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a  b  s  t  r  a  c  t

Aluminum/alumina  nanocomposites  were  processed  by hot  isostatic  pressing  at  450 ◦C  and  550 ◦C.  In  the
bulk  material  sintered  at 550 ◦C,  the  composite  microstructure  was formed  by  in  situ  phase  transforma-
tion  of  the  native  amorphous  layer  on  the  Al  particle  surfaces  into  nanocrystalline  alumina  dispersoids.
The  microstructure  consisted  of an  aluminum  matrix  containing  both  ultrafine  and  coarse  grains  as  well
as  embedded  �-Al2O3 nanocrystals.  The  large  grains  in  the  matrix  stopped  the  crack  propagation  during
deformation  thereby  increasing  the  toughness  of  the  composite.  When  fracture  occurred  during  deforma-
tion at  200 ◦C  in  air,  the  heat  released  due  to oxidation  smelts  aluminum  resulting  in  filament  formation

◦ ◦

oherent X-ray scattering
islocations

between  the  fracture  surfaces.  The  samples  sintered  at 450 C  and  550 C had  similar  crystallite  size  and
dislocation  density  in  the  matrix  while  in  the  former  specimen  crystallization  of  the  amorphous  phase  did
not occur.  Additional  annealing  of this  sample  in  a calorimeter  resulted  in  the  formation  of  nanocrystalline
Al2O3 accompanied  by an endothermic  peak  at about  527 ◦C and  mass-reduction  of  about  3%,  probably
as  result  of  gaseous  products  release.  The  stresses  induced  by  the  volume  change  during  crystallization
of  alumina  yielded  an  increase  of  the  dislocation  density  in  the  Al  matrix.
. Introduction

In situ composites are defined as being multiphase materi-
ls where the reinforcing phase is synthesized within the matrix
uring composite fabrication [1,2]. Such a processing route is
ble to create a variety of reinforcement morphologies, from dis-
ontinuous to continuous, and the reinforcement may  be either
ntermetallic or ceramic phase. Because of their high surface to
olume ratio, nanoparticles exposed to dry or liquid media oxi-
ize and a protective film of several nanometers may  form on the
urface of the particles. For instance, in the case of Al nanopar-
icles, an oxygen-rich layer of about 2–3 nm thick usually covers
he particles’ surface [3,4]. More generally, it has been reported
hat during consolidation of metallic nanopowders exposed to oxi-
ization, the surface layer may  transform into crystalline oxide
hase and get distributed as dispersoids in the bulk material, thus
orming an in situ like composite [5,6]. Such microstructures have

een shown to exhibit improved strength and toughness compared
o the simple matrix counterpart [7–9]. For instance, in the work
eported by Billard et al. [7],  a seven fold yield strength has been
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reported when the surface amorphous layer get transformed into
crystalline �-Al2O3 and distributed into the Al matrix during con-
solidation by hot isostatic pressing (HIP) at a temperature of 550 ◦C.
Beside the characterization of the improved mechanical properties,
detailed investigation of microstructure is needed for revealing the
formation mechanisms of such composites.

In the present work, the formation of Al/Al2O3 nanocompos-
ites during consolidation of Al nanopowder by HIP is studied. In
HIP-processing at 550 ◦C, the formation of crystalline alumina rein-
forcing phase occurs “in situ”, i.e. during consolidation. At the same
time, when HIP is performed at 450 ◦C, the alumina phase can be
crystallized only during post-annealing process. In this paper, the
microstructures of the Al/Al2O3 composites processed by the two
different routes are investigated. Additionally, the changes in the
microstructure during deformation are also studied in the case of
the “in situ” composite processed at 550 ◦C.

2. Experimental methods

Bulk ultrafine-grained (ufg) Al samples were processed by hot isostatic press-
ing (HIP) at 450 and 550 ◦C and under a pressure of 250 MPa  using Alex® powder
[10] whose composition is given in Table 1. The nano-powder particles are char-
acterized by a spherical shape and an average diameter of about 80 nm. It should

be  noted that the powder also contains a small amount of large particles with sizes
between 1 and 60 �m.  The duration of the HIP procedure was 600 min. The details
of  the HIP process have been given in previous reports [5–7]. The phase composi-
tion of the HIP-processed samples was determined by X-ray diffraction (XRD) using
a  Philips X’pert powder diffractometer with Cu K� radiation. The microstructure
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Table 1
Chemical composition of ALEX nanopowder (wt.%) (argonide data).

Base Mg  Mn Cu Si Ti Fe
G. Dirras et al. / Materials Chem

as investigated by conventional, high resolution and energy filtered transmission
lectron microscopy (TEM, HRTEM and EFTEM, respectively) on a JEOL 2010 trans-
ission electron microscope equipped with a GatanTM Image Filtering system. Thin

oils for TEM analyses were prepared by ion milling using a precision ion polishing
ystem (PIPS) from GatanTM. The microstructure was also investigated by X-ray line
rofile analysis (XLPA). The X-ray line profiles were measured by a high-resolution
otating anode diffractometer (Nonius, FR591) using Cu K�1 radiation. The scattered
-rays were detected by imaging plates with an angular resolution of 0.005◦ in 2�,
here � is the angle of diffraction, therefore a segment of Debye–Scherrer ring
as  obtained for each reflection. For a given reflection, the diffracted intensity was

ntegrated along the Debye–Scherrer ring for each value of 2�, thereby obtaining
he  peak profile for evaluation. The line profiles of the ufg Al matrix were evaluated
sing the multiple whole profile (MWP)  fitting procedure [11]. In this procedure,
he  Fourier coefficients of the experimental profiles are fitted by the product of the
heoretical Fourier transforms of the size and strain peak profiles. The theoretical
unctions used in this fitting procedure are calculated on the basis of a model of the

icrostructure in which the crystallites are assumed to have a spherical shape and
 log-normal size distribution and the lattice strains are caused by dislocations. The
rocedure gives the volume-weighted mean crystallite size 〈x〉vol and the density of
islocations �.

After HIP processing and microstructure characterization, prismatic samples cut
ut from the compacts processed at 450 and 550 ◦C were submitted to quasi-static
ompression tests at a strain rate of ∼10−4 s−1 and at room temperature as well as at
00 ◦C. The fracture surfaces were investigated using a LEO S440 scanning electron
icroscopy (SEM) with an accelerating voltage of 15 kV and a working distance of

2 mm.

. Results and discussion

.1. Microstructure investigation by TEM and XRD
Fig. 1a shows a conventional TEM image taken on the sample
onsolidated at 550 ◦C. The microstructure consists of an ufg matrix
average grain size of about 150 nm)  and some embedded coarse

Fig. 1. Conventional TEM (a and b), EFTEM (c) and HRTEM (d) images taken on the Al–A
Al 0.013 0.01 0.027 0.16 0.028 0.073

grains. In addition to coarse particles already present within the
initial powder before sintering [7],  some of the observed coarse
grains may  have been grown during the HIP processing. Indeed,
these grains are actually multicrystalline as the majority of them are
fragmented into domains bounded by high angle grain boundaries
[3]. The size of the fragmented domains varies within the range
of 2–10 �m.  Fig. 1b shows a TEM image of a coarse grain exhibit-
ing a high density of lattice dislocations which form a network
and are pinned by dispersoids. The fine structure of the disper-
soids was  studied by EFTEM and HRTEM and selected images are
shown in Fig. 1c and d, respectively. The filtered image of Fig. 1c
represents the oxygen map  of a thin foil where the dispersoids
appear in white. It indicates that the dispersoids are enriched in
oxygen and complementary X-ray diffraction experiments suggest
that they are crystalline Al2O3 phase (see later). In addition, the
HRTEM image of Fig. 1d shows fringe contrast inside an Al2O3 dis-
persoid that may  correspond to atomic planes indicating that the
Al2O3 phase is crystalline. Severe lattice distortions were observed
inside the dispersoid in Fig. 1d that may  be caused by lattice defects
such as dislocations.

The mechanism of formation of the nanocrystalline Al O dis-
2 3
persoids and their structure were further investigated. Fig. 2a and
b shows the X-ray diffractograms obtained for the samples con-
solidated at 450 and 550 ◦C, respectively. It can be clearly seen

l2O3 composite consolidated at 550 ◦C. Oxygen-rich regions in (c) appear in white.
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the amorphous hydroxide has much smaller density (∼2.4 g cm−3)
than the crystalline alumina (∼4 g cm−3). Considering the rela-
tive fraction of the possible aluminum hydroxide phase (12.5%),
its weight loss that varies between 15 and 33% depending on the
ig. 2. X-ray diffractograms obtained for the samples consolidated at (a) 450 and
b)  550 ◦C.

hat while Fig. 2a displays only peaks characteristic to the Al
atrix, additional reflections appear in Fig. 2b. The latter peaks
ere identified as belonging to �-Al2O3 (PDF: 10-0425). Therefore,

he dispersoids having high oxygen content in Fig. 1c are unam-
iguously crystallized Al2O3. In previous reports [5,7,9],  it was
hown that the sample consolidated at 450 ◦C (under a pressure
f 250 MPa) exhibited a lower mass density than that sintered at
50 ◦C as a consequence of incomplete sintering. This is supported
y Fig. 3, where the TEM image taken on the sample processed
t 450 ◦C shows undeformed spherical grain shape together with
ignificant porosity. The lower level of consolidation was mainly
ttributed to the fact that the native layer on the particle surfaces
emained amorphous during HIP at 450 ◦C that strongly limited the
intering process. Indeed, in Fig. 2a the relatively large diffuse scat-
ering under the Al peaks between 2� = 60–90◦ may  be related to
his amorphous phase. The alumina peaks observed at 550 ◦C and
he full density of that sample most probably due to the transforma-
ion of the amorphous phase into crystalline �-Al2O3 in line with
he work of Rufino et al. [12]. Taking 2.5 nm for the thickness of
he particle surface layer [3],  the calculated volume fraction of the
lumina phase is 12.5%, which leads to an estimated density of the
ulk material of 2.79 g cm−3. This value is close to the experimen-
al value of about 2.78 g cm−3 obtained by Archimedes’ principle
sing orthoxylen as a wetting medium [6].  The crystallization of
-Al O skeleton in the sample may  improve the efficiency of con-
2 3
olidation as it can be broken due to the stresses developed during
intering thereby creating Al/Al interfaces that facilitate the surface
iffusion of Al atoms. During this process, nanocrystalline �-Al2O3
Fig. 3. TEM image of the sample consolidated at 450 ◦C. Arrows indicate incipient
sintering.

dispersoids distribute into the grains of the matrix, thus forming
an in situ Al–Al2O3 nanocomposite.

3.2. Differential scanning calorimetry investigations

The crystallization of the native amorphous phase was  studied
by differential scanning calorimetry (DSC). The sample HIP-ped at
450 ◦C was subjected to DSC heating at 10 K min−1 up to 627 ◦C.
Fig. 4 shows that a large endothermic peak appears at about 527 ◦C,
which was not observed for the specimen sintered at 550 ◦C. In
addition, the mass of the specimens before and after DSC  was
measured. It was found that the mass of the specimen sintered
at 450 ◦C decreased by about 3% during the DSC  heat-treatment,
while for the sample sintered at 550 ◦C there was  no mass reduc-
tion. The observed mass reduction is probably associated with
the large endothermic peak. The amorphous layer on the surface
of the initial powder particles may  be aluminum hydroxide [13]
that transforms into crystalline �-Al2O3 at about 527 ◦C and dur-
ing this process gaseous products (e.g. water vapor) are released.
Former experiments [13] have shown that this phase transforma-
tion is accompanied by a weight loss and a volume reduction as
Fig. 4. DSC thermogram obtained on the sample HIP-ped at 450 ◦C at a heating rate
of  10 K min−1.
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ig. 5. X-ray diffractograms obtained on the samples HIP-ped at 450 ◦C and heated
p  to 327 ◦C and 627 ◦C in DSC.

ydroxide composition may  result in a mass reduction of about
–4% of the whole sample that is in good correlation with our
xperiments. This assumption is supported by the appearance of
rystalline alumina on the diffractogram obtained on the sample
eated up to 627 ◦C in DSC as shown in Fig. 5. The TEM image
aken after DSC-treatment (see Fig. 6) shows fuzzy contrast of the
rain boundaries compared to the image in Fig. 3 obtained after
intering. This change of the grain boundary contrast most prob-
bly indicates strain development during annealing in DSC that
s supported by XLPA results in the next section. Fig. 7a and b
hows TEM and EFTEM images, respectively, taken on the same
rea of the sample annealed in DSC. The white oxygen-rich regions
n Fig. 7b are most probably crystalline alumina. It seems that
his phase is mainly located in the vicinity of grain boundaries
ecause it was formed from the native amorphous surface layer
hat has not been broken and embedded into the grains during
intering.

.3. Study of microstructure by XLPA
The microstructures of the samples processed by HIP and also
he specimen heat-treated in DSC were characterized by X-ray line

ig. 6. TEM image of the sample consolidated at 450 ◦C and heated up to 627 ◦C in
SC.
Fig. 7. TEM (a) and EFTEM (b) images (same area) on the sample consolidated at
450 ◦C. Oxygen-rich zones in (b) appear in white.

profile analysis. In the Debye–Scherrer rings detected by high res-
olution X-ray diffraction, sharp intensity spots were superimposed
on the wide rings of the ufg matrix which are related to the reflect-
ing coarse grains. These sharp peaks of the coarse grains were
as narrow as the instrumental profiles measured on LaB6 stan-
dard sample (�(2�)  = 0.02◦), therefore they were not evaluated
for the microstructure. For the determination of the microstruc-
tural parameters of the ufg matrix, the parts of the Debye–Scherrer
rings free from sharp spots were cut and evaluated. The integral
breadths of the line profiles for the ufg matrix of the samples
HIP-processed at 450 and 550 ◦C as well as for that annealed in
DSC are plotted as a function of the length of diffraction vector
(K = 2 sin �/�, where � is the wavelength of X-rays) in Fig. 8a (clas-
sical Williamson–Hall plot). The non-monotonic behavior of the
line widths can be rationalized by the average dislocation contrast
factors, C, as can be seen in the modified Williamson–Hall plot for

the same data (Fig. 8b). This indicates that the lattice strains are
caused by dislocations. For the detailed description of the dislo-
cation contrast factors and modified Williamson–Hall procedure
see Ref. [11]. The mean crystallite size and the dislocation den-
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Fig. 8. Classical (a) and modified (b) Williamson–Hall plots for the samples consol-
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Table 2
The volume-weighted mean crystallite size (〈x〉vol) and the dislocation density (�)
determined from X-ray line profile analysis for the ufg fraction of the Al matrix and
the  alumina dispersoids.

Sample Phase 〈x〉vol [nm] [1014 m−2]

Al, 550 ◦C ufg matrix 80 ± 8 13 ± 1
Al2O3 27 ± 3 Not determined

Al,  450 ◦C ufg matrix 97 ± 10 10 ± 1
dated at 450 and 550 C as well as for the specimen HIP-ped at 450 C and heated
p  to 627 ◦C in DSC.

ity were obtained from the evaluation of the line profiles by the
WP  fitting method. The MWP  fitting for the sample HIP-ped at

50 ◦C is shown in Fig. 9. The mean crystallite size and the disloca-
ion density obtained by XLPA for the ufg fraction of the Al matrix
nd the alumina dispersoids are listed in Table 2. The mean size
f the ufg Al grains and the alumina dispersoids are 80 and 27 nm,
espectively. The microstructural parameters of the Al matrix of
he sample processed by HIP at 450 ◦C are close to those measured

n the sample HIP-ped at 550 ◦C. After DSC-treatment of the sam-
le HIP-processed at 450 ◦C, the crystallite sizes for the Al-matrix
nd the alumina dispersoids are similar to those obtained for the

Fig. 9. MWP  fitting for the sample HIP-ped at 550 ◦C.
Al,  450 ◦C + DSC
up to 627 ◦C

ufg matrix 82 ± 9 20 ± 2
Al2O3 26 ± 2 Not determined

sample processed by HIP at 550 ◦C (see Table 2). At the same time,
after the DSC-treatment the dislocation density in the Al matrix
is much higher than in the samples sintered either at 450 ◦C or
550 ◦C. This can be attributed to the crystallization of alumina. The
latter phenomenon can be clearly seen in Fig. 5 in which the appear-
ance of alumina reflection (4 0 0) is accompanied by the broadening
of reflection (2 2 0) of the Al matrix in the sample annealed up
to 627 ◦C. This figure also shows that when the heat-treatment
was  stopped just before the DSC peak (at 327 ◦C), neither signif-
icant peak broadening for the Al reflection nor the existence of
alumina peaks was  detected. The increase of the microstrain in
the ufg matrix due to dislocations is also indicated by the steeper
increase of the line breadth as a function of the diffraction vector K
or K2C in the classical or modified Williamson–Hall plots, respec-
tively (see Fig. 8a and b). Most probably, when the alumina phase
crystallized, its volume reduction induced stresses in the neighbor-
ing Al matrix that led to the formation of dislocations. When this
phase transformation occurred during sintering at 550 ◦C, the sam-
ple was kept at high temperature for much longer period (about
600 min) than the duration of DSC experiments (60 min), result-
ing in annihilation of dislocations formed due to crystallization of
alumina.

3.4. Fracture surface analysis

Prismatic specimens with dimensions of 3 mm  × 3 mm × 5 mm
were cut from the sample consolidated at 550 ◦C and compressed
under quasi-static conditions at RT and 200 ◦C up to failure. The
fracture surface was  analyzed and the results are shown in Fig. 10.
During RT, numerous cracks grew and propagated in the ufg matrix
(Fig. 10a). It is probable that the brittleness of the matrix at RT is
linked to the presence of the alumina dispersoids, as stress concen-
trations may  develop at the interfaces between the ufg matrix and
Al2O3 dispersoids. At the same time, due to the broad grain size
distribution of the Al matrix, it was also observed that the crack
propagation was  stopped at the coarser grains as the stresses at
the crack tip may  be relaxed by plastic deformation in the softer
large grains. As a consequence, the incorporation of micron sized
grains in the ufg matrix is beneficial to the ductility as they moder-
ate the brittleness caused by the alumina dispersoids. In addition,
the fracture surface (see the top left in Fig. 10a) strongly deviates
from that observed after failure at 200 ◦C as illustrated in Fig. 10b.
In the latter case, numerous filaments are observed connecting
the fracture surfaces. Depending on the crack width, filaments of
about 200 nm in diameter and few microns in length were observed
[3]. Such filaments have been reported to occur in many Al-based
compounds [6,14,15]. While filament formation appears to be a
common feature occurring during deformation of any Al system
at elevated temperatures for any processing route, the origin of
this phenomenon is still not clear even if some details have been
given elsewhere [14,16]. For example, incipient melting has been

invoked as a possible mechanism of filament formation in Ref.
[14]. The presence of droplet-like nodes on individual filaments
shown in Fig. 10c also suggests the incipient melting mechanism.
It is also supported by the fact that filament formation was not
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Fig. 10. SEM images of the fracture surfaces for the sample consolidated at 550 ◦C
and  compressed under quasi-static conditions at RT (a) and 200 ◦C (b and c) up to
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[
size  on thermal properties of aluminium powder, Acta Materialia 55 (2007)
2815–2827.
ailure.

bserved when the mechanical tests were performed in inert atmo-
phere or vacuum [17]. Most probably, when the fracture occurs in
ir, the heat released due to oxidation smelts aluminum resulting
n filament formation between the fracture surfaces. It should be
oticed that filament formation between the fracture surfaces was
ot found (or only scarcely) for samples processed by HIP at 450 ◦C
6]. Most probably, the native amorphous layer on the aluminum
rain surfaces protected them against oxidation and thereby hin-

ered the filament formation. As a result, the fracture of this sample
as a brittle nature.
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4. Conclusions

1. Al–Al2O3 nanocomposites were formed by in situ phase trans-
formation during consolidation of Al powder by HIP at 450 and
550 ◦C. During HIP process at 550 ◦C, the native amorphous layer
on the initial powder particle surfaces was  transformed into
nanocrystalline alumina having a fraction of about 12.5 vol.%.
After consolidation the microstructure can be characterized as
an Al matrix containing both ultrafine and coarse grains as well
as embedded nanosized alumina dispersoids.

2. It was  observed in the sample processed by HIP at 550 ◦C that the
large grains in the matrix stopped the crack propagation during
deformation thereby increasing the toughness of the compos-
ite. When the sample failed during compression at 200 ◦C in
air, filaments were formed between the fracture surfaces, most
probably as a result of melting of aluminum due to oxidation.

3. When the HIP was carried out only at 450 ◦C, the native surface
layer was  not crystallized but the crystallite size and the dislo-
cation density in the matrix were close to the values obtained at
550 ◦C. The heat-treatment in DSC up to 627 ◦C resulted in crys-
tallization of alumina in the sample processed by HIP at 450 ◦C.
This transformation yielded a mass reduction of the sample due
to the release of gaseous products (e.g. water vapor) and a larger
dislocation density in the Al matrix due to the stresses induced
by the volume reduction of alumina during crystallization.
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