
with respect to ductility. As shown in Table 2, the higher
the fraction of the reinforcing particles, the lower the
ductility. Figure 5 shows the fracture surface of a tensile-
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Fig. 5 Fracture surfaces of the as-cast A356Al-base composites
containing 2.5 wt% Al;,Ni;»,Coye quasicrystalline particles

tested sample of as-cast A356Al-base composite reinforced
with 2.5 wt% D-AINiCo particles. The fracture surface of
the composite displays typical brittle fracture mode. There
is very little plastic deformation before failure occurs. Due
to the inherent brittleness of the reinforcement and eutectic
silicon, brittle cleavage is observed across the reinforcing
particles and eutectic silicon.

The damage of A356 can proceed following three
events: particle cracking, microcrack formation and
growth, and local linkage of microcracks [31]. According
to the deformation and fracture processes, cracking of the
eutectic silicon and reinforcing particles is an important
factor influencing the ductility. As the o-Al matrix in the
composites is quite soft, it undergoes certain plastic
deformation. The deformation of the reinforcing particles
and eutectic silicon remains elastic due to much higher
yield stress. Thus, the stress concentration within the par-
ticles would be very high. When a load is applied, the
matrix responds for most of the load, after which the load is
transferred to the reinforcing particles. For the present
composites, the reinforcing particles, i.e., the 0-phase and
y-phase particles, are the brittle constituents, and they tend
to generate microcracks even at low strain [32, 33], due to
the low fracture strength required to initiate microcracks.
The coarser and larger reinforcing particles have a higher
probability of initiating defects, and tend to fracture first
under the applied stress. It has been demonstrated that
larger size and higher volume fraction of the SiC, in

Al/SiC,, composites result in lower ductility [2—4, 34]. The
increase in the volume fraction will increase the volume
fraction of the microcracks initiated. Additionally, the non-
uniform distribution of the reinforcing particles (Fig. 4)
will increase the size of the microcracks and decrease the
length of the ligament locally. So, the ductility of the
composites is therefore reduced.

Conclusions

(1) Serious compositional diffusion occurs between
Al;,Ni;,Coy¢ quasicrystalline particles and the Al
melt. When the reaction is completed, two crystalline
phases, 0-phase and y-phase, are formed in the as-cast
AlA356-Al-Ni—Co composites. SEM observations
show that the Co-rich 0-phase distributes in the o-Al
matrix, while Ni-rich y-phase together with eutectic
silicon forms in the interdendritic regions. Micro-
structure observations show that eutectic silicon
remains coarse flake-like or acicular in shape in the
composites, and EDS results reveal that no Ni or Co
elements are detected in the eutectic silicon.

(2) The final reaction products, 0-phase and y-phase, serve
as reinforcing particles to influence the mechanical
properties. As the addition level of D-AINiCo parti-
cles increases, the yield strength of the as-cast
A356Al-base composites is improved, while the
ductility is reduced correspondingly. Also, the Brinell
hardness of the as-cast composites is greatly improved
by 20-25% compared to the base A356 alloy.

(3) The strengthening mechanism of the composites
could be mainly associated with (a) solid solution
strengthening in o-Al matrix, (b) differences of
coefficients thermal expansion between the Al matrix
and the reinforcing particles. In addition, the occur-
rence of 0-phase within the o-Al matrix improves the
interfacial bonding between the 0-phase and o-Al
matrix, which, in turn, improves the tensile properties
of the as-cast composites. The fracture surfaces of the
as-cast A356Al-base composites indicate that they
exhibit typical brittle fracture mode.
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