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IN HONOR OF C. N. R. RAO ON HIS 60TH BIRTHDAY

Metal (Fe, Cr, FeggCrp ;) ALO; composite powders containing
from 2 to 20 wt% metallic phase were prepared by selective reduc-
tion of oxide solid solutions and studied using mostly TIEM ond
magnetic measurements. The microstructure of the composites is
strongly dependent on the morphological and microstructural
characteristics of the starting oxide. Most of the metal particles
are <10 nm and are dispersed inside the matrix grains. Hydrogen
reduction at temperatures < 1000°C results in the formation of an
jron aluminate spinel phase at the Fe?/ALO; interface. Massive
composites were prepared by hot-pressing and were found to con-
tain both intragranular (=30 nm) and intergranular (=1 pm)
metal particles. The former particles are responsible for the strong
mechanical reinforcement observed at low metal content, while
further enhancement is caused by the latter. Thermogravimetric
tests showed that a high metal content and the presence of chro-
mium are beneficial with respect to the resistance to oxidation in

air, which is negligible below 1000°C. © 1994 Academic Press, Inc.

INTRODUCTION

The study of systems with a high “‘surface/volume”
ratio such as ultrafine particles or thin films represents a
subject in rapid development, although it has been known
for a long time that the properties of divided solids are
different from those of the same solids in the bulk state
{1-3). With thc rccent progress in preparation and char-
acterization methods, it has now become possibie to ob-
tain solid phases whose dimensions are nanometric and
which as a result show original physical propertics (4).
Among these ‘‘nanomaterials,”” nanocomposites consist
of materials in which at least one phase is in the nanome-
ter range (5). Ceramic matrix nanocomposites are cur-
rently the subject of intensive work (6-8) intended in
particular to improve the mechanical properties of ce-
ramics which are known to be brittle. In this ficld, rein-
forcement models (9) underline the interest in homoge-
neous dispersion of submicronic metal particles in a
ceramic matrix. In addition, the study of the ceramic/
metal interface, as well as that of electrical, magnetic,
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and optical properties, represents other interesting sub-
jects to consider.

In this paper, we prescnt resuits obtained on Fe/Al;,Os,
Cr/AlLO,, and FeyaCryz/ Al 05 ceramie malrix nanocom-
posites.

EXPERIMENTAL

The first step in the preparation of the nanocomposite
powders consisted of preparing solid solutions of Fe,0;,
Cr;0;, (FegsCrp2)20;, and AlLO; so as to have disper-
sions of aluminum, chromium, and iron at the atomic
level.

Mixed oxalic precursors (NHq)s[ Al M, (C,0.)] (M =
Fe, Cr, Feg sCroz; 0 = x < 0.2) were decomposed in air at
400°C, and the resulting oxide was calcined for 2 hr at
different temperatures as required for the study.

The second step corresponded to the reduction in pure,
dry hydrogen of the (Al,_,M,),0; solid solutions to give
the M/Al;0, composites. Reduction was carried out at
different temperatures and for different times according
to the nature of the metallic phase: for iron, 1000°C, 6 hr;
for chromium, 1300°C, 5 hr; and for iron-chromium alloy,
1050°C, 20 hr. In addition, a specimen was prepared by
reducing an (Al sFeg ;)05 solid solution at 600°C for 6 hr.

Massive comiposites were prepared by hot-pressing the
nanocomposite powders at 1450°C under vacuum. The
specimens, 20 mm in diameter and 2 mm thick, were
ground to 45 um with a diamond suspension. Relative
densities calculated from the mass and dimensions of the
specimen were found to be higher than 97%. Thin foils
for TEM observations were prepared by mechanical
grinding and ionic milling.

The characterization of the powdered and massive
composites was mainly carried out by transmission elec-
tron microscopy (TEM) and related techniques, X-ray
diffraction (XRD}, thermogravimetric analysis, magnetic
measurements, and Mossbauer spectroscopy.

The fracture strength (of) was measured by the three-
point-bending test on parallelepipedic specimens (1.8 X
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1.8 x 16 mm) machined with a diamond saw. The frac-
ture toughness (K;c) was measured by the SENB
method.

RESULTS

1. Nanocomposite Powders

TEM observation of the reduced specimens reveals the
formation of a homogeneous dispersion of nanometric
metal particles within the grains of the alumina matrix,
comparable to that shown in Fig. 1 for a 2 wt% Fe; ¢Crq,/
ALQO; composite. Larger metal particles, mostly located
in the pores and on the surface of the alumina grains, can
also be observed in some specimens (Fig. 2). The micro-
structure of the metal/ceramic composite powders is in-
deed closely dependent on several parameters, notably
the specific surface area of the solid solution before re-
duction and its homogeneity.

Irrespective of the transition metal content, an in-
crease in calcination temperature provokes a decrease in
the specific surface area, from about 50 m?/g in the oxides
resulting from the decomposition (400°C) to about 2.5 m?/
g in specimens calcined at 1100°C. The influence of the

165

specific surface area of the oxide on the size of the metal
particles, as deduced from the measurements of a thou-
sand particles on TEM micrographs, is shown in Fig. 3.
In the Fe/AL(Q; composites, the average size of the metal
particles decreases with a decrease in the specific surface
area, whereas it is almost constant (8 nm) in the Cr/ Al O;
nanocomposites. This difference in behavior may be due
to the lower segregation ratio of chromium in alumina,
compared to that of iron (10}.

Another parameter to consider is the homogeneity of
the oxides before reduction. A recent study (11) has
shown that the oxides resulting from the oxalate decom-
position were X-ray amorphous and that a single » phase
started to crystallize after calcination at a temperature
between 750 and 860°C, depending on the composition.
The n — « transition was observed for calcination tem-
peratures higher than 950°C. Analysis of the XRD pat-
terns shows the presence of a a-hematite-rich phase, to-
gether with the a-alumina-rich solid solution, in
{Al,_, Fe, )0, specimens with x > 0.10, whereas only the
latter phase is present for lower iron contents. In agree-
ment with the works of Muan and Somyia (12) showing
that ¢chromia enhances the solubility of hematite into
alumina, the amount of «-hematite-rich phase is less

FIG. 1.

TEM micrograph (dark field) of & 2 w1% FegCry,/Al,O; composite.
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FIG. 2. TEM micrograph of a 20 wi% Feq3Crg./Al,O; composite.

important in chromium-containing specimens. A single
phase is detected in the (Al _,Cr,);05 calcined oxides,
If the reduction is carried out on a mixture of phases
and not on a single solid solution, the minor, Fe,Qs-rich
phase is easily reduced and gives rise to the formation of
metal particles about 30 nm in size, whereas those resuit-
ing from the reduction of the Al,Os-rich phase are gener-
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FIG. 3. Average size of the metal particles versus specific surface

area of the oxide solid solution before reduction.

ally smaller than 10 nm. Previous studies (13, 14} have
brought to light the high stability of substitutional Fe*
ions in Al;_,Fe,O; and shown that the reduction temper-
atures used in this study were not high enough to totally
reduce the Al,Os-rich solid solution. However, the addi-
tion of metals such as ruthenium and nickel is known to
improve the reducibility of the ferric ions (15).

Magnetic measurements, in particular the isothermal
magnetization curves carried out on the 10 wi% Fe/Al;0;
composites between 1.5 and 300 K in fields up to 70 kOe,
confirm the relation between the size of the metal parti-
cles and the preparation conditions.

We first studied a specimen prepared by reduction at
1000°C of the oxide resulting from the oxalate decompo-
sition; the metal particle size is of the order of 80 nm. The
magnetization curves (Fig. 4a) do not vary between 1.5
and 300 K, showing the ferromagnetic behavior of the
iron particles.

On the contrary, the magnetization curves obtained
with a nanocomposite prepared by reduction at 1000°C of
an coxide calcined at 1100°C, in which the average metal
particle size is lower than 20 nm, are strongly tempera-
ture-dependent (Fig. 4b). At temperatures lower than 10
K the magnetization curves show the superparamagnetic



ALUMINA-METAL (Fe, Cr, Fey3Cry;) NANOCOMPOSITES

- 2.5
& @uoacaeQap00Qop0oQop0ot
— o
g 204
g 0
S &
m 4
2 1597
o ¢
._g L0 ¢
ys [
7] X + MoK
c’t::j:’[).S_"J
%‘ |
0y -
0 10 20 30 40 50 60 70 80
a) Applied magnetic field (kOe)
2.5
xamarT 15K
lx"“-l
2.0 EER
x'l {*."‘ o°°°20K

o 4R

1.5 000

N
+
.
+ o 00000
2 98 0D I5K
2 00 ouod
I ypaRRBBEeoo0od
: Aﬁﬁﬁﬁﬁﬁﬂbnnﬂﬂﬁﬂa!\ﬂbﬂbbsoo"(
1'O_H

0.5 _§
|

Magnetization (4B/mol Fe)

0.0

T T T T T T

0 10 20 30 40 50 60 70 80

b) Applied magnetic field (kQe)

FIG. 4. lsothermal magnetization versus applied magnetic field for
10 wt% Fe/Al,O; composites prepared by reduction at 1000°C of an
oxide solid solution of high (a) and low (b) specific surface area.

behavior of the metal particles. It was not possible to
obtain saturation in a 70-kOe field at 1.5 K. In addition,
saturation magnetization was not obtained at 4.2 K in a
200-kOe field. The shape of the curves shows the exis-
tence of at least two different magnetic phases resulting
from the bimodal distribution of the iron particles size: on
the one hand ferromagnetic particles, several tens of
nanometers in size, which are responsible for the sponta-
neous magnetization at temperatures above 40 K, and on
the other hand superparamagnetic iron particles whose
size is of the order of a few nanometers. These particles
adopt ferromagnetic behavior at low temperature below
their blocking temperature, which ranges between a few
Kelvin and several tens of Kelvin depending on their
diameter.

A high-resolution electron micrograph of this specimen
is shown in Fig. 5. The comparison between bright-field
and dark-field micrographs, as well as the electron micro-
diffraction study, show that both the a-alumina grains
and the iron particles are monocrystalline and that the
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intragranular iron particles have the same crystailo-
graphic orientation. The indexation of electron microdif-
fraction patterns leads to the following epitaxial relation-
ship, which was also observed in Cr/AlL,O; and
FegsCry2/ Al;O; composites:

(111)[T12]51(0001)[1010],- a0,

However, dislocations are present at the alumina-
metal interface to accommodate the lattice mismatch.

A different microstructure is observed in Fe/Al,Os
composites prepared by reduction at temperatures lower
than 1000°C. In Fig. 6 we show a specimen reduced at
600°C: the iron particles (black) are separated from the
alumina matrix (light grey) by an interfacial phase (dark
grey).

Magnetic measurements altowed the identification of
this phase as an antiferromagnetic iron aluminate
{Fey+,Al>_, O4) with spinel structure: the hysteresis loops
obtained at low temperature (<50 K) were found to
present a dissymetry; the comparison between the values
of the “‘positive” (H7) and ‘‘negative”” (H) coercive
fields versus temperature is plotted in Fig. 7. Further-
more, the shift decreases with the number of successive
loops at a given temperature. Such a behavior reveals a
ferro—antiferromagnetic exchange coupling and the pres-
ence of an antiferromagnetic phase at the iron—alumina
interface.

2. Massive Composites

The massive composites were prepared by hot-press-
ing the powders c¢laborated by reduction of oxides
calcined at 1100°C so as to minimize the size of the metal
particles. The sintering conditions allowed complete re-
duction of the Fe3* jons which might not have been re-
duced during the preparation of the powders. The micro-
structure consists of a bimodal dispersion of metal
particles in the e-alumina matrix, the grain size of which
is about 2 um. The metal particles are of different sizes
according to their location in the composite (Fig. 8).
Those located at the grain boundaries are submicronic,
and their size increases from 0.6 to 1 um with the in-
crease in metal content. Metal particies dispersed inside
the alumina grains are generally smaller than 30 nm.
TEM and electron microdiffraction studies show that the
intragranular metal particles are monocrystalline and are
cpitaxied in the a-alumina grains according to the same
relationship as that found in the powders.

The microstructure of the massive ceramics is directly
related to that of the starting powders and to the nature of
the dispersed metal. Thus the coalescence of the metal
particles is much more important in Fe/Al;O; composites
than in FegsCry/ Al;O; and Cr/ALO; specimens.



FIG. 5. High-resolution electron micrograph of a 10 wi% Fe/Al;(; composite prepared by reduction at 1000°C.

FIG. 6. TEM micrograph of a 10 wt% Fe/Al;O; composite prepared by reduction at 600°C.
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FIG. 7. Shift between the ‘‘positive’” and “‘negative’ coercive

fields for a 10 wt% Fe/AlLQ, composite prepared by reduction at 600°C,

The mechanical properties of all the studied compos-
ites are higher than those of alumina, the best resulis
being obtained with the 20 wt% Feq sCrg2/ ALO; specimen
(Fig. 9). Both the fracture strength and the fracture
toughness practically double, reaching values of 860 MPa
and 8 MPa\/t;l, respectively,

The shape of the curves shows two reinforcement
modes. The first one, at low metal contents (<5%),
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causes a rapid and considerable increase of the mechani-
cal properties. The second one is linked to the presence
of submicronic particles dispersed at the grain boundaries
of the matrix; its efficiency is greater when the particles
are isotropic in shape and their dispersion is homoge-
neous. Thus our materials may be considered as ‘‘micro/
nano hybrid composites’ (8).

Because of the high sensitivity of metal nanoparticles
to oxidation, it was interesting to study their behavior in
an alumina matrix. Thermogravimetric analysis experi-
ments were performed on Feg gCrg2/ AL O3 massive com-
posite. Test specimens were heated in air up to 1200°C,
kept for 1 hr at this temperature, and cooled to room
temperature. The proportion of metallic phase that was
oxidized during this process, with respect to the total
converston into Fe,O; and Cr,0;5, is plotted versus metal
content in Fig. 10. A surprising result is that the oxidation
resistance increases with the amount of metal in the com-
posite. An explanation for this may be found in the mi-
crosiructure of the composiies: specimens containing a
low amount of intergranular metal particles are oxidized
because oxygen diffusion along the grain boundaries of
alumina toward the interior of the material is relatively
casy, whereas those containing a high number of metal
particles at the grain boundaries are ‘‘protected’” by the
oxidation of these particles, which causes a blocking of

FIG. 8. TEM micrograph of a 20 wt% FegsCrg,/ AlLQ, massive composite.
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the diffusion path, thus limiting the oxidized fraction of
the composite to a surface layer.

Isothermal oxidation tests were also performed on 20
wt% Fe/Al;O; and 20 wt% Fey sCry 2/ Al,O3 massive com-
posites. Specimens were heated in argon to the desired
temperature, at which time air was introduced. The com-
posites were kept for 2 hr at this temperature and cooled
to room temperature. Oxidation is negligible below
1000°C, and at higher temperatures is more important for
iron particles than for iron-chromium alloy particles
(Fig. 11). This protecting effect of chromium is confirmed
by a comparison of the Mossbauer spectra before and
after oxidation at 1200°C (Fig. 12). The decrease of the
relative intensity of the inner sextet, that is clearly de-
tected before oxidation (arrow), shows that the chro-
mium content in the ferromagnetic alloy particles is lower
after the thermal treatment.

it is important to note that superparamagnetic metal
particles, i.e., nanometric intragranular particles, are still
present in the oxidized specimen, as evidenced by the
presence of the central singlet in the Mdssbauer spectrum
(Fig. 12b}.

CONCLUSIONS

The elaboration method based on the selective reduc-
tion of oxide solid solutions allows the obtainment of
essentially intragranular metal particles with a size at the
nanometer level. By adjusting the microstructure of the
initial powder by means of appropriate thermal treat-
ments, it is possible to control to some extent the size of
the metal particles and their intra- or intergranular loca-
tion, and thus to modify fairly widely the physical and
chemical properties of these nanocomposites.

The massive ceramics obtained by hot-pressing have
significantly improved mechanical properties compared
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FIG. 11. Proportion of oxidized metal for 20 wt% Fe/ALO, and 20
wt% FeggCro 2/ Al;O; massive composites.
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to those of alumina and metal/ceramic microcomposites,
as well as a remarkable resistance to oxidation in air up to
1000°C.

The great variety of compositions and microstructures
which can be combined in these materials opens up an
interesting field of investigation in the structural and
functional materials area.
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