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The reinforcement agglomeration in nanocomposites is a key issue that needs to be solved in order to
fully benefit of the gain in strength and ductility associated with the decrease in reinforcement size from
microscale to nanoscale. In this study, mechanical milling has been used successfully to disperse nano-
metric alumina (n-Al;03) in an aluminum matrix. Al,03/Al nanocomposite powders have been produced

for various alumina sizes and concentrations. The 10vol% n-Al,03/Al powders display hardness values
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near five times higher than pure unmilled Al. A decrease in the Al,03; particle size from 400 to 4 nm has
increased the nanocomposite powder hardness by 11%. The microhardness and compression properties
of an Al,03/Al nanocomposite compact consolidated by hot pressing were measured. Comparison with
modeled values and literature results indicates that the higher experimental yield strength obtained with
the addition of n-Al,03 versus micron size Al,0s3 is due to in situ matrix strengthening.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Due to their lightweight and high specific strength, particulate
reinforced aluminum composites are attractive structural materials
forvarious domains such as automotive and aerospace applications.
They also offer moderate fabrication cost, easier manufacturing
than continuous fiber composites with reproducible properties and
the possibility to use standard or near standard metal working
methods [1].

The most common reinforcements for aluminum are silicon car-
bide (SiC) and alumina (Al,03), due to high availability, low cost and
overall good properties [2]. In general, a gain in stiffness of 50% can
be obtained with up to 30 vol% of SiC or Al;03 [1]. Strength values
reported are more scattered, but an increase of up to 60% can be
obtained for the yield and ultimate tensile strength. However, duc-
tility was always found to be reduced with reinforcement addition,
as well as toughness [2].

Recently, Al;03/Al nanocomposites have shown great poten-
tial with their unique mechanical properties. In one study [3], the
tensile strength obtained with 1vol% n-Al,03 was found to be
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equivalent to that of the 10vol% SiC (13 wm)/Al composite pro-
duced in the same conditions. If compared with pure Al, 2vol%
n-Al,05 addition improves yield strength of around 66%, hardness
of around 50% and tensile strength of around 80%. In another study
[4], ultrason casting method was used to dispersed 2 wt% Al,03
(10 nm) in aluminum. Compared with pure Al casted following the
same method, composite hardness was increased by 92% and the
yield strength by 56%. Research studies on other nanocomposites
have shown an increase in strength combined with an improve-
ment of ductility [5-7].

However, the processing of composites with nanoreinforcement
is still an issue. In the two papers cited above involving Al,03/Al
[3,4], it has not been possible to obtain the homogeneous distribu-
tion needed for optimized properties.

High energy mechanical milling was found to eliminate clus-
tering issue for several nanocomposites [8-11]. It leads to uniform
distribution of the reinforcements as well as inducing a significant
grain size reduction and lattice strains, also beneficial to strength
properties. Furthermore, the reinforcing phase helps to maintain
the submicron grain size obtained from milling by pinning grain
boundaries during subsequent processing, such as extrusion. How-
ever, only one work [8] was found on the possibility of using high
energy mechanical milling for dispersion of nanoscale alumina par-
ticles in aluminum. The resulting strengthening of the materials
was not evaluated.

This paper first intends to evaluate mechanical milling as a pos-
sible dispersion method for Al,03/Al nanocomposites. The extent
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of Al, 03 dispersion is evaluated, together with the effect of milling
on Al matrix microstructure. The effect of Al,03 size on composite
strengthening is also studied through comparison of the measure-
ments obtained in this study with previous experimental results
and with modeling.

2. Experimental procedures

Three different sizes of Al,03 powder were tested. Spherical
Al;03 of 4 nm nominal size was bought from Aldrich. From obser-
vations with a FE-SEM Hitachi S-4700, the average particle size was
measured to be 25 nm. Spherical Al,03 of 80 nm average particle
size was produced by combustion synthesis [12]. Finally, calcined
equiaxed Al,03 was bought from Whittaker, Clark and Daniels
(now MPSI) with a nominal particle size of 400 nm but a measured
average particle size closer to 310 nm. The size distributions of the
three Al, 05 sizes measured by FE-SEM are shown in Fig. 1. Spherical
Al powder of —325 mesh, 99.5% purity was also used to produce the
composite powders. Fig. 2 shows the various Al,03 powder used.

Fig. 3 shows that all Al;03 powders used have the tendency to
form agglomerates of similar size of around 50 pm. However, the
400nm Al,03 has around half of its particles dispersed and the
agglomerates present seemed more loosely packed.

As areference test, Al powder was first milled alone for 5 h under
argon atmosphere in a high energy Spex 8000 mill with a rpm of
1200. 2 wt% stearic acid was added as a process control agent to
avoid excessive sticking and agglomeration of the aluminum [13].
Tungsten carbide balls (11 mm) and container with a 10:1 ball-to-
powder ratio were used. Mixtures of Al,03/Al with concentration
varying from 1 to 10 vol% were then milled for each type of alumina
powder using the same procedures. The milled Al mixture with no
Al,03 addition and the 10vol% Al,03 mixtures were cold press at
500 MPa and then hot pressed in an uniaxial press at a pressure of
350 MPa and at a temperature of 450°C for 1 h under vacuum in
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Fig. 1. Size distributions for the different Al,03 powders used.

order to obtain sintered cylinders of 2.5 cm in diameter and around
0.6 cm height.

Dispersion of the Al, O3 within the Al powders was studied using
a FE-SEM Hitachi S-4700. A CM200 TEM from Philips was used to
have a closer look at the second phase and to measure the grain
size of the powders. For each sample, the Feret diameter of at least
30 grains was measured. Also, a TEM thin film of the hot pressed
10 vol% Al,03 mixture (4 nm) compact was prepared from grinding
followed by electropolishing in a solution of 25% HNO3 in methanol
at —40°C. From the hot pressed 10vol% Al,03 mixture (80 nm)
compact, a FIB specimen was produced using a NB5000 NanoDue’t
from Hitachi. This last specimen was observed in a Hitachi HD-2700
dedicated STEM in bright field (BF) and Z-contrast (ZC) mode.

XRD characterization of the powders was performed with a
Rigaku Rotaflex Ru-200B type using Cu Ka; radiation at 4.8 KW. The
Williamson and Hall method [14] was used to relate the broaden-
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Fig. 2. FE-SEM micrographs of the three Al,03 powders used: (a and b) 4 nm, (c) 80 nm, and (d) 400 nm.
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Fig. 3. SEM micrographs of the three Al,03; powders showing initial agglomeration: (a) 4 nm, (b) 80 nm, and (c) 400 nm.

ing of the X-ray peak (B) to the crystallite size (L) and the lattice
strain (), in the form:

Bc059=%+nsin9 (1)

ks being the Scherrer’s constant. The Scherrer’s constant, also iden-
tified as a geometrical factor, was fixed at 1. The total broadening
(Br)was found by dividing the peak area by its height. The broaden-
ing due to the instrument (B;), found with a reference annealed Al
sample, was removed from each peak using the geometrical mean
defined as [14]:

12,112

) (2)

For each milled mixture, a plot of B*cos 8 as a function of sin 8 was
drawn to find the lattice strain and crystallite size.

B = ((Br — By) » (B} — B})

Microhardness of the powders as well as of the compacts was
evaluated using a Vicker microhardness indentor with a load of
50 g and a dwell time of 15s. It was ensured that this load was low
enough to obtain indents much smaller than the particles of powder
probed. Each time, the indents were surrounded by at least three
times their size of the material being tested. Rectangular samples
of 5mm x 5mm x 7.5 4+ 0.3 mm were machined from the compacts
and tested in compression at a rate of 5x10~4s~! with a MTS
Sintech30/G machine.

3. Results and discussion

After milling of the Al,03 powder with the aluminum for 5h,
equiaxed Al powders are obtained where Al,05 particles seem to
be well distributed. Fig. 4 shows the 80 nm Al,03 particles dis-
tributed at the surface of the Al powder. A low amount is observed

I
1.00um

Fig. 4. (a) Low and (b) high magnification of the 5 h milled Al powder with 10 vol% Al,03, 80 nm.
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Fig. 5. Al;03 particles within the Al,03/Al hot pressed compacts: (a) 4 nm, (b) 80 nm, and (c) 400 nm.

because the remaining Al,03 is now embedded in the Al parti-
cles.

The dispersion of the Al,03 within the Al was observed in the
hot pressed compacts for the three Al, 03 size. From the SEM micro-
graphs shown in Fig. 5, the 4 and 80 nm Al, 03 powders appear very
well dispersed in Al. Their spherical shape and their size have been
preserved during milling. Closer observation of Al,03 dispersion in
the hot pressed 10 vol% Al,03 (4 nm) compact through TEM (Fig. 6)
revealed few agglomerates with size of around 1 pm.

The 400 nm Al, 03 compact displays minimal agglomeration on
the SEM micrograph (Fig. 5¢), maybe due to the initial angular shape
of the Al, O3 powder. Also, the Al,03 was broken during milling and
the average Al,03 size has decreased by half from 310 to 130 nm.
This significantly decreases the difference in size with the 80 and
400 nm nominal Al,03 powders.

The crystallite size (L) and the lattice strain () calculated from
the Williamson and Hall method are presented for each milled mix-
ture in Tables 1 and 2. The grain sizes of the mechanically milled Al,
the 10vol% Al,03 (4 nm) mixture and the 10vol% Al,03 (400 nm)
mixture were also measured using TEM. The average grain sizes
obtained were of 60, 50 and 160 nm respectively. TEM values are
consistently about half the values obtained with XRD measure-
ments. Part of the explanation for this discrepancy is that XRD

Table 1

Al crystallite size of the milled powders according to Al,03 content and size.
Conc. Al, 03 size

4nm 80nm 400 nm

0% 110nm
1% 120 nm 110nm 140 nm
2% 100 nm 90 nm 120nm
10% 90 nm 180 nm 310nm

method leads to volume-weighted mean of grain size distribu-
tion. Bigger grains contribute more to the weighted mean than the
smaller grains. On the other hand, the arithmetic mean is usually
taken to average the grain sizes from TEM measurements and this

15.¢1f
MilladAl-100ATNg

Print Mag: 41200% @ o

500 nm
HV=200.0kV
Direct Mag: 5600x

Fig. 6. TEM micrograph of the 10vol% Al,03 (4nm) thin film showing few Al,03
agglomerates.
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Table 2 Table 3
Al lattice strain of the milled powders according to Al, O3 content and size. Microhardness of the milled powders according to Al 03 content and size.
Conc. Al, 03 size Conc. Size
4nm 80nm 400 nm 4nm 80nm 400 nm
0% 0.0054 0% (initial) 30+ 7
1% 0.0050 0.0062 0.0062 0% (milled) 142 + 5
2% 0.0048 0.0050 0.0058 1% 147 =5 147 + 8 140 + 5
10% 0.0050 0.0076 0.0080 2% 151+ 4 155+ 5 153 + 8
5% 163 + 6 156 + 4 154 + 5
10% 166 + 4 152 + 4 150 + 7
value is typically smaller. Those looking for further details regard-
ing grain size extraction from XRD patterns and how the calculated Table 4
means can be compared to TEM measurements are referred to Microhardness of the hot pressed compacts with 10 vol% Al,Os.
[15]. In our spgaﬁ; case, if volume-weighted means are calculated Size Milled Al A 2onm 200nm
from TEM grain size measurements, then 66, 62 and 270 nm are -
obtained for the mechanically milled Al, the 10vol% Al,03 (4nm Relldensiyl&) o B B b
y 5 Al203 ( ) Hardness 1645 18349 17745 173+9

mixture and the 10vol% Al,03 (400 nm) mixture respectively. The
effect is especially remarkable for the 10 vol% Al,03 (400 nm) mix-
ture, where the difference between TEM and XRD measurements is
significantly reduced. However, other explanations are needed for
the remaining gap. Inaccuracies are introduced by the numerous
assumptions of the Williamson and Hall method. Among others,
the annealed Al powder grains are suspected to be in the order of
500 nm. In that case, the reference peak broadening would be larger
than the instrumental broadening alone, and would bias the results.
From our calculations using Eqgs. (1) and (2), this can account for a
variation of about 10 nm. Also, as the size of only 30 grains per mix-
ture was measured under TEM, inaccuracies certainly arise from
sampling statistics. Finally, TEM grain size measurement on pow-
ders can be bias because it is limited to the electron transparent
areas on the particle sides. It can be speculated that the impacts
occurring during milling create more deformation on the particle
surface than in the middle. As such, the grains could be bigger in
the center of the particles.

From XRD grain size measurements, it is seen that a grain size of
around 100 nm is typically obtained for the milled mixtures, with
or without Al, 03 additions. However, the grain sizes of the 10 vol%
Al,03 (80 and 400 nm) mixtures are significantly higher, especially
for the 400 nm Al,03 size. Furthermore, the lattice strains calcu-
lated for those two mixtures are higher than the average lattice
strains observed in the other cases. This indicates that the final
break down of the Al crystals has not occurred for those two mix-
tures. It seems the mechanical milling process has been slowed
down, as well as the resulting grain refinement. In literature, the
addition of a second phase during mechanical milling is rather asso-
ciated to an acceleration of the milling process. The hard second
phase particles act as extra miniballs that accelerate the milling
process. Also, the local deformation of the matrix in the vicinity
of the reinforcement particles is increased, accelerating the work
hardening of the matrix, and thus, the extent of grain refinement
[8]. Two hypotheses are suggested here to explain this discrepancy.
There could be a critical size and concentration for which the second
phase will form a type of protective skeleton. This skeleton would
slow down the milling process by absorbing a fraction of the energy
during collisions with the balls. Also, it has been shown that the
400 nm Al,03 was broken down during milling. This would absorb
another fraction of the impact energy. While no clear evidence are
available to validate those hypotheses, it is worth mentioning that
a similar behavior was observed during the equal channel angular
pressing (ECAP) of an Al,03/Al composite with similar Al;03 con-
centration and size (10vol%, 270 nm) [16]. After deformation, the
grain size obtained with the composite was higher than the grain
size obtained with pure Al in the same conditions. The effect was
attributed to the presence of Al,0s3.

Table 3 presents the microhardness of the milled mixtures and
Table 4 those of the hot-pressed compacts. It is seen that milling of

the Al, even without Al,03 addition, increases the hardness around
five times from 30 to 142. Deformation occurring during milling
leads to cold working and grain refinement [17]. Also, various con-
taminants coming from the addition of the process control agent,
wearing of the balls and vial, the initial oxide layers at the surface of
the Al particles or the extra oxidation occurring during the milling
process, are embedded in the Al powder where they can form either
asolid solution or dispersoids [18]. All those phenomena contribute
to the strengthening observed after milling.

From Table 3 and Fig. 7, it is seen that the 80 and 400 nm Al, 03
powders have a similar strengthening behavior. This is due to the
breaking of the 400 nm Al, 03 particles during milling that had cre-
ated a size distribution close to the 80 nm alumina powder. For
all Al, 03 particle sizes, an increase in hardness is obtained when
5vol% Al,03 is added, and then hardness gain level off with further
Al,03 addition. This concentration threshold was also observed
elsewhere [3]. It was attributed to three factors: a saturation of
the grain boundary with nano-particulate, stopping further grain-
refinement, a grain boundary embrittlement, due to nano-particle
aggregates, and a reduction in effective nano-particle content due
to aggregates. In this study, Al,03 was evenly distributed within
the grains: nano-particle segregation at grain boundaries has not
been observed (Fig. 8). However, the small Al, 03 agglomerates pre-
sented previously in Fig. 6 could reduce the effective nano-particle
content.

The highest powder hardness value of 166 is reached with the
10vol% Al;03 (4 nm). This corresponds to an improvement of 15%

180 -
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Fig. 7. Microhardness of the milled powders according to Al,03 content and size.
The individual dots indicate the hardness of the hot pressed counterparts.
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Fig. 8. TEM micrograph of the 10vol% Al,03 (4nm) thin film showing uniform
dispersion of Al, 03 particles within grains.

compared to the milled Al. At this concentration, the hardness dif-
ference between the 4 nm Al, 03 and the other Al, 053 sizes is accen-
tuated. This trend is probably due to the difference in Al grain sizes
for the different Al, O3 sizes. The 10 vol% Al,03 (4 nm) mixture con-
tains much smaller grains than the 10 vol% Al,03 (80 and 400 nm).

The hardness of the hot pressed mixtures was in all cases
increased by around 20 compared with the powder mixtures. This
increase in hardness is associated to the heat treatment occurring
during hot pressing where the elements present in solid solution
after milling precipitate. Among others, aluminum carbide precip-
itates are obtained, as seen on the XRD pattern below (Fig. 9) of the
milled Al before and after a heat treatment at 450 °C for 1 h simulat-
ing the hot pressing process. The carbon atoms needed to form the
carbides come from the decomposition of the stearic acid added as
a process control agent. A similar study involving milled Al pow-
der has also shown an increase in powder nanohardness after heat
treatment at the same temperature (450°C) [19].

- Aninum 1 " [—Milled Al - 450HT
O Aluminum Carbides —Milled Al
2
&
[ =]
2
E Ll
15 25 35 45 55 65

20 (degrees)

Fig. 9. XRD pattern of the milled aluminum, before and after heat treatment at
450°C.
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Fig. 10. True stress/true strain curves resulting from the compression tests.

During hot pressing, the milled mixtures are subjected to grain
growth due to the applied heat. Due to the limited electron trans-
parent area of the 10 vol% Al, 03 (4 nm) thin film, it was not possible
to observe enough grains to obtain an average size value. The sizes
of the few grains seen range between 0.5 and 1 wm. This is a grain
growth significantly higher than what is typically obtained from the
consolidation of nanocrystalline Al produced by mechanical milling
[17]. In previous studies, the thermal stability of the grains was
explained by the pinning forces of the impurities and dispersoids
formed during milling [20]. According to this theory, the addition of
n-Al, 03 should further prevent grain growth. One explanation for
the excessive grain growth would be the application of a pressure
together with a high temperature during hot pressing that would
accelerate grain coarsening [17].

Fig. 10 and Table 5 present the results obtained from the com-
pression tests of the hot pressed compacts. Error bars are not
indicated on the graph for the sake of clarity, but the maximum
standard deviation for all type of materials was of 15 MPa. Simi-
larly to microhardness results, a higher gain in strength is obtained
from milling. Compared with the initial Al, the yield strength and
the compression strength of milled Alis increased of about 450 MPa.
Al,03 addition further strengthens the aluminum by about 80 MPa
toreach ayield stress and compression strength of 661 and 723 MPa
respectively.

In order to have a better understanding of the strengthen-
ing mechanisms involved with Al,05 addition, the gain in yield
strength predicted from common models used in particulate com-
posite strengthening: load transfer, thermal mismatch and Orowan
looping, were calculated for an alumina size of 25 nm, which is the
actual size of the nominal 4nm Al,03. The load transfer model,
also known as the continuum approach, is based on the load shar-
ing between the matrix and the reinforcement. On the other hand,
thermal mismatch and Orowan looping are two in situ strength-
ening models where the matrix properties are modified by the
reinforcement.

The rule of mixture was used for the load transfer model [21]:

0c =Vpop + (1 = Vp)oym (3)

Table 5
Average yield stress and stress at 0.003 strain.

Samples Yield stress at 0.2% Compression strength
offset (MPa) at 0.003 strain (MPa)

Initial Al 153 184

Milled Al 592 638

Milled Al/Al;03 (4nm) 661 723
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Fig. 11. Incremental yield strength with Al O3 addition. The triangles and squares represent experimental results for Al, O3 particle size above and below 500 nm respectively

[3,30,31]. The circle represents the experimental result obtained in this study.

where o¢ is the composite yield strength, V}, is the volume frac-
tion of alumina, op is the Al,O3 stress calculated assuming equal
deformation of the matrix and the reinforcement and oy is the
aluminum yield strength.

Thermal mismatch was modeled using Arsenault equation
[22], based on the assumption that the reinforcements are paral-
lelepipeds where prismatic punching occurs equally on all faces.
The dislocation density generation () is found to be:

_ AVpetherm (1, 1 1
= (5t st a) “@

where &herm iS the thermal strain, b is the Burger’s vector and
t1-2-3 are the reinforcement height, width and thickness assuming
parallelepiped particles.

The corresponding increase in strength of the composite can be
calculated from [22]:

Ao = aGp'/?p (5)

where « is a constant equal to 1.25 and G is the shear modulus of
the matrix. While this model was initially developed for micron
size particulates, recent studies have shown that it might be one of
the main strengthening mechanisms for nanocomposites [23-25].

Orowan looping model calculates the resistance of the second
phase to the passage of dislocations from a balance between the
force acting on the dislocation and the force coming from the line
tension acting on both sides of the bulge. It has been modified by
Ashby to take into account the distribution of particle spacings and
the size of the particles (Ashby-Orowan equation) [26]:

126b | (1) 6

2r(Ly b

where Aty is the increase in shear stress, (L) is the average inter-
particle spacing and (r) is the average particle radius. The increase
in shear stress can be converted to an increase in yield strength
from:

Aoy =M1 Aty (7)

Aty =0.84

where Mr is the Taylor factor.
The average particle radius of Orowan model (r) is defined as
the average particle radius measured from a polished surface, or

intersection radius. This intersection radius was calculated from
the particle diameter (D, 25 nm) with equation [26]:

D
(r=— 8)
7 (
The average interparticle spacing (L) is defined in this model as
the number of particles seen in a polished surface per unit area. It
was calculated from the volume fraction Vp, and the intersection
radius using this equation:

02\ '
(L) = (6‘/13> ©)

While the strengthening mechanisms are evaluated separately
in this study to first understand the significance of each of them,
it is believed that an additive or synergetic effect probably occurs
combining several mechanisms [23].

The parameters used in the various models are shown in Table 6.

The results obtained from those simulations were compared
with the yield strength obtained in this study as well as experi-
mental values from literature in Fig. 11.

The incremental yield strength values obtained from thermal
mismatch and Orowan looping models are very similar and much
higher than the values predicted by the load transfer model. Load
shearing between the matrix and reinforcement is at the origin of
the mechanical behavior of composite with high volume fraction of
reinforcement with high aspect ratio, such as with continuous com-
posites. However, in situ strengthening of the matrix will dominate
for most discontinuous metal matrix composite, as it is the case
here [32].

Table 6

Parameters for Al,03 strengthening models.
Parameters Value
E, [27] 300 GPa
Em [25] 70GPa
oym [28] 0.029 GPa
Etherm [27] 0.006708
b[28] 0.286 nm
t1-2-3 25nm
G[25] 26.4GPa
Mr [29] 3.1
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Fig. 12. Incremental yield strength of the 10 vol% Al,03/Al composite modeled for
various particle sizes.

The incremental yield strength obtained from the Al, O3 /Al com-
posite produced in this study is much higher than the gain obtained
from micron size Al,03/Al composite with the same concentration.
Fig. 12 shows the effect of particle size on the thermal mismatch
and Orowan looping models. It is seen that particle size has a strong
impact of the modeled yield strengths. It is stated in literature that
the Orowan effect is insignificant for particle sizes above 1 pm [33].
The current simulation, with a predicted gain in yield strength due
to Orowan looping of only 12 MPa for particle size of 1 wm, is in
agreement with this statement. At this size, the interparticle dis-
tances are too high to impede dislocation motion. The thermal
mismatch model predicts a higher gain of 44 MPa in the same
condition, which is more significant. For smaller reinforcement,
especially below 100 nm, the gains in yield strength predicted by
the thermal mismatch and Orowan looping models increase dras-
tically. According to the thermal mismatch model, smaller second
phase will generate more dislocations because more particles are
present for the same concentration. In the case of Orowan looping
model, smaller second phase decreases the average interparticle
spacing, and thus increases the second phase resistance to dislo-
cation. This increase in matrix strengthening is at the origin of the
higher gains in strength obtained for nanocomposites compared
to composites with micron size reinforcement. Since the predic-

(@

Fig. 13. BF-STEM images of (a) coherent Al interfaces and (b) void at Al interfaces, in the hot pressed 10 vol% Al,03 (80 nm) sample.

Fig. 14. Lack of bonding between particles after consolidation by hot pressing of the
10vol% Al;03 (80 nm) sample.

tions from the two models are very similar, TEM observation of
dislocations would be needed to identify the proper strengthening
mechanism involved. In this study, no evidence of dislocation loops
or bowing were observed in the 10 vol% Al,03 thin film. However,
no clear conclusion can be drawn because most high resolution
observations were performed with the STEM.: its convergent beam
does not allow easy distinction of dislocations in the bright field
mode.

By extrapolating in Fig. 11 the gains in yield strength obtained
from previous studies involving nanosize Al,03 addition at low
concentration, one would expect higher gain than the one obtained
in this study. Also, the present yield strength does not match the
predicted yield strengths from the thermal mismatch and Orowan
looping models. As explained for the microhardness measure-
ments, the few nano-particle aggregates present in the compact
could reduce the effective nano-particle content. Also, the lower
value is probably partly due to the lack of consolidation during cold
and hot pressing. Even if some clear Al interfaces are observed as
seenin the BF-STEM images in Fig. 133, significant amount of poros-
ity remains in the compact, as observed in Fig. 13b. The compact
densities, indicated in Table 4, are around 95%. The observation of
the fracture surfaces of the composites has shown a lack of bonding
between Al particles, as seen in Fig. 14. Also, the bonding between
the Al,O3 and the Al matrix was limited. Fig. 15 shows ZC-STEM

(b)
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(b)

Fig. 15. (a) Low and (b) high magnification ZC-STEM pictures of the cavities at the
Al,03/Al interfaces after consolidation by hot pressing of the 10 vol% Al,03 (80 nm).

pictures from the thin film sample prepared by FIB where a large
number of cavities are visible at the Al,03/Al interface. Mechani-
cal milling reduces the compressibility of the powders due to work
hardening occurring during milling [34]. Also, Al, 05 particles act as
barriers that slow down the diffusion process required for proper
sintering [35]. A secondary processing, such as extrusion, would
certainly help to improve the composite densification and proper-
ties. It would also be interesting to consolidate the powder through
cold spray technique. Cold spray has been used to deposit success-
fully nanocrystalline Al [36] as well as some nanocomposites [37].
Work is currently being done in this regard [19]. The low tempera-
ture involved in the process preserves the grain size of the powders
and the hardness/strength gain associated to it [36].

It is worth mentioning that the incremental yield strength of
this study was obtained by subtracting the yield strength value of
the compact made from milled aluminum from the value of the
compact made from aluminum milled with Al, O3. Itis assumed that
the strengthening effect of milling is independent of Al, O3 addition
and that it can be subtracted to obtain incremental yield strength

solely due to traditional strengthening effects of Al,03 addition.
However, the presence of Al,03 modifies the milling behavior by
accelerating deformation. Also, it is unknown if the strengthening
effect of milling and the reinforcement traditional strengthening
effects are additive.

4. Conclusions

In this paper, mechanical milling was investigated as a possi-
ble way to disperse uniformly n-Al,03 in Al powder. It was found
that the Al, 03 composites resulting from milling display a uniform
dispersion of the second phase with few agglomerates of around
1 micron in size. The Al;03/Al nanocomposite powders hardness
is near five times higher than pure unmilled Al. A decrease in the
Al, 05 particle size from 400 to 4 nm has increased the nanocom-
posite powder hardness of 11%. Presence of Al,03 also affects the
grain refinement occurring during milling. Compression tests per-
formed on the hot pressed compacts have shown similar trends
with a final yield stress and compression strength of 661 and
723 MPa respectively for the 10vol% Al,03 (4nm) composite. The
observed strengthening is associated to grain refinement and dis-
persoid formation from mechanical milling together with in situ
matrix strengthening from the addition of the n-Al,0s. Finally, in
order to counteract the lack of consolidation obtained from hot
pressing of the milled powders, cold spray technique is currently
investigated as a possible alternative.
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