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1. Introduction

Metal matrix nanocomposites (M

 materials for uses in a large numb
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processing routes have been proposed for the synthesis of MMnCs 
[1–3]. The methods are based either on powder sintering or on 
MnCs) are considered as po- liquid processing. Consolidation of particles, generally preceded by 

er of industrial applica- high-energy ball milling, can be carried out either by conventional 
tions. They provide opportunities to design lightweight structures 
with tailored balance of mechanical and physical properties, im-
provement of tribological performance and high temperature 
strength [1–3]. The reinforcement nanoparticles (NPs) are gen-
erally stable at elevated temperatures, making these materials 
suitable for high temperature applications [4,5]. Thanks to the very 
small size, the nano-fillers are able to obstruct the movement of 
dislocations, enabling the Orowan strengthening mechanism [6–8].

Notwithstanding the prospective properties of MMnCs, some 
aspects of their processing need to be improved. Their fabrication is 
much more complicated than that of conventional composites 
reinforced with fibers or micro-sized particles. When the particles 
scale down from the micro- to the nano-level sizes, new chal-
lenges have to be faced. In particular, the high surface energy of 
NPs readily leads to the formation of clusters which are not ef-
fective in hindering the movement of dislocations and result in 
poor bond with the matrix, thus reducing significantly the 
strengthening capability of nanoparticles. A number of novel
i).
techniques such as hot isostatic pressing and cold isostatic press-
ing followed by heat treatment or by plastic deformation including 
equal channel angular pressing (ECAP) and hot extrusion [9–17]. 
Among the liquid processes, promising results have been achieved 
by ultrasonic assisted casting [18–20]. Both liquid and solid 
synthesis methods can be categorized into two classes: the ex-situ 
and the in-situ synthesis routes. The former refers to those pro-
cesses in which the nano-reinforcement is added to liquid or 
powder metal whereas the latter refers to those methods that lead 
to the formation of nano-sized reinforcement during the process 
itself, e.g. through reacting gases [1–3].

ECAP is one of the most effective severe plastic deformation 
techniques, being able to produce metallic materials with ultra-fine 
grained (UFG) structure. It relies on the introduction of ex-tremely 
high shear strain during the deformation. Moreover, it has also 
been used for powder consolidation [21]. Traditional sintering 
methods are based on diffusion of atoms at the solid state. In 
contrast, ECAP consolidation mainly relies on very high plastic 
deformation (especially shear strains) [22]. The high deformation 
breaks the brittle surface oxide film that covers the particles and 
leads to direct contact between fresh metal surfaces so that 
bonding between the particles can occur instantaneously [22]. Fully 
dense bulk materials are produced thanks to the material
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Fig. 1. Micro-sized Al particles in (a) as-received and (b) ball-milled conditions; nano-sized Al particles in (c) as-received and (d) ball-milled conditions; ball-milled mixture
of Al micro-particles (50 wt%) and nano-particles (50 wt%) at (e) low and (f) high magnifications.

Table 1
Density values of the consolidated samples.

Consolidated sample Density (g/cm3)

As-received Al NPs 2.82
Ball-milled Al NPs 2.80
As-received Al micro-particles 2.70
Ball-milled Al micro-particles 2.70
Ball-milled Al NPs (50 wt%)þAl micro-particles (50 wt%) 2.75

Fig. 2. Vickers microhardness for the ECAP consolidated samples.
flow accompanying the deformation, which is believed to be able to 
close the pores between the particles [23]. The application of a 
back-pressure (BP) is very useful during ECAP consolidation of 
powdered metals at low temperatures. With the application of a 
BP, the particles are pushed against each other, generating more 
friction when passing the shear zone and causing the particles to 
deform more efficiently instead of just sliding over each other [22]. 
In this work, Al nano- and micro-particles were employed to 
prepare, by back-pressure ECAP, Al matrix nanocomposites re-
inforced with in-situ γ-Al2O3 NPs. The pure Al powder was con-
solidated in the as-received condition and after ball-milling. A 
milled mixture of Al nano- and micro-powder was also used. The
in-situ γ-Al2O3 NPs were produced by exploiting the oxide/hy-
droxide layer that covers the Al particles. The Al nano-sized par-
ticles possess higher surface than the micro-sized counterpart.
This means that they can potentially lead to the production of
nanocomposites reinforced with a much higher content of in-situ
reinforcement. The morphology of the Al particles, before and
after mechanical milling, and the microstructures of the compo-
sites were investigated by electron microscopy and X-ray diffrac-
tion. The mechanical properties of the final composites were



Fig. 3. Compressive stress–strain curves of the ECAP consolidated samples.
evaluated by hardness and compression tests. Particular attention
is given to the study of the in-situ phase transformation of the
oxide layer into γ-Al2O3 NPs, using XRD, differential scanning ca-
lorimetry (DSC), and thermo-gravimetric (TG) analysis.
2. Experimental materials and procedures

A commercial purity (CP) micro Al powder with an average size
of 20 μm and a nano CP Al powder with an average size of 70 nm
were used for the experiments. High-energy ball milling was
performed on the Al nano-powder, on the Al micro-powder and on
a mixture of 50 wt% of Al nano-powder and 50 wt% of Al micro-
powder using a QM-3SP4 planetary mill equipped with stainless
steel vials and balls (10 mm in diameter) at 300 rpm. 2 wt% of
stearic acid was used as process control agent to avoid excessive
cold welding and agglomeration of particles. To minimize oxida-
tion during attrition, the two vials were back-filled with argon. The
milling was performed for 16 h with a ball-to-powder weight ratio
of 10:1. An excessive temperature rise was avoided by interrupting
the procedure for 10 min after each 30 min of milling. After mil-
ling, the powders were wrapped in stainless steel foils, cold
pressed and subjected to ECAP at 600 °C using a back-pressure of
200 MPa. The pressing speed was 5 mm/min. The ECAP die, with
the channels intersecting at 90°, was heated by a resistance
heating system and the temperature was controlled using a type-K
thermocouple. Four ECAP passes were performed following the C
route. The density of the consolidated materials was measured
based on the Archimedes' principle using polished samples. Eight
measurements were performed for each type of the samples.

Morphological analysis of the powder was performed by a field
emission gun scanning electron microscope (FEG-SEM) Philips
XL30. The microstructural characterization of the consolidated
samples was carried out by transmission electron microscopy
(TEM) using a JEM 2000 EX II (JEOL) at 200 kV equipped with
energy dispersive spectroscopy (EDS, EDAX) detector. Thin foils,
extracted from the transverse section of the ECAP processed bil-
lets, were prepared for TEM by grinding and polishing with 6 and
3 μm diamond pastes and colloidal silica suspension. TEM disks
(3 mm in diameter, �25 μm in thickness) were punched from the
thin foils and milled by Ar ions using either PIPS 691 or PIPS II
(Gatan) devices. Aperture sizes of �0.8 and 3.5 μm were used to
acquire the selected area electron diffraction (SAED) patterns.

X-ray diffraction (XRD) patters were collected using PANalitical
X-Pert PRO equipped with a RTMS X'Celerator sensor. Cu Ka
(k¼0.15418 nm) radiation was employed. Vickers microhardness
(HV) was measured using Future Tech Corp. FM-700, applying a 2 N 
load for 15 s. Compression tests were performed with a crosshead 
speed of 0.5 mm/min using an MTS Alliance RT/100. The samples 
were 4 mm in diameter and 6 mm in length. Thermal analyses of 
powders were performed using a Setaram Labsys TG-DSC-DTA 
1600 instrument in a flowing argon atmosphere. Con-tinuous 
heating experiments were carried out from room tem-perature to 
600 °C at a rate of 30 °C/min.
3. Results

3.1. Characterization of powders

The powders were characterized by SEM before and after 16 h 
ball milling (Fig. 1). In Fig. 1a and c, the as-received micro- and 
nano-particles are shown. The Al micro-particles appeared roun-
ded and discrete, showing an average size of about 20 μm. The Al 
NPs were about 80 nm in diameter and almost perfectly spherical. 
Although they seemed more agglomerated than the micro-parti-
cles, the individual NPs were well visible.

The morphologies are consistent with the statement by Ra-
maswamy [24] that Al particles of 10–20 nm have geometrical 
shape, while they become spherical as the particle size increases to 
few tens nanometers. After milling, the particles showed com-
pletely different morphologies. The micro-sized particles had a 
flake morphology (Fig. 1b), while the nanoparticles had aggregated 
into micro-sized porous clusters although a few discrete spherical 
nano-particles were still noticeable (Fig. 1d). In Fig. 1e and f, the 
SEM micrographs of the mixture of the 50% nano- 50% micro-sized 
particles after ball milling are shown. At a low magnification, they 
exhibited a flake-like shape while at a high magnification they 
looked quite similar to the ball-milled nano-sized Al particles.

3.2. Powder consolidation

It was expected that the higher content of surface oxide in the 
NPs would make their consolidation more difficult. It is also known 
that in severe plastic deformation, more ductile and bigger 
particles are easier to shear, thus facilitating the consolidation 
process while the nano-sized particles are prone to slide over each 
other instead of being deformed [22]. Processing at high tem-
peratures was therefore required for the consolidation of the nano-
Al particles (600 °C). Since a back-pressure helps the ECAP 
consolidation [22], 200 MPa was applied. After 4 ECAP passes, the 
particles were fully consolidated and the billets free of cracks. In 
Table 1, the densities of the consolidated materials are summar-
ized. Higher values are associated with the consolidated Al NP 
samples because of the higher content of Al oxide (ρaluminum ¼2.70 
g/cm3 and ρalumina ¼3.96 g/cm3 [25,26]). How-ever, it is worth 
noting that the theoretical density of each sample cannot be 
determined since the actual amount of oxide contained is 
unknown.

3.3. Mechanical characterization

Vickers microhardness tests were performed on the con-
solidated samples and summarized in Fig. 2.

The billets consolidated from the nano-sized powder showed 
remarkably higher hardness (about 166 HV) compared with those 
samples produced from the micro-sized Al powder. Those pre-
pared from the as-received micro-powder showed a hardness of 
about 29 HV, while those prepared using the ball-milled micro-
powder exhibited a hardness of 62 HV. Finally, the sample pro-
duced from a mixture of nano- and micro-particles showed a 
hardness of about 120 HV, which is the average of the hardness



Fig. 4. TEM microstructures of the consolidated samples: (a) and (b) from the as-received micro Al powder; (c)–(e) from the ball milled micro Al powder. (f) SAED pattern
identifying the γ-Al2O3 NPs and (g) and (h) EDS spectra of the Al matrix and the NPs, respectively, in the sample consolidated from the as-received micro Al powder. (For
interpretation of the references to color in the text, the reader is referred to the web version of this article.)



Fig. 5. Microstructures of the consolidated samples: (a) from the as-received nano Al powder, (b) from the ball milled nano Al powder, and (c) from the ball-milled mixture
of micro and nano Al powders. (d) SAED pattern identifying γ-Al2O3 and (e) and (f) EDS spectra of the Al matrix and the NPs. (For interpretation of the references to color in
the text, the reader is referred to the web version of this article.)

Fig. 6. (a) DSC curve for the nano Al powder with the inset showing a magnified section in area X. (b) DSC curve for the micro Al powder with the inset showing a magnified
section in area Y.



Fig. 7. TG curve for the nano Al powder.
values of the other two ball milled samples.
In Fig. 3, the compressive stress–strain curves are displayed. 

The samples originated from the nano-sized powders showed a 
brittle behavior but an extremely high strength. Indeed, they 
broke before reaching the macroscopic yielding point. The samples 
originated from the micro-sized powders showed a ductile beha-
vior but much lower strengths. The consolidated ball-milled mi-
cro-Al powder reached a compressive yield stress of about 
140 MPa and an elongation of 28%. The consolidated as-received 
micro-Al powder reached a compressive yield stress of about 
40 MPa and the test was stopped at 50% of strain without fracture. 
Again, the sample from the mixed powder displayed ductility and 
strength in between, with compressive yield stress and ductility of 
about 350 MPa and 11%, respectively.

3.4. Microstructural characterization of ECAP consolidated samples 
and powder

A typical TEM microstructure of the sample consolidated from 
the as-received micro Al powder is depicted in Fig. 4a. Quasi-
equiaxed grains with homogeneous sizes (about 3 μm) are ob-
served in the whole investigated area. Discrete NPs and small 
clusters are found dispersed within the grains and at the grain 
boundaries, as shown in Fig. 4a and b. EDS analysis revealed that 
the NPs are oxygen-rich compounds (Fig. 4g and h). The NPs were
identified as γ-Al2O3 by the SAED pattern (Fig. 4f). The original
oxygen-rich surfaces of the starting particles were not noticeable 
although they were observed in the samples consolidated at lower 
temperatures as shown in some previous works [27–29]. There-
fore, the observed NPs are expected to be oxide compounds ori-
ginating from the amorphous oxide layer [30–37] that covers the 
Al particles. This aspect will be further investigated and discussed. 

The microstructures of the consolidated sample from the ball-
milled micro Al powder are shown in Fig. 4(c–e), showing coarse
grains with average size between 1 and 3 μm (Fig. 4c) and some 
finer structures (indicated in Fig. 4c by the red dashed lines). The 
latter is characterized by a high-density of oxide NPs, submicron Al 
grains and a high amount of microstructural defects (Fig. 4e). Some 
micro-sized grains, especially those between two zones with high 
contents of oxide particles, show elongated shape. It is worth 
noting that NPs are present not only in the areas with finer 
structures, but also dispersed in some coarser grains, as displayed
in Fig. 4d. The NPs are again identified as γ-Al2O3.

In Fig. 5a and b, the microstructures of the consolidated sam-

ples produced from the as-received and ball-milled nano Al
powders are depicted, respectively. The two microstructures look 
quite similar and the effect of the ball milling was not as marked as 
in the case of the micro-sized Al powder. In some areas, small
grains (lower than 1 μm in size) are detected. In some other areas, 
grain boundaries are not easily identified because of the high
density of oxide NPs which are again indexed as γ-Al2O3 (Fig. 5d–f).

The billet consolidated from the ball milled mixture of the 
micro and nano powders showed a bimodal microstructure 
(Fig. 5c). The micro-sized grains are separated by zones of nano-
sized grains and high amount of oxide NPs (indicated by the red 
dashed lines in Fig. 5c).

Finally, it is worth noting that in all the materials, a small 
number of oxygen-rich amorphous NPs are detected, as indicated 
by the red arrows in Figs. 4b and 5a. Several reports show that the 
Al particles are covered by an amorphous oxide layer 2–4 nm thick 
[27,30–37], therefore a phase transformation from an amorphous-
to a γ- phase occurred during the consolidation process. TG, DSC 
and more XRD were performed to shed further light on the for-
mation of γ-Al2O3 NPs.

In Fig. 6a, the DSC curve for the as-received nano Al powder 
shows an intense endothermic peak between 275 and 370 °C and a 
weak exothermic peak between 470 and 530 °C. In contrast, in 
Fig. 6b, the DSC curve for the as-received micro Al powder shows 
just a weak endothermic peak between 391 and 399 °C.

The TG measurement performed on the nano Al powder 
showed a reduction of mass in the first stage of heating (100 to 300 
°C), a drastic loss of mass at �300 °C corresponding to the DSC 
endothermic peak and then a region featuring a mass loss at a 
much slower rate (Fig. 7).

XRD was carried out at 25, 200 (below the DSC endothermic 
peak), 400 (between the DSC endothermic and exothermic peaks) 
and 600 °C (the ECAP temperature which is above the DSC exo-
thermic peak) to acquire information about phase stability. As 
mentioned, 600 °C is the ECAP processing temperature.

Fig. 8a and b display the patterns for the as-received nano Al 
powder at 25 and 200 °C. The peaks of Al and aluminum trihydr-
oxide γ-Al(OH)3 were identified. The γ-Al(OH)3 phase is also known 
as gibbsite and possesses a monoclinic symmetry with the space 
group P21/n. At 400 °C, the peaks of the hydroxide dis-appeared 
and only those of Al were detected (Fig. 8c). Finally, at 600 °C the 
loose nano Al powder showed both the peaks of Al and
γ-Al2O3 phases (Fig. 8d). By zooming the XRD pattern at 400 °C, an 
hump related to an amorphous phase is visible at low incident
angles, where the peaks of the Al(OH)3 and γ-Al2O3 are present at 
25 °C and 600 °C, respectively (see for comparison Fig. 8e and f). 
XRD was also performed on the micro Al powder, but the only Al 
peaks were detected (Fig. 9). A shift of the angular peak positions 
toward lower angles was noticeable with increasing temperature, 
most probably due to a thermal drift. The specific surface of the 
micro Al particles is much lower than that of the nano Al particles; 
therefore, the amount of oxide/hydroxide growing on their surface 
is believed to be not enough to be detected.
4. Discussion

Aluminum is thermodynamically unstable with respect to its 
oxide and hydroxide in air. Both bulk Al and particles are naturally 
covered by an amorphous oxide layer which is about 2–4 nm thick 
at room temperature [27,30–37]. This layer is very compact and 
stable and protects the interior from further oxidation. Growth of 
the amorphous oxide layer is limited by the outward diffusion of 
Al cations [38]. The amorphous alumina layer becomes metastable 
when the thickness exceeds a threshold value [39,40]. Besides, it is 
largely accepted that the chemical reactivity of aluminum and



Fig. 8. XRD patterns for the as-received nano Al powder: (a) at 25 °C, (b) at 200 °C, (c) at 400 °C, and (d) at 600 °C. Closeups between 5° and 40° are shown (e) at 25 °C and
(f) at 400 °C.
other metals at the nanometer scale differs from that measurable at 
the macroscopic level; indeed different transformations and 
reactions may happen at the nano-scale, which are not favored at 
the micro-scale [41–45]. The small size and large surface area 
provide a significantly high chemical reactivity. For example, 
passive bulk aluminum is practically stable, even in boiling water 
[33], but nano-sized Al particles react with water to form alumi-
num hydroxide, releasing H2 [46]. There is also some evidence that 
Al trihydroxide can form during prolonged exposure to humid 
environment in the outermost passive layer of bulk Al samples [47–
49]. This reaction is likely to happen more decisively on the Al 
nanoparticles. Moreover, the oxide on the Al nanoparticles is re-
vealed to be more porous than that on the micro-sized Al particles 
and potentially able to absorb larger amounts of atmospheric 
moisture [24]. In agreement with these observations, XRD re-
vealed that an aluminum hydroxide layer (gibbsite) covers the Al 
nanoparticles used in the present experiments.
When the Al NPs are heated, they undergo an endothermic
transformation between 275 and 370 °C. At 200 °C, the peaks of
gibbsite were still very much visible, whereas at 400 °C they dis-
appeared. The endothermic transformation is attributed to the
dehydration of the trihydroxide, causing its transformation into
alumina and water according to

2Al OH Al O 3H O 13 2 3 2( ) → + ( )

The DSC results are in good agreement with some previous 
works on dehydration of gibbsite [50–53]. The occurrence of de-
hydration is also supported by the TG results (Fig. 7), which show a 
drastic reduction of weight corresponding to the endothermic 
peak, confirming the loss of H2O molecules during the dehydration 
reaction. Furthermore, the loss in weight visible in the first part of 
the curve can be ascribed to the evaporation of the adsorbed water. 
XRD carried out at 400 °C on nano Al particles exhibited



Fig. 9. XRD pattern for the as-received micro Al powder at 25, 200, 400 and 600 °C. 
A closeup in correspondence of the [111] peak is depicted in the inset.
only the peaks of the face-centered cubic Al structure. No char-
acteristic peaks for crystalline-Al2O3 were noticeable, and a broad 
hump ascribable to an amorphous phase was visible at low in-
cident angles (see for comparison Fig. 8e and f).

Dehydration is a very complex process, which leads to the loss 
of the long-range order in the crystal structure [54]. The trans-
formations gibbsite-amorphous Al2O3 and gibbsite-boehmite 
(γ-AlOOH)-amorphous Al2O3 were proposed for gibbsite parti-
cles [33,52,54–56]. The formation of the amorphous Al2O3 is an 
intermediate stage between the solid-state reaction from gibbsite 
to the crystalline alumina. The gibbsite structure is distorted during 
its dehydration/amorphization, causing the variation and loss of 
the cell parameters and the loss of the long-range crystal order due 
to structural reordering and the loss of water [53,54]. At 600 °C, the 
peaks of γ-Al2O3 were detected in the powder and
Fig. 10. Schematic of the transformation of the oxide layer: (a) a nano Al particle is cover
soon as they are exposed to atmospheric moisture the oxide reacts with water to form al
and loose its long range crystallographic order, forming amorphous alumina (a′- Al2O3) w
into γ-Al2O3 which has a density 20% higher than that of a-Al2O3, leading to its not fully c
may cause the rapid increase of oxide until a continuous layer is formed, and (g,h) whe
layers transform into discrete γ-Al2O3 NPs to minimize the surface energy. The ECAP pr
consolidated samples. Therefore, between 400 and 600 °C the 
amorphous phase transforms into a crystalline structure. As 
shown in Fig. 5a, a small exothermic peak between 470 °C and 
530 °C was detected by DSC analysis on the nano-Al particles. This
peak might be assigned to the amorphous Al2O3-γ-Al2O3 trans-
formation. However, it is worth noting that some other phenom-
ena could cause exothermic heat release, namely residual oxida-
tion, annealing of defects or strain relaxation in the Al particle 
core. Accelerated oxidation was observed by Trunov et al. [57] in a 
narrow range from 550 and 650 °C below the Al melting tem-
perature, when a critical value of the oxide thickness (4 nm) is
exceeded. It is suggested that the newly formed γ-Al2O3 has a
density 20% higher than that of the amorphous-Al2O3. Thus, the 
cubic alumina does not fully cover the Al particle surface. The 
formation of bare Al spots and their immediate oxidation may 
cause the rapid increase of oxide until a continuous layer is
formed. It is estimated that the thickness of the γ-Al2O3 layer is 
about 15–20 nm. It is noted that on the TG curve in Fig. 7, the 
increase in mass is not evident because the test was carried out in 
Ar atmosphere. Thus, at 600 °C, the content of Al oxide is expected 
to be higher than that in the as-received powder and the amount of 
oxide in the consolidated sample has to be even higher.

The diffraction peaks of Al2O3 and Al(OH)3 were detected only for 
the nano Al powder. The amount of these phases is believed to be too 
low to detect in the micro Al powder. A weak endothermic DSC peak 
was noticeable between 391 and 399 °C when the mi-cro-sized 
powder underwent the heating scan (Fig. 6b). This might suggest the 
presence of some hydroxide on the surface that transformed into 
amorphous Al2O3, but there is no XRD evidence. Nonetheless, 
according to the results achieved using the nano Al particles, no 
matter whether the Al particles were covered by the hydroxide at 
low temperatures (o 400 °C), at the consolidation temperature of 
600 °C, a γ-Al2O3 layer is supposed to cover the metal particles.

In Figs. 4 and 5, it was shown that the oxide phase was not 
present as boundaries between the original Al particles, as
ed by an amorphous oxide layer 2–4 nm thick at room temperature (a-Al2O3), (b) as
uminum hydroxide (Al(OH)3, (c) between 275 and 370 °C, the hydroxide dehydrates
hich remains stable below 470 °C, (d) between 470 and 530 °C, a′-Al2O3 transforms
overing the Al particle surface, (e,f) the bare Al spots and their immediate oxidation
n the nano Al particles are consolidated by ECAP at 600 °C, the continuous γ-Al2O3

ocess plays a role in dispersing the NPs.



previously found in samples consolidated at 400 °C [27] or even 
lower temperatures [28,29]. The oxide was found, indeed, in the 
form of particles well dispersed in the metal matrix in all the
samples investigated. γ-Al2O3 NPs were also obtained by Balog et 
al. after annealing of the consolidated micro Al powder (1–
9 μm) at temperatures higher than 450 °C [27]. The driving force
for the transformation from oxide layers into oxide particles is 
considered to be the minimization of surface energy, which is 
made possible by diffusion at the higher temperatures. The ECAP 
process also play a role in dispersing the NPs [22]. The transfor-
mation process from the oxide layer into discrete γ-Al2O3 NPs can 
be summarize in eight steps, as illustrated in Fig. 10.

The microstructures observed in the present study correspond 
well with the mechanical properties obtained. The very high
content of reinforcing γ-Al2O3 NPs in the materials produced from 
nano Al particles plausibly leads to their extraordinary high 
hardness (about 166 HV), low ductility and high compressive 
strength (Figs. 2 and 3). For comparison, it is worth reporting that 
the Vickers hardness of coarse-grained and UFG pure aluminum are 
about 20 HV and 40 HV, respectively [58]. The in-situ re-
inforcement led to a hardness increase of about 400% when 
compared with the unreinforced UFG Al.

The samples produced from the micro Al powder, reinforced 
with lower amounts of alumina NPs, showed much lower hardness 
and strength but higher ductility. The samples prepared from the 
as-received powder showed a hardness of about 29 HV and a yield 
strength of 40 MPa while those prepared using the ball-milled 
powder exhibited a hardness of 62 HV and a yield stress of 
140 MPa. The hardness values are consistent with previous results 
achieved by consolidating Al particles at lower temperature [59]. 
The as-received and ball-milled Al powder consolidated by ECAP 
for 4 passes at 400 °C showed higher Vickers hardness (37 HV and 
93 HV, respectively [59]) due to a softer annealing action exerted 
during holding at the processing temperature. Finally, the sample 
produced from the mixture of nano- and micro-particles showed a 
hardness of about 120 HV, a yield stress of about 350 MPa and a 
ductility of 11%, representing a compromise between those 
achieved by the samples produced using the ball-milled micro-
sized Al powder and the ball-milled nano-sized Al powder. This 
might suggest the possibility of using different proportions of 
nano- and micro-particles in order to produce the desired com-
binations of mechanical properties.

The enhanced hardness and strength are due to the strength-
ening effect of the dispersed nanoparticles and of the refined 
microstructure [6–8,21]. The nanoparticles can interact with dis-
locations, hampering their movement and leading to dislocations 
bowing around the particles (Orowan strengthening) [6–7]. The 
mismatch in the coefficient of thermal expansion between the 
reinforcement and the metal matrix is also believed to contribute 
to strengthening since it leads to the formation of dislocations, 
which are geometrically necessary to accommodate the different 
contractions [8,60]. Moreover, the grain size has a strong influence 
on strength since the grain boundaries can obstruct dislocation 
movement [21], and the particles play an important role in refin-
ing grains in the composites because they can hinder grain growth 
at high temperatures by acting as pinning points for grain 
boundary migration. The effect of the finer grain size is demon-
strated in the sample produced from ball milled micro Al powder, 
which showed higher strength and hardness than that produced 
from as-received powder.
5. Conclusions

A method to prepare MMnCs reinforced with in-situ γ-Al2O3

NPs was applied. Five different composites were produced using
micro- and nano-sized Al powders either in the as-received con-
ditions or after high-energy ball milling. The consolidation process
was carried out at 600 °C by ECAP with a back pressure of
200 MPa. The reinforcing NPs were produced in-situ from the
surface oxide layer via the following transformation path:
a-Al2O3-Al(OH)3-a′-Al2O3-γ-Al2O3. The Al nanoparticles are
covered by an amorphous oxide layer 2–4 nm thick at room
temperature (a-Al2O3) which reacts with water to form aluminum
hydroxide (Al(OH)3) as soon as it is exposed to atmospheric
moisture. Between 275 and 370 °C, the hydroxide dehydrates and
loose its long range crystallographic order, forming amorphous
alumina (a′-Al2O3). Between 470 and 530 °C, the amorphous-
Al2O3 transforms into γ-Al2O3 with increasing thickness. During
ECAP consolidation at 600 °C, the continuous γ-Al2O3 layers
transform into discrete γ-Al2O3 NPs to minimize the surface en-
ergy. The ECAP process also plays a role in dispersing the NPs.

The composites consolidated from the nano-sized powder
showed remarkably higher hardness (about 166 HV) than those
prepared from the micro-sized Al powder (29 HV). The samples
produced using nano-sized powder showed a brittle behavior but
an extremely high strength in compression while those produced
using the micro-sized powders showed a ductile behavior but
much lower strength. The sample consolidated from the ball-
milled mixture of the micro and nano Al particles displayed a very
interesting mechanical behavior that is a compromise between
ductility and strength (11% and 350 MPa, respectively). The en-
hanced hardness and strength are believe to be due to the
strengthening effect of the dispersed nanoparticles and of the
refined microstructure.
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