J Mater Sci (2017) 52:13319-13349

Review

@ CrossMark

Mechanical performance of particulate-reinforced Al
metal-matrix composites (MMCs) and Al metal-matrix
nano-composites (MMNCs)

Chang-Soo Kim'*, Kyu Cho?, Mohsen H. Manjili', and Marjan Nezafati'

" Materials Science and Engineering Department, University of Wisconsin-Milwaukee, Milwaukee, Wi 53211, USA
2U.S. Army Research Laboratory, Weapons and Materials Research Directorate, Aberdeen Proving Ground, Aberdeen, MD 21005,
USA

Received: 16 March 2017
Accepted: 10 July 2017
Published online:

17 July 2017

ABSTRACT

The metal-matrix composites/nano-composites (MMCs/MMNCs) reinforced
with hard ceramic particulates have received a tremendous attention due to
their potential improvements in physical and mechanical performances. In the
present work, we have comprehensively collected currently available experi-
mental data sets of Al-based MMCs/MMNCs and have carried out thorough
analyses to quantitatively address the impacts of the reinforcement volume
fractions, reinforcement particle sizes, and metal-matrix grain sizes on their
mechanical properties including the yield strength, ultimate strength, and strain
to failure of composites. We also performed a quantitative analysis on the
strengthening mechanisms of Al MMNCs to reveal that the grain refinement can
play a major role in increasing the strength of composites. Al-based MMC or
MMNC materials generally exhibited an indirect relationship between the
strength increase and strain-to-failure increase. The results include a critical
comparison for the mechanical performance of particulate-reinforced compos-
ites for both pure and alloyed Al matrices to elucidate the contemporary status
of Al MMC and MMNC materials.

© Springer Science+Business
Media, LLC 2017

these MMCs/MMNCs due to their high strength and
stiffness/modulus at both the ambient and elevated

Introduction

The metal-matrix composites reinforced with micron-
and nano-sized particulates (MMC and MMNC,
respectively) are recognized as one of the attractive
advanced materials for various structural applica-
tions. Hard ceramic reinforcement materials (oxides,
carbides, borides, etc.) are routinely incorporated into
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temperatures [1-3]. Different from the classical
MMC, MMNCs are generally referred to as the
composites containing nano-sized reinforcements
and/or nano-sized matrix grains. These MMNC
materials have recently received a tremendous
attention in the hopes of not only attaining superior
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strength, but also achieving higher ductility than
have been obtained with micron-sized reinforce-
ments. In the lightweight structural materials field, Al
and its alloys are the most popular base metals in
MMC/MMNC that can be widely used for high-
performance applications including automotive,
military, aerospace, and electricity industries. Al-
based composites often exhibit improved physical
and mechanical properties such as superior strength
to weight ratio, good ductility, high strength and
high modulus, low coefficients of thermal expansion
(CTE), high wear resistance, and excellent corrosion
resistance [4-9].

MMC/MMNC can be manufactured by several
synthesis techniques including casting (i.e., solidifi-
cation) and powder metallurgy (PM) [10-13]. These
synthesis techniques can be generally divided into
three categories depending on their processing states,
(i) liquid-state processing that involves casting, liquid
and pressure infiltration, dispersion methods, etc., (ii)
solid-state processing which includes PM techniques
with variations in the processing steps such as dif-
fusion bonding, sinter forging, etc., and (iii) liquid-
solid processing such as compo-casting and semi-
solid forming. The details of these processing meth-
ods can be found elsewhere [14-16]. Generally, cast-
ing is the preferred synthesis method for bulk
production with relatively inexpensive processing
costs, while PM could be applied to easily control the
matrix grain sizes of final products. One of the
important advantages of PM is on its low processing
temperature compared with the melting techniques,
which may reduce the degree of undesired interac-
tions between the Al matrix and reinforcement
phases.

Increased strength in these ceramic particulate-re-
inforced MMCs/MMNCs could be achieved through
activation of several strengthening mechanisms such
as (i) load transfer [17, 18], (ii) Hall-Petch (i.e., grain
refinement) [19, 20], (iii) Orowan [21, 22], (iv) coeffi-
cients of thermal expansion (CTE), and/or elastic
modulus (EM) mismatch strengthening [23, 24]. Of
these, the load transfer and the CTE/EM mismatch
strengthening mechanisms can account for the
strength increase in the MMC materials with micron-
sized particulates, whereas the Orowan effect is
supposed to describe the strength increase of MMNC
with  nano-sized reinforcements, respectively
[17, 22, 25]. The Hall-Petch mechanism is one of the
primary routes to enhance the strength of both
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MMC/MMNC systems [19, 24]. The resultant
strength increase stems from complicated factors
including processing methods/conditions, types of
constituent materials, and subsequent microstruc-
tural features. Although a certain degree of strength
improvement can be achieved in MMC/MMNC by
activating some of the preceding strengthening
mechanisms, a substantial decrease in energy
absorbing abilities (e.g., ductility, toughness, or strain
to failure) is commonly observed in these materials
[26-28]. One of the contemporary goals of developing
advanced MMNC is to minimize such reduction in
the ductility of composites.

In the present work, we have comprehensively
collected existing data for pure and alloyed Al
MMC/MMNC to address various mechanical per-
formances such as (i) yield strength (gy), (i) ultimate
strength (os), and (iii) strain to failure (¢f) of the
composites. Using the data sets currently available,
we attempted to quantitatively analyze the impacts of
the microstructural features of composites, (i) rein-
forcement volume fractions, (ii) reinforcement sizes,
and (iii) matrix grain sizes on gy, oy, and & for pure
and alloyed Al MMC/MMNC. In addition to the
analysis of the microstructure-mechanical property
relationship, we attempted to compare the mechani-
cal performance between Al MMC and MMNC and
to discuss the strengthening mechanisms. For alloyed
Al systems, the trends of collective data sets were
considered to examine the general mechanical prop-
erty changes. In the following section, the features of
particulate reinforcements are addressed. The next
sections will then include the detailed microstruc-
tural and mechanical property information for pure
and alloyed Al composites.

Features of particulate reinforcements

In Table 1, some important material properties of cera-
mic reinforcements commonly used in Al MMC/
MMNC are summarized [22, 29, 30]. The thermophysi-
cal properties listed here are based on the measurements
atroom temperature. The CTE values for these materials
were approximately linear over the experimental tem-
perature range [31]. Because oxide ceramics are in gen-
eral very susceptible to plastic deformation at elevated
temperatures, they are not considered as structural
materials at high-temperature applications [32]. A criti-
cal step in the processing of cast particulate-reinforced
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Table 1 Typical material properties of ceramic reinforcements [22, 29, 30]

Reinforcements E (GPa) Kic (MPa m'?) UTS (MPa) CTE, o (107° K™ Density, p (g cm™) Poisson’s ratio, v
SiC 450 4.0 310 43 3.21 0.17
Al,O5 390 4.0 260-300 8.1 3.96 0.25
B4C 308 2.5 261 5.0 3.25 0.25

E, Kic, UTS, and CTE denote elastic modulus, fracture toughness, ultimate tensile strength, and the coefficients of thermal expansion,

respectively

Table 2 Typical microstructural specifications for Al MMC and MMNC systems

Composite type Particulate size range

of reinforcements (um)

Volume fraction range
of reinforcements (%)

Grain size range of
the Al matrix (pm)

MMC <500
MMNC <0.1

<60 <50
<10 <50

MMC/MMNC is the incorporation of hard ceramic
particulates into the molten Al matrix. In a foundry
fabrication method (i.e., casting), controlling the wetta-
bility of reinforcement particles is one of the major
issues. In general, the ceramic particulates exhibit poor
wettability to molten Al metals [33]; the contact angles of
Al-Al,O5; and Al-SiC were calculated as 97° and 79° at
700 °C, respectively, and the contact angles were found
to decrease with increasing temperature [34]. The CTE
mismatch between reinforcements and Al matrix is also
an essential consideration for composites that will be
exposed to thermal cycling [35]. The choice of rein-
forcement types could be dictated by several factors
including particle shapes, processing methods, pro-
cessing costs, and any desired applications, etc. With
these considerations in mind, two reinforcement com-
pounds, SiC and Al O3, have received the most attention
in Al MMC/MMNC applications with their relative
high modulus and high fracture toughness [36, 37].
Table 2 shows the typical ranges of the reinforce-
ment sizes, volume fractions of reinforcements, and
metal-matrix grain sizes that are often observed in Al
MMC/MMNLC. In the current work, we categorized Al
MMNC as the samples with embedded particulate size
of less than ~100 nm. Depending on the processing
methods, different factors must be taken into consid-
eration to produce high-quality composites. For
example, with PM processing, the compositions of the
matrix and the types of reinforcements might be con-
trolled in a relatively independent way; however, in
casting, they are intimately linked through the reac-
tivity between reinforcements and matrix in the molten

state. The distribution of reinforcement particulates is
also a critical factor to determine the mechanical
properties, and it is greatly influenced by the process-
ing methods. Several advanced synthesis techniques
such as stir mixing and ultrasonic mixing can be
applied for the homogeneous distribution of particu-
lates in casting. In the PM techniques, some secondary
fabrication methods such as extrusion and rolling are
essential in the composite processing, and these post-
processing methods have been identified to improve
the physical properties of composites by redistributing
the reinforcement arrangements [38]. In PM-processed
composite materials, the distribution aspects of rein-
forcement particles will depend on the blending and
the consolidation procedures as well as the matrix-to-
reinforcement particle size ratios (PSR). If the size of
matrix powders is large relative to the size of rein-
forcements, the reinforcing particles tend to segregate
in the interstices of the coarse-grained matrices. In
composites processed by molten metal mixing meth-
ods (i.e., casting), the particulate distribution features
could be more complicated because the distribution is
influenced by numerous processing factors such as the
particle distribution in the liquid and the particle
redistribution as a result of solidification.

Pure Al systems

In Tables 3 and 4, we summarized the currently
available data for the reinforcement types, processing
methods/conditions, reinforcement fractions/sizes,
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matrix grain sizes, and resultant mechanical proper-
ties including the yield strength (o,), ultimate
strength (oys), and strain to failure (e) for pure Al
MMC (Table 3) and MMNC (Table 4) systems,
respectively [14, 39-50]. Instead of ultimate tensile or
compressive strength (i.e., oy Or 0y, Tespectively),
ous Was used because some of the existing ultimate
strength data are based on the compression tests. In
the tables throughout this document, (C) indicates
the properties obtained through the compression
tests. In the following subsections, we address the
effects of the reinforcement volume fractions, rein-
forcement sizes, and matrix grain sizes on gy, g, and
& of pure Al-based composites. Note that although
similar processing techniques (e.g., PM + extrusion)
may have been applied to produce some of the col-
lected examples shown in Tables 3 and 4, experi-
mental conditions such as the sizes of starting
powder/particle, extrusion temperatures, and extru-
sion ratios are vastly different.

Particle volume fraction effects
MMCs

Figure 1 shows the selected examples of (a) oy,
(b) gys, and (c) & variations along with the particu-
late volume fractions for pure Al MMC systems lis-
ted in Table 3. In general, as the volume fraction of
reinforcements increases, o, and o, initially increase
and then decrease, and & decreases, respectively.
The decrease in ¢, and ¢, with high reinforcement
vol% is generally observed in both MMC and
MMNC and is commonly explained by the cluster-
ing of reinforcements and by the formation of weak
regions in the composites [41]. Homogeneous and
uniform distribution of reinforcement particles
depends not only on the particle contents but also on
the matrix-to-reinforcement PSR. Although a homo-
geneous distribution of embedded particulates is
highly desired, it can be hardly achieved when the
PSR value is large [51]. Due to the decay of these g,
and o,s beyond a certain amount of reinforcement
addition, identification of the peak particulate vol%
position to produce maximum ¢, and/or o, is one
of the primary concerns in designing MMCs/
MMNCs. The peak positions of reinforcement vol%
to exhibit the best performance could be largely
different. One of the reasons for such difference in
the peak positions is correlated with the
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reinforcement particle size; there would be a high
propensity for clustering when the particulate size is
smaller, and this clustering of particles will decrease
the strength of composites at a lower reinforcement
vol%. This trend is clearly shown in Fig. 1a, b; as the
particulate sizes increase from 0.47 [43] — 3-48
[42] — 70 [14] um, the peak vol% values for ¢, and
ous shift from 2% — 7% — none. In Al/SiC com-
posites in Ref. [14], the decrease in g, and 7, was
not even observed, which implies that considerable
clustering/segregation of reinforcement particulates
did not occur in the composite structure up to 20
vol% of particulate addition. In the Al/Al,O; com-
posites [42] shown in Fig. 1b, there is a maximum o,
for the samples with particle sizes of 3 and 12 um,
while no prominent maximum is observed for the
sample reinforced by 48 pum particle size. This indi-
cates a lower tendency for clustering in the com-
posites with larger particles, which could be
attributed to a higher specific surface area of smaller
particles. Also, the difference in the peak vol%
position could be resulted from different processing
methods. If a high degree of porosity is generated
during synthesis, the peak vol% position may be
significantly lowered.

Note that g, and o, of the monolithic pure Al (i.e.,
non-reinforced samples, 0% reinforcement fractions)
show different strength values in Fig. 1a, b. As there
is no alloying effect in the matrix for these pure Al
matrix samples, such initial differences in o, and o
presumably come from the differences in their metal-
matrix grain sizes and the initial dislocation densities
derived from various processing methods and heat
treatment histories. However, in many of the previ-
ous experiments, measurements for the matrix grain
size have not been quantitatively performed. For
example, in Refs. [14, 41, 43], information for the
initial Al powder sizes is sometimes provided, but
the grain sizes of monolithic unreinforced Al samples
were not provided. The samples reinforced by SiC
particles [14] showed relatively low strength even at
the particulate vol% of 20. The reason is explained by
the grain coarsening resulted from hot extrusion; the
sintered specimens (at 575 °C for 10 h) were hot
extruded to rods at 570 °C with an extrusion ratio of
9:1 to form tensile test samples. The difference in o,
of Al/SiC [14] and Al/AlO; [42] composites can be
related to many factors such as the dissimilar par-
ticulate types (SiC and Al,O;), particulate sizes (70
and 3-48 pm), testing types (tensile and compression
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tests), and processing methods (with and without
extrusion).

As shown in Fig. 1c, the variations of & with par-
ticle vol% clearly present the consistent impacts of
reinforcement vol% on the ductility of Al MMCs; &
decreases as the reinforcement vol% increases. The
reduction of & in the samples with higher vol% of
reinforcement particulates is explained by substan-
tially lower & of brittle ceramic particles and by a
higher degree of particle agglomeration/clustering.
Figure 1c also shows the effects of Al,O; sizes on &
[42]; as the size of the Al,O; reinforcement particles
increases, the measured & value decreases. This
decrease is even greater in the specimens with the
particle sizes ranging from 12 to 48 pm due to a
smaller density and a larger porosity in these speci-
mens. Larger porosity could be originated from the
decline in the pressing capability of samples with
larger contents of Al,O;. Prohibitive effects of Al,O3
particulates on sintering mechanisms might be
another reason for this phenomenon. Due to its high
melting point, AlL,O3; will be likely to form a weak
bonding to pure Al, which can lead to a weaker
network.

& (%)

30
13
11
8

ous (MPa)

87

260
284
269

oy (MPa)
45

223

260

250

E (GPa)

Grain size, D (um)  Mechanical properties

Particle size (pm)

50-75

MMNCs

Analogous to the MMC case, it is generally expected
that the strength (o, and ¢, and the ductility (or
strain to failure, &) of MMNC are increased and then
decreased and decreased, respectively, with increas-
ing the vol% of reinforcement particulates. Figure 2a—
c provides the plots of selected data sets from Table 4
to display (a) ay, (b) gy, and (c) & variations with
reinforcement vol% in pure Al MMNC systems.
Compared with MMC materials, the reinforcement
vol% incorporated in MMNC systems is typically
much smaller, because of a much stronger propensity
for agglomeration of nano-sized reinforcements dur-
ing synthesis. From Fig. 2a, one can clearly see that
Al/Al,O3 MMNC shows a wide range of g, with
various reinforcement vol% in the composites
[39, 45, 48, 50]. As mentioned earlier, the reinforce-
ment vol% is not the only parameter determining
mechanical properties. One of the reasons for the
difference in o, shown in Fig. 2a is accounted for the
sample fabrication history. Kang and Chan [39]
employed the following sequential steps to prepare
their tensile test samples: (i) cold isostatic processing
(CIP) at 150 °C, (ii) sintering at 620 °C for 2 h, (iii)

Reinforcement

Volume fraction (vol%)
1.6-0.5

1.6-1

1.6-2

methods/conditions
Annealing + Accumulative
roll bonding (ARB)

Processing

(C) indicates the results from compression test

Table 3 continued
Reinforcement
types (references)
Al,0O5-SiC [44]

I
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Table 4 Reinforcement types, processing methods, microstructural features, and mechanical properties of pure Al MMNC systems

Reinforcement Processing methods/conditions ~ Reinforcement Grain size, Mechanical properties
types Volume Particle D (um) E (GPa) gy, (MPa) ag,s MPa) & (%)
(references) . ) Y us f
fraction size
(vol%) (nm)
SiC [45] MA + consolidation 0 50 0.7 164 (C) 302 (C) 22.5 (O)
1 0.35 207 (C) 385 (C) 18 (O)
3 0.23 219 (C) 426 (C) 15.5 (O)
5 0.17 258 (C) 436 (C) 7.5 (C)
7 0.15 269 (C) 448 (C) 5.5 (C)
SiC [46] Planetary milling 0 ~50 - -
1 205 17
5 _ _
10 405 4
20 - -
AlLO; [47] Ultrasonic casting 0 10 40-75 693 £ 1.7 30 62 47
1.4 764 £22 47 91.6 36
AL O3 [39] PM -+ extrusion 0 50 4.6 75 150 27
1 3.0 115 180 21
2 2.3 125 210 18
3 1.9 155 230 15
4 1.2 180 245 13
5 1.1 175 235 9
6 1.2 170 250 10
7 1.3 185 245 8
Al O3 [48] PM 0 (wt%) 35 80 120
2 (wt%) 120 215
3 (wt%) 145 250
4 (wt%) 170 280
5 (wt%) 150 255
6 (Wt%) 140 230
B4C [49] Ball milling (BM) + hot press 0 (wt%)  10-60  0.08 - - - -
5 (wt%) 47.5 324 (C) 371 (C) 16.3 (C)
10 (wt%) 52.5 385 (C) 433 (C) 14.1 (C)
15 (wt%) 54 420 (C) 485 (0) 12.1 (C)
AlL,O3;-B4C [50] MA 0 50 0.54 129 161
1 0.44 193 228
2 0.4 215 246
4 0.23 241 279

extrusion at 420 °C with a ratio of 36:1, and (iv)
annealing at 350 °C for 2 h. On the other hand, the
sample preparation procedure used in Ref. [48] is:
(i) ball milling (BM), (ii) compaction at 140 MPa, and
(iii) hot extrusion at 600 °C with a ratio of 20:1. Ali-
zadeh [50] roll-bonded the billets at room tempera-
ture with a 50% ratio for 9 cycles. From these, it is
appreciable that higher plastic deformation prior to
the tensile testing can produce a sample with finer

grains along with higher ¢, and ¢, (i.e, work-

hardening effect). In Fig. 2a, different peak positions
for o, are observed in Refs. [39] and [48], where Al/
Al,O; MMNC was prepared using PM processes.
Powder compaction step was followed by sintering at
620 °C for 2 h in Ref. [39], while a hot forward
extrusion process at 600 °C was employed instead of
sintering to obtain a highly dense product in Ref. [48].
As previously discussed, a lower porosity in the
synthesized sample can be obtained at an elevated
sintering temperature, and a higher degree of

@ Springer



J Mater Sci (2017) 52:13319-13349

(b) 350
Al,0,/SiC, 50-75 pm [4:!
300 . P ——
d ~
7’ ’ S -
250 |X ,%X LTS TS ALO, 3 um[a2]
I, &03, 9(47 pm [43] ~ . 4
| ’ S
& 200 r'x Al S ALOS, 12 pm[42]
s x J.® *
[} 4 Pd
3 150 || - E-— ALO,, 48 um [42]
o) 2 _-m -
_______ Y
E11) [ P ——— £ S Bl
_____ o-----®-- SiC, 70 um [14]
50
0
0 5 10 15 20
Reinforcement fraction, vol%
R Al,0;, 3 um [42]
~
o AlLLO,, 12 um [42]
‘‘‘‘ L 2
- ALO, 48 im [42]
““““ |
§§§§ - --___

SiC, 70 pm [14]

13326
(a) 300
AlLO,/SiC, 50-75 pm [44]
250 *\)K
/ AlL0,, 0.47 pm [43]
X % AT — AlLLO,, 3 pm [42]
200 |l . S
./X L7 > - _ N A
© ¢ L7 Te-al Al,0,, 12 pm [42]
[-% ’ , -~ 2Y3,
= 150><r DY SRS LT 4
] P - s--o
3 P . -
o .‘2 - ’.: . Al,O,, 48 pm [42]
100 |,
1 SiC, 70 pm [14]
50 T """ ®----- ®----- ®--oo & °
0
0 5 10 15 20
Reinforcement fraction, vol%
(c) 70 i
60 \\—<§“A~~,
\\\ T Al
50 |
ATEEAN
\ \
40 e
X \ ~<_
. -
2 ~e-
w 30 % i,
e.. I
\ SO S~ -~
Aﬁ%3 $iC, 5075 pm [44] -
10 XS% &
X
X Al,0;,0.47 pm [43]
0
0 5

10 15 20

Reinforcement fraction, vol%

Figure 1 Effects of particle volume fractions on a gy, b 6, and ¢ & for pure Al MMC systems.

porosity may cause a significantly lower peak posi-
tion [41]. It is notable that, sometimes, the increasing
and decreasing trend for ¢, with reinforcement vol%
is not found in the experiments as exemplified in
Refs. [45, 50]. Alizadeh [50] employed Al,O3/B4C
nanoparticles as the reinforcement materials, and no
local maximum ¢, was monitored in the produced
composite up to 4 vol% of Al,O3/B4C. In his work,
microstructural characterization revealed a fairly
uniform distribution of the nano-sized Al,O3/B,C
particles. The author claimed that increased number
of Al and AlL,O;/B4C layers, the metal extrusion
through particle clusters, and the sheet elongation
due to rolling, are the main reasons to observe uni-
form distribution of the Al,O3/B4C reinforcements.
No ¢ peak position was observed in Ref. [45] as well,
as the SiC clusters and the SiC-free regions were
found to decrease with increasing the SiC contents.

@ Springer

However, it is not currently certain that how much
reinforcement vol% could be added to these samples
without ¢, peak positions beyond 4 vol%.

In Fig. 2b, the oy variations in Al MMNCs with
reinforcement vol% are presented. As explained
before, minimal degrees of particle clustering are
reported in the samples of Refs. [45] and [50]; there-
fore, oy in these examples continuously increases as
the reinforcement vol% increases. When the results
for the effects of the reinforcement vol% on g, and o
are compared, the optimum vol% values of the
reinforcement contents to show the best performance
are nearly identical for o, and o This is generally
true for the cases of both MMC and MMNC. These
optimal reinforcement vol% values are determined
by many factors including material types and pro-
cessing histories. It is once more generally expected
that, with increasing reinforcement contents, & of
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Figure 2 Effects of particle volume fractions on a ay, b gy, and ¢ & for pure Al MMNC systems.

MMNC decreases because the distance between the
hard phases decreases with a higher amount of
reinforcements, which hinders the dislocation
movements. Note that ¢ measurement values are not
reported for Al MMNC in many literature most likely
because Al MMNC composites containing nano-sized
reinforcement particles often show very poor ductil-
ity. Figure 2c shows two selected examples of the &
variations with the reinforcement vol% in Al MMNC.
Different starting points and decreasing rates of &
were observed in the & vs. reinforcement vol% plots
that may be resulted from different material types,
microstructures, and processing conditions.

Particle size effects

It is identified that the reinforcement sizes can
impose an indirect effect on the mechanical proper-
ties of the Al MMC, an increasing trend in gy, and o

with decreasing particle sizes. This trend is clearly
reported in Ref. [42], as shown in Fig. 1a, b. Here,
when the ALO; reinforcement particulate size
increases from 3 to 48 pm, measured ¢, and o, were
substantially decreased in the entire reinforcement
vol% ranges. This can be explained by the dispersion
strengthening mechanism in Al matrix [52]; decreas-
ing the particulate size in a certain volume fraction
leads to a decrease in the distance between the par-
ticulates, which increases the required tension for
dislocation movements between the reinforcement
particulates, thereby increasing the strength of com-
posites. Also, smaller particles will indirectly increase
the strength by slowing down the grain growth
during processing (i.e., grain refinement mechanism).
An increasing trend in ¢ with decreasing particle size
is expected for Al MMCs as presented in Fig. 1c
[41, 42]; however, there would be an optimal mini-
mum size of reinforcements because smaller

@ Springer



13328

particulates show much higher tendency for
agglomeration upon synthesis, which will substan-
tially deteriorate the strength and the ductility of
composites. Therefore, the optimal particulate size
must be carefully determined considering the mate-
rial types and synthesis conditions. As for the
impacts of particulate size on the mechanical per-
formance of pure Al MMNCs, not sufficient data are
currently available partly because the variation of
nano-sized particulate sizes is rather limited and a
uniform size of particulates is routinely added into
the Al matrix.

Matrix grain size effects

The matrix grain size of Al MMC/MMNC is also a
vital factor to determine various mechanical prop-
erties of composites. The grain sizes of synthesized
composites are highly influenced by the amounts of
added reinforcement particles [39, 45, 50]. It is
generally understood that as greater reinforcement
contents are added with smaller particles, more
refined grain structures are obtained [53]. This is
because the particulates can pin the grain bound-
aries and prevent the grain growth of Al matrix
during synthesis. Such grain boundary pinning
effects are observed nearly all Al MMC/MMNC
including Al,O;, B4,C, and SiC particulates. In Ref.
[41], it was observed that any increase in rein-
forcement particulate contents leads to finer grain
sizes in pure Al MMC samples containing 5-20
wt% AlO;. Kang and Chan [39] showed that the
grain sizes of Al/Al,O3; composites decreased when
the embedded reinforcement contents increased
from 0 to 4 vol% and remained unchanged for
further addition of reinforcements. It also has been
found that the B4C nanoparticles can lock the Al
grain boundaries and prevent a significant grain
growth during hot pressing [49] and that SiC par-
ticles can retard the grain growth during sintering
producing ultrafine grain structures [45]. Although
it is known that the reinforcement contents largely
affect the matrix grain size, there could be a wide
range of differences in the quantitative impacts of
reinforcement particulate on the final grain size,
and the observed difference is generally associated
with the reinforcement particulate sizes/amounts,
starting monolithic matrix grain sizes, and fabrica-
tion conditions.
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Strengthening mechanisms

In Fig. 3a, we present selected examples of the com-
parison between experimental (measured) and theo-
retical (calculated) o, values for pure Al MMNC
samples listed in Table 4. Theoretical o, of particu-
late-reinforced MMNC materials can be estimated by
the following considerations [54, 55].

Arithmetic summation: 6, = g9 4+ Aopp + Aoor

+AO'CTE+A0'1 (1)
Quadratic summation:a, = g9

2 2 2 2 (2)

+ \/AGHP + Adog + Adgrg + Agj

1 1
A = k ( - ) 3
=5\ Ve Vo )
0.13Gpb . [d
AO’OR = 1 In <2—Z> (4)
Aocre = \/gﬁGmb\/ PcTE (5)
1

Ao’l = E VpO'O (6)

where o is the original yield strength of the mono-
lithic metal matrix, and Aoygp, Aoor, Aocte, and Aay
are the yield strength increases from the CTE mis-
match between the reinforcements and metal matrix,
Orowan strengthening, Hall-Petch strengthening,
and load-bearing strengthening contributions,
respectively. To theoretically evaluate the individual
contributions from different strengthening mecha-
nisms, material and processing variables including k,
(Hall-Petch constant), Gy, (shear modulus), b (Burg-
ers’ vector), f§ (dislocation strengthening coefficient),
and o (CTE values) need to be quantified. In Eqs. (3)-
(6), dMMNC/ do, dp, Vp, /lzdp <(2V}1,)1/3_ 1), and

_ 12V,AeAT .
PCTE = 1y, Yoty respectively, stand for the average

grain size of MMNC composites, average grain size
of monolithic Al, particulate diameter, particulate
volume, interparticle mean free path, and dislocation
density created by the CTE strengthening. As intro-
duced in Egs. (1) and (2), the arithmetic and quad-
ratic summation methods can be independently
applied in the theoretical estimation of oy, but it was
claimed that the quadratic summation method pro-
duces more reasonable results compared with the
arithmetic summation method [55]. In the current
study, for the theoretical increase of oy shown in
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Figure 3 a Comparison between experimental (measured) and theoretical (calculated) o, values and b variations of experimental o, with

the inverse of square root of matrix grain sizes (D~"?) for pure Al MMNC systems.

Table 5 Parameters used for the g, estimation of pure Al MMNC systems [38, 50]

Strengthening mechanism Parameter Value
Hall-Petch (Aoyp) Yield strength of monolithic Al, ¢, (MPa) 20.0
Hall-Petch constant, k, (MPa pm®) 70.0
Orowan (Agor) Shear modulus, G, (GPa) 26.0
Burgers’ vector, b (nm) 0.286
Poisson’s ratio, v 0.345
CTE mismatch (Agcrg) Dislocation strengthening coefficient, 0.424
CTE, o (x 107 K™") N 24.0
XAl O3 7.4
aB,C 5.0
dsic 4.0

Fig. 3a, the material parameters listed in Table 5 are
used [38, 50]. The CTE was assumed as a constant for
Al, AL,O;, B4C, and SiC; although the CTE values of
these materials will vary with temperature changes, it
was expected that the error originated from this
constant CTE assumption would be as large as ~2%
[54]. In Fig. 3a, theoretically calculated g, results for
pure Al MMNC using the arithmetic and the quad-
ratic summation approaches are given by the circular
and cross-marked symbols, respectively. Results
from Refs. [39, 45, 50] are reported here because these
are the only resources to report all necessary
microstructural parameters including matrix grain
sizes. The diagonal line in Fig. 3a represents the one-
to-one correspondence between calculated and

measured oy. If individual contributions from dif-
ferent strengthening mechanisms are examined, the
contributions from Acyp, Acor, and Aocrg are largely
dominant and that of Ag; is relatively minor. When
theoretically estimated o, is compared with experi-
mentally measured oy, one can readily notice that the
oy, values based on the quadratic summation are
generally much closer to the experimental measure-
ments. In addition, in many cases, the theoretical
calculation overestimates gy, which indicates that the
individual strengthening mechanisms addressed in
Egs. (1) and (2) are not fully activated in these Al
MMNC systems.

To further examine the strengthening mechanisms
in pure Al MMNC systems, in Fig. 3b, we plotted the

@ Springer
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variations of measured o, for the Al composites in
Fig. 3a with changes of inverse of square root of
average matrix grain size (D~'/?). The dotted line in
Fig. 3b represents the expected o, from the Hall-
Petch relation using the ¢y and k, parameters in
Table 5. In the figure, measured o, values of mono-
lithic Al materials are indicated using circles, which
should be theoretically positioned on the Hall-Petch
line. The measured ¢, of monolithic Al (i.e., blue
circle in Fig. 3b) for Ref. [45] is much higher than the
expected value probably due to the intensive
mechanical alloying during synthesis. When the
variations of measured o, of the MMNC materials are
examined for Al,O; composites studied in Refs.
[39, 50], the initial slope (indicated as a dashed line) is
much greater than that of Hall-Petch line, which
obviously elucidates that other strengthening mech-
anisms in addition to the grain refinement have been
activated. However, if more reinforcement particles
are added beyond a certain limit, the slope becomes
nearly parallel to that of the Hall-Petch line shown as
the solid trend lines in Fig. 3b. This implies that the
strength increase is merely dominated by the grain
refinement and other strengthening routes are
essentially deactivated. For the SiC composites in Ref.
[45], the initial ¢, is much higher, but Agy is mostly
governed by the grain refinement mechanism with-
out considerable contribution from other strength-
ening mechanisms. From these results, it is thought
that adding nano-sized particles beyond a few vol%
(e.g., 2-3 vol% for Refs. [39, 50]) would not effectively
devote to Ag, from anticipated Orowan strengthen-
ing mechanism.

ér (%)

Ous
(MPa)
89.54
98.31
113.03
137.86
242.6
236
272
308
281

(MPa)
237
223
237
271
244

Mechanical properties

E (GPa) o,
77.39
77.67

79.71
78.29

Grain size,
D (pm)
70.73

Particle size
(um)

Reinforcement
Volume fraction

(vol%)
0(wt%)
4(wt%)
8(wt%)
12(wt%)
1.5

0
0.5
3
5

Alloyed Al systems

Processing methods/conditions

Stir casting
Stir casting

Now, in Tables 6 and 7, we summarize the currently
available data for the mechanical properties of Al
alloy MMC (Table 6) and MMNC (Table 7) materials,
respectively, along with the information of rein-
forcement material types, reinforcement contents,
reinforcement particle sizes, and matrix grain sizes
[17, 25, 70, 71, 86-93]. Because Al alloys generally
possess much higher strength compared with pure
Al, there is a greater volume of reported data based
on Al alloy metal matrices. Various Al alloys
including 2024 AA, 356 AA, 6061 AA, 7075 AA, Al-
Cu alloy, etc., have been utilized as the base metal
matrices. Because of the general aspects for the

Alloy types

6061 AA
356 AA

Table 6 continued
Reinforcement types

[Ref]
TiB, [85]
TiB, [86]

I
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impacts of reinforcement particle volume fractions,
particle sizes, and matrix grain sizes on Gy, Ouss and &
of Al alloy MMCs/MMNCs, the Al alloy system
sections were simply divided into MMC and MMNC,
and results based on the collective data sets are dis-
cussed in this section.

MMCs

In Al alloy MMC systems, it is claimed that as the
volume fraction of reinforcement particles increases,
the interfacial area between the particulates and the
matrix increases and more load can be transferred
from the matrix to the reinforcement particles,
thereby improving ¢, and o, of the composites.
Similar to pure Al systems, further increase in the
reinforcement contents may lead to a reduction in the
strength of alloyed Al composites, which could be the
results of greater agglomeration of particles and a
higher degree of defects/micro-porosity formation
[93]. For example, Slipenyuk et al.’s [63] research on
the SiC/Al composites showed a maximum gy at 10
vol% of 3-um SiC particulates, and reduction in the g,
values was observed when more reinforcements were
added. The critical concentration of reinforcements
was found to be greater for the composites containing
larger reinforcements, i.e.,, 14-um SiC, which also
confirms the general trend of the particle size effects
discussed for the pure Al systems. As another
example, o, and o, started decreasing at higher SiC
contents (i.e., beyond 7 vol%) in SiC/Al composites
studied in Ref. [65] mostly due to the increased
degree of particulate clustering. The composites
produced in this work exhibited heterogeneous
microstructures with elongated clusters of particles
along the extrusion direction, and the local volumes
of these clusters varied between 16% for 3 vol% SiC,
12% for 5 vol% of SiC, and 32% for 10 vol% SiC
samples, respectively [65]. In Table 6, the SiC/Al
composites examined in Ref. [63] present relatively
high g, and o, which can be explained by the effects
of post-processing (i.e., aging, age hardening, pre-
cipitation hardening) steps in synthesizing the sam-
ples. The formation of finely dispersed precipitates in
the alloys was the goal of the precipitation hardening
process; however, measured ¢ for these composites
showed a substantial reduction.

As discussed earlier for pure Al composite mate-
rials, for a given particulate volume fraction in a
composite system, a clear relationship between the

13337

particulate size and ¢, and/or g, can be identified in
alloyed Al systems as well, a decreasing trend with
increasing particulate size. For example, the com-
posites reinforced with 16 pm AlLO; in Ref. [73]
showed the greatest tensile strength compared with
the results from the composites reinforced with 32-
and/or 66-pm Al,Oj particles. Doel et al. [64] found
only a minor difference in o, and g, of the 5- and
13-um SiC-reinforced composites, but the authors
observed that the 60-um particulate-reinforced
materials exhibited much lower o, and 0. A larger
ceramic reinforcement particle is more susceptible to
fracture at a given applied stress because it is likely to
contain a higher quantity of defects larger than crit-
ical size. Moreover, it is expected that damaged
60-um particle would introduce larger-sized flaws or
defects within the microstructures and the increase in
the stress over the rest of composites for the system
with 60-pm particles is likely to be much higher [64].
Therefore, synthesizing composites incorporating
smaller particle sizes could provide higher strength
and better fabricability as long as the reinforcement
concentration does not exceed a certain critical value.
We note that the effects of alloy matrix grain sizes on
the mechanical properties are not readily available
for Al alloy MMC systems because many of the prior
studies do not contain the details for the measured
grain sizes of metal matrix as shown (i.e., blank data)
in Table 6.

Figure 4 epitomizes typical examples of mechani-
cal property changes with (a) reinforcement fractions
and (b) yield strength increase (Aay) for collectively
selected Al alloy MMC materials from Table 6. Here,
we particularly selected the data sets to include &
measurements, because the strength and elongation
data are both important for practical application of
MMC materials. In Fig. 4a, collective data variations
for Ao-y, Ao, and Ag as a function of added rein-
forcement fractions are presented as indicated by the
orange, green, and purple symbols, respectively.
Vol% or wt% were mixedly used in the plot
depending on the units reported in the correspond-
ing literatures. The reinforcement contents were set
as the major variable to affect mechanical properties
in the results of Fig. 4a, because it is recognized as the
prime consideration in synthesizing MMC. Although
there are some scatters due to the nature of collective
data sets irrespective of processing methods and
microstructural features, the Acy, Aoy, and Ag vari-
ations shown in the figure clearly elucidate the

@ Springer
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Ous (MPa) & (%)

g, (MPa)

Mechanical properties

Grain size,
D
(km) E (GPa)

Particle
size (nm)

(vol%)

Reinforcement
Volume fraction

methods/conditions

Processing

Alloy types

Table 7 continued
Reinforcement types [Ref]
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11

170
230
248
257
262
258

120

50-80

0 (Wt%)

3 (Wt%)
6 (Wt%)

9 (Wt%)

Melt deposition

LM13 AA

710, [25]

7.4
5.8
5.0

4.2

124

hot extrusion

132

158

183
171
237
241
277
258

12 (Wt%)
15 (wt%)

3.5
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242.6

70.73

20

Stir casting

356 AA

TiB, [86]

3332
364.9
310
283

83.11

0.5

82.85

1.5
3.0
5.0

78.82
78.31

241

contemporary status of Al alloy MMC materials.
From a collective point of view, reinforcement par-
ticles may be added up to ~20 and ~7-8 vol% (or
wt%) to increase oy and o, respectively, but adding
larger amounts of particulates can substantially
decrease &. In fact, all results containing more than
20% of reinforcements suffered from more than 50%
reduction in ¢&. The collective property change data
with Ag, variations given in Fig. 4b clearly confirm
this; when Agy is greater than 60%, ¢ of the sample
essentially approaches to 0 by losing at least 70% of
original elongation ability. For instance, in Ref. [63],
Agy = 83.44% in the Al-Cu sample with addition of
20 vol% SiC is compensated by Aef = —92.46%. oy
may increase as gy increases by ~50%; however, a
decreasing trend in relative Ao, is apparent when g,
increases beyond ~50%. It is considered that mini-
mization of such sacrifice in Aoy,s and Ag with high
Agy is still a formidable challenge in developing
advanced high-strength high-ductility Al MMC
systems.

The ultimate intent of developing MMC materials
is to enhance the mechanical performance of com-
posites starting from the monolithic metal matrix.
Therefore, it is of pivotal importance to assess how
much improvements can be made from the mono-
lithic metal matrix by adding reinforcements. In
Fig. 5, we present the variations of (a) Aagy, (b) Adys,
and (c) Ag as a function of respective monolithic
properties for Al alloy MMCs using the same data
sets included in Fig. 4. Symbols with identical types
and colors have been used to denote the same
specimen. For Ac, case, the majority of testing
samples exhibited A, values under ~30-40% and
maximum Ac, was observed when the g, of mono-
lithic metal matrix is near ~150 MPa. However,
such maximum Acy reported in Al-Cu alloys in Ref.
[63] is thought to be the results of heat treatment and
aging rather than those of particulate incorporation.
The 356 AA composites reinforced with SiC-RHA
(rice husk ash) studied in Ref. [69] showed a decent
combination of Acy (=53.57%) and Ag (=—33.33%).
Other than these two examples, generally, it is
summarized that Ag, could be achieved up to a
maximum of ~30-40% over the entire range of
starting monolithic ¢,. From the figure, one can
apparently notice that the Acg,s variations with
starting o, are much smaller than Ag, variations
and that some of o, exhibited even lower values
than the original monolithic ¢, In the data set
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Figure 6 Mechanical property changes with a reinforcement fractions and b Ag, for Al alloy MMNC systems.

shown in Fig. 5b, maximum Ac,s was found in the
samples to contain SiC-RHA reinforcements started
from oys = 263 MPa [69]. Aoy reported in Bharath
et al.’s [79] work also showed a relatively high value
(AGys = 29.59%) when 12 vol% of Al,O5; was added to
6061 AA. From the figure, Ag is typically measured
smaller than ~20%. Although the Ag¢; variations with
initial monolithic & are widely spread out, the scatter
plots displayed in Fig. 5c generally confirm that & of
composites is greatly reduced when the monolithic &
is large; if the starting & is greater than 20%, Ae; of
alloyed Al MMC systems unanimously experienced
higher degrees of reduction more than —30%. In
Fig. 5¢c, the relatively smaller A¢ (less than —30%) is
mostly correlated with the smaller amount of rein-
forcement addition and therefore smaller As,. We
must again note that although the collective data sets
contained in Figs. 4 and 5 are based on the selected
experimental measurements listed in Table 6 that
contain & information, they clearly elucidate the
current status of Al alloy MMC systems regarding the
improvements of three important mechanical prop-
erties, i.e., Aoy, Aoy, and Aeg.

MMNCs

In general, a similar trend for the effects of particle
volume fractions on the mechanical properties is
observed for Al alloy MMNC; there is a certain crit-
ical value where nano-composites exhibit their max-
imum o, and 7. It was claimed that such critical
volume fraction is the point where the matrix is

@ Springer

particle-saturated and that further addition of the
particulate volume fraction would not impose sub-
stantial impacts on the grain size of the matrix;
therefore, the grain refinement effects remain inde-
pendent of the particulate volume fraction beyond
this critical point [93]. For instance, it was found that
additional increase of Al,Os reinforcement contents
beyond 3 wt% caused a reduction in g, in Sajjadi
et al’s [72] study. The authors showed that higher
degrees of particle agglomeration, defects, and micro-
porosity were observed with higher contents of Al,O3
reinforcements. As an exception for this trend, the
SiC/Al nano-composites in Ref. [89] exhibited
monotonous increase in ¢, and ¢, with reinforce-
ment additions up to 15 wt%. It is considered that the
low-temperature aging treatment chosen (125 °C for
8 h) in this work improved the mechanical property
values. The authors claimed that because of homo-
geneous particle distribution without a significant
clustering, no peaks were found in o, and g of these
composites [89]. However, the SiC particle size
embedded in the composites was < 500 nm, which is
relatively larger than the dimension of typical nano-
sized ceramic particulates (i.e., < ~100 nm). We also
find that & in general gradually decreases with
increasing the contents of nano-sized particles.
Besides greater agglomeration, the increased mass
fraction of nanoparticles will decrease the effective
slip distance of dislocations during deformation,
which will in turn decrease ¢ [94, 95].

In Fig. 6, the collective mechanical property chan-
ges with (a) reinforcement fractions and (b) Aay, for Al
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alloy MMNCs are summarized. Again, the currently
available data sets to contain & measurements have
been included in the figure. As shown in Fig. 6, the
numbers of Al alloy MMNC data sets to report &
values are limited because many of the prior litera-
tures primarily focused only on the strength
improvement ignoring &;. Here, it is first noticed that
much smaller reinforcement fractions are added in
MMNCs, ie., up to ~5 vol% (or wt%), because of
higher propensity for particle agglomeration due to
the greater instability of nano-sized particulates
embedded in MMNC. From Fig. 6a, most of the
MMNC specimen exhibit Acy, and A, values under
~40%. Aous and Ae are generally expected to
increase and decrease with increasing Ag, for Al
alloy MMNC systems as well, but the scatter data
shown in Fig. 6b do not clearly show such trend

(a) 120
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100 %
80
& [89]
X
§ 60
*
40
X *
[72] 3
20 ¥ | 4
0 X
0 30 60 90 120 150
6, of monolithic matrix, MPa
(© o
10 72
20 §
X m
30 X I
-40
2 |
2:. 50 X
-60
-70
-80
-90
-100
0 3 6
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partly due to the lack of available data sets and partly
due to the variety of processing techniques in syn-
thesizing MMNC materials.

In addition to the property changes with rein-
forcement fractions and Agy, in Fig. 7, we present the
collective data of (a) Acy, (b) Aoy, and (c) Ag as a
function of respective monolithic properties for Al
alloy MMNC. Again, identical types and colors of
symbols have been used to indicate the same alloyed
Al MMNC samples. The 2024 AA composites rein-
forced with Al,O3 prepared by Su et al. [17] showed
much improvements (nearly ~100% or higher) for
Agy, but these samples have been subjected to a
substantial decrease in g (nearly ~100%) as evi-
denced in Fig. 7c. Such & loss can stem from the
excessive generation of dislocations during the ball-
milling process applied to synthesize the samples. On

(b) 100
90
80
70
° 60
= - (8]
3 50
]
< a0 I n7-—— e
30 *
20 ¢
[72]
10 g
0
0 50 100 150 200 250
G, of monolithic matrix, MPa
89
[89] .
&
2
[17]
9 12 15 18

g; of monolithic matrix, %

Figure 7 Variations of a Ag,, b Ay, and ¢ Ag; as a function of respective monolithic properties for Al alloy MMNC systems.
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Figure 8 Variations of experimental a o, and b ¢ with the inverse of square root of matrix grain sizes (D~'?) for Al alloy MMNCs (356

AA).

the other hand, when Aay is relatively small, corre-
sponding Ag; was also small as shown in the example
of Ref. [72]. Out of the alloyed Al MMNC materials in
Table 7, the 6061 AA systems with 500-nm particles
studied by Knowles et al. [89] exhibited a decent
combination of Acy, =74%, Acys=60%, and
Ae = —15%. Except the Ag values reported in Ref.
[89], similar to the Al alloy MMC systems shown in
Fig. 5¢c, we again find that generally & loss of com-
posites is larger when the monolithic & is larger,
which implies that we may lose nearly all ductility of
alloyed Al MMNC materials even starting from rel-
atively ductile metal matrix.

As mentioned earlier, there is an obvious impact of
reinforcement material types and contents on the
matrix grain sizes of composites, and the grain sizes
of matrix can play an important role in determining
mechanical properties of final polycrystalline prod-
ucts. Figure 8 illustrates the selected examples of
(@) oy and (b) & variations as a function of metal-
matrix grain sizes for alloyed Al MMNCs listed in
Table 7. In Ref. [91], reduced matrix grain sizes were
observed by adding more Al,O5 particles, and con-
sequently the flow stress of the composite was found
to increase with greater contents of Al,O; particles in
the composites. With higher Al,O; contents, the Al
metal matrix experiences considerable constraints to
the plastic deformation due to smaller inter-particle
distance and finer matrix grain sizes. SiC particles
have shown similar effects on the matrix grain size,
where grain refinement strengthening effects were
identified in Mazahery et al’s [87] work. In their
study, the grain refinement strengthening mechanism

@ Springer

was greatly evidenced with increasing particulate
volume fraction because the reinforcement particles
can serve as the heterogeneous nucleation catalyst
[87]. When the slopes of g vs. D~'/? are quantified,
the values are regressively approximated as ~180,
~170, and ~1800 MPa um'/? for the samples of
Refs. [87], [92], and [91], respectively. Here, the data
set for the samples synthesized with adding Cu
particles [i.e., open symbols in Fig. 8a] has not been
analyzed. Recognizing that the Hall-Petch constant
(ky) is ~160-170 MPa pum'/? for 356 AA alloys [96],
Aay occurred in the composites of Refs. [87] and [92]
is mostly governed by the grain refinement effects,
not by the Orowan strengthening mechanism. On the
other hand, it seems that Agy in Ref. [91] was attained
by activating other strengthening mechanisms such
as Orowan or solid solution hardening mechanisms.
As for g, it is noticed that ¢ is generally decreased
with decreasing grain sizes as shown in Fig. 8b. Such
reduction in & with adding nano-sized particles and
resultant smaller grain sizes is clearly reported in the
samples of Refs. [87] and [92]. The 356 AA materials
reinforced with Al,O5; nanoparticles and Al (or Cu)
exhibited relatively high o,; however, the & values of
these samples were minimal irrespective of the
matrix grain sizes.

From Tables 6 and 7, we find that maximum o, of
Al alloy MMC is 385 MPa in an Al-20 vol% SiC MMC
[63], while maximum o, of Al alloy MMNCs is
307 MPa in an Al-15 wt% SiC MMNC [89]. When the
strength increase is considered for these systems, 88
and 81 MPa of o, were improved, respectively. As for
Ous, Al/10 vol% Al,O; MMC with an ultimate tensile
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strength of 482.5 MPa [74] exhibited the highest value
among the Al alloy MMC systems, and Al/15 wt%
SiC MMNC with a maximum ultimate tensile
strength of 449 MPa [89] was the best out of the
alloyed Al MMNC samples. Generally speaking, Ag,
and Ao, are expected in the range of less than ~40
and ~20% both for Al alloy MMC and MMNC
materials. Some samples showed much enhanced
strength, but they typically exhibited a substantial
reduction in their ductility, implying that the
strengthening mechanism is originated from the
generation of extensive dislocations upon processing,
not from the activation of desired load transfer or
Orowan strengthening mechanisms. The situations
for pure Al MMC and MMNC materials are similar to
those for alloyed Al MMC/MMNC. Because the
intrinsic material properties of pure Al are more
ductile with a lower strength value, o, and o, of
pure Al could be increased much more than the
alloyed Al composite cases; however, the impacts of
adding nano-sized reinforcement particulates are not
prominent. Therefore, it is thought that, based on the
collected data from existing literature, not a sub-
stantial difference between the mechanical perfor-
mances of the Al MMCs and Al MMNCs samples
was found by adding micron-sized or nano-sized
particulates both from the absolute and the relative
strength increase point of views. Although there has
been a discernable progress in the field of particulate-
reinforced Al MMCs/MMNCs, the synthesized
products still show relatively low ductility and e.
More in-depth understanding for the relationship
among the processing, microstructure, and mechan-
ical performance will be necessary to minimize such
inferior ductility of Al MMC/MMNC composites. It
is anticipated that the benefit of adding nano-sized
reinforcements could be maximized by developing
more advanced synthesis techniques such as near-net
shape, in situ fabrications [97-100] and by applying
more adequate heat treatments that can prevent the
agglomeration and aid the homogeneous distribution
of reinforcement particulates.

Summary

In the present study, we have thoroughly analyzed
the mechanical performance of pure Al MMC/
MMNC and alloyed Al MMC/MMNC systems using
a comprehensive collection of currently available data
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sets. The analysis includes the effects of the particle
volume fractions, particle sizes, and matrix grain sizes
on the gy, g, and & variations of composites. Results
showed that the reinforcement particulate contents
directly affect oy, oy, and & of pure and alloyed Al
MMC/MMNC. Depending on the fabrication process,
particle size ratio (PSR), and post-processing treat-
ments and heat treatments, an optimum particle vol-
ume fraction exists where maximum o, and o, are
observed. Although the metal-matrix grain size is one
of the most basic parameters to determine the
mechanical properties of Al MMC/MMNC, adequate
measurements for the grain sizes have not been con-
ducted in many previous studies. Addition of rein-
forcements clearly reduced the ductility of monolithic
metal matrix, and the degree of losing ductility was
generally found to be greater as the initial ductility of
monolithic matrix is higher. While one may expect to
attain significant advantages of adding nano-sized
reinforcements over the micron-sized reinforcements,
not a clear benefit to incorporate nano-sized particu-
late is identified in the mechanical performance
improvements for particulate-reinforced Al-based
composite systems. Although there are certain limi-
tations in the mechanical performance of contempo-
rary Al-based MMNC materials, in the future,
developing more advanced Al-based MMNC mate-
rials is highly expected by applying innovative syn-
thesis techniques along with relevant heat treatments.
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