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a b s t r a c t

The embedding of metal nanoparticles into an insulating ceramic matrix can provide encapsulation
and prevent their oxidation and agglomeration. A nanoembedment powder with the Fe nanoparticles
embedded into Al2O3 matrix is prepared by high-energy ball milling. Starting from the highly exother-
mic reactant mixture of magnetite and aluminum, Fe nanoparticles were in situ formed in Al2O3 matrix
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by mechanochemical reaction. It is found that a post-reaction milling significantly narrows the size
distribution of Fe nanoparticles. The mechanism for the two-stage milling process was proposed. The
microwave permeability of nanoembedments exhibited a multiresonance behavior, which was the evi-
dence for monodispersed Fe nanoparticles. The Fe@Al2O3 nanoembedments are potential candidates as
microwave absorber and left-handed materials.
l2O3

icrowave properties

. Introduction

The nanoembedments refer to some nanocomposites with
etal nanoparticles, such as Fe, Ni or Co, embedded in an insu-

ating ceramic matrix. The insulating embedment can provide
ncapsulation and prevent oxidation and agglomeration of metal
anoparticles.

Nanoembedments are of significant technological importance
n many applications, such as bioapplications [1], catalytic reac-
ions [2], and electromagnetic applications [3,4]. In particular,

agnetic nanoembedments consisting of magnetic nanoparticles
ncapsulated by insulating hosts have attracted considerable atten-
ion owing to their wide range of applications, such as magnetic
esonance imaging (MRI) [5], magnetic fluid [6], novel high fre-
uency soft magnetic materials [7,8] and magnetic drug carriers
9]. Physical properties of such nanoembedments are influenced
y their size, size distribution and volume fraction of the metal
anoparticles. Therefore, in order to fully realize their technological
pplication, the microstructure control is a significant issue.
These nanocomposite powders have been prepared by directly
illing of metal and ceramic powders [10,11], or by chemi-

al methods involving the reduction in hydrogen of suitable
xide precursors [12]. The mechanosynthesis, or named as
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mechanochemical synthesis, has been attracting increasing inter-
est in relation to the extensions of solid solubility [13], disordering
of intermetallics, solid-state amorphization [14]. The most sig-
nificant characteristic of this process is that the synthesis of the
designed materials is activated by mechanical energy, instead of the
thermal energy required in the conventional solid-state reaction
process. This technique has the advantages over both the conven-
tional solid-state reaction and the wet-chemistry-based processing
routes for several reasons. First, it uses cost-effective and widely
available oxides as the starting materials. Second, it takes place at
room temperature, thus effectively produces unique microstruc-
ture. The mechanosynthesis has been considered as one of the
best ways to fabricate nanoembedments powders with highly
controlled microstructure. This method is effective in making a
nanoembedment with fine and well-dispersed metal nanoparti-
cles and strong bonding to ceramic matrix. The morphology of the
metal nanoparticles could be controlled by altering the composi-
tion and milling conditions. As a branch of chemistry concerning
with room-temperature solid state reaction which is induced by
mechanical energy, mechanochemical synthesis has been suc-
cessfully employed to synthesize a wide range of nanocrystalline
ceramic powders. Bobić et al. successfully prepared BaBi4Ti4O15

ferroelectric ceramic using non-conventional solid-state reac-
tion route based on mechanochemical synthesis during intensive
milling [15]. Moreover, Ni–Zn and Mn–Zn ferrite nanoparticles
were also synthesized via mechanochemical route by Amiri et al.
[16]. Cristóbal et al. obtained polycrystalline Y0.5La0.5FeO3 orthofer-

dx.doi.org/10.1016/j.jallcom.2011.02.082
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:fan@sdu.edu.cn
dx.doi.org/10.1016/j.jallcom.2011.02.082


Z.-c. Shi et al. / Journal of Alloys and Com

r
r
e
c
a
i
t
a

t
f
m
t
w
i

2

(
t
u
u
p
J
s
e
t
7
t
2
d
d

3

a
t
r
h
p
t
r
r
c
t
m
p

Fig. 1. XRD patterns of Al-Fe3O4 before and after various ball milling times.

ite powder by mechanochemical activation of Fe3O4–La2O3–Y2O3
eactive mixtures [17]. Furthermore, mechanosynthesis was also
mployed to prepare various nanocomposites. Sabooni et al. suc-
essfully synthesized Cu(Mo)/30 vol.% �-Al2O3 nanocomposite by
displacement reaction between Al and MoO3 in ball milling of

nitial Cu, MoO3 and Al powders [18]. Sun et al. successfully syn-
hesized Mo–Cu nanocomposite powders by the mechanochemical
nd hydrogen-reduction process [19].

Although a remarkable progress has been made in the prepara-
ion of nanoembedments by using mechanosynthesis over the past
ew years [20], the microstructural evolution during mechanical

illing still requires a profound investigation. This study attempts
o correlate the physical properties of Fe@Al2O3 nanoembedments
ith its structural characteristic, e.g. the size and its distribution of

ron nanoparticles.

. Experimental procedures

The magnetite powder (purity ≥ 99.0%, 2–4 �m) and aluminum powder
purity ≥ 99.0%, 200 meshes) were mixed in a molar ratio of 3:8. In the final product,
he expected Fe content is 55.3 wt.% or 38.2 vol.%. The mixtures were milled up to 8 h
sing a planetary mill and a stainless vial with hardened Cr balls of 8 mm in diameter
nder argon atmosphere. The weight ratio of balls to powder is 40:1. The phase com-
osition was analyzed by an X-ray diffractometer (D/max-2400, Rigaku Corp., Tokyo,

apan) with Cu K� radiation. The microstructure of milled products was examined by
canning electron microscope (SEM, JSM-6380LA, Joel Co., Japan) and transmission
lectron microscope (TEM, H-800, Hitachi Co., Japan). The static magnetic proper-
ies were measured at room temperature by vibrating sample magnetometer (VSM,
410, Lake Shore Co., USA). The microwave properties were measured with a vec-
or network analyzer (VNA, 8753ES, Agilent Co., USA) in the frequency range of
–18 GHz. The samples for microwave measurement were prepared by mixing pow-
ers (75 wt.%) and paraffin wax, and molding in a coaxial die with 7 mm in outer
iameter and 3 mm in inner diameter.

. Results and discussion

The XRD patterns of the Al-Fe3O4 powder mixture before and
fter various milling times are shown in Fig. 1. After 1.5 h milling,
he mechanical activation induces a self-sustained reaction, which
esults in the formation of �-Fe and �-Al2O3, along with the
ercynite (FeAl2O4). Mössbauer spectra for the mechanochemical
roducts of Al-Fe3O4 mixture carried out by Botta et al. indicated
hat about 70% iron element exists in the form of �-Fe while the
emaining in FeAl2O4 [21]. After 3 h milling, the starting mate-

ials and the intermediate phase of hercynite have been almost
ompletely consumed. No Al2O3 peak is detected, indicating that
he structure of the alumina matrix is amorphous. With extensive

illing up to 8 h, no apparent changes can be observed in the XRD
atterns. Generally speaking, the introduction of contamination in
pounds 509 (2011) 5600–5603 5601

ball milling is inevitable, and the level of contamination increases if
the powder is milled for long time [14]. In the conventional prepa-
ration procedure of Fe/Al2O3 nanocomposites, long milling time up
to 70 h is necessary for Fe-Al2O3 powder mixture [10]. However, in
our present work, mechanochemical technique was used to pre-
pare Fe/Al2O3 nanoembedments and the milling time was greatly
shortened to 3 h, leading to less contamination. Fig. 2 shows the
morphology of powders milled after 3 and 6 h, respectively. While
the SEM image (Fig. 2a) indicates the powder size of around several
micrometers for 3 h products, the TEM image (Fig. 2b) shows that
the Fe nanoparticles are smaller than 30 nm. These results suggest
that Fe nanoparticles have been successfully embedded into alu-
mina matrix after 3 h milling. Extensively milling up to 6 h seems
to narrow the size distribution of Fe particles around 25 nm, con-
sequently increases the average particle size, as shown in Fig. 2c.
In order to understand the relationship between the microstruc-
ture and the magnetic properties of Fe@Al2O3, the hysteresis loops
of the milled powders were determined as a function of milling
time. Fig. 3 shows the milling time dependence of the saturation
magnetization (Ms) and coercivity (Hc). It is observed that mag-
netization has less variation after 3 h milling, indicating that the
fraction of �-Fe remains almost the same during extensive milling.
However, the coercivity increases monotonously with the milling
time, attaining the value of 125 Oe after 8 h milling. This is in agree-
ment with the trend reported by Löffler et al. [22]. For the very fine
Fe nanoparticles of several nanometers, Hc remains zero due to
superparamagnetic effect, and then Hc increases with increasing
the size of Fe particles.

The authors proposed a two-stage model for the synthesis of
monodispersed Fe@Al2O3 nanoembedments. For the starting mix-
ture of Al-Fe3O4 used in the present work, the mechanical milling
may lead to the following reaction:

8Al + 3Fe3O4 → 4Al2O3 + 9Fe (1)

The reaction is a highly exothermic one (�H = 3021 kJ/mol). Al-
Fe3O4 mixture belongs to ductile–brittle system. In the first stage of
milling, while the brittle magnetite powders are mainly fractured,
ductile Al powders are repeatedly flattened, cold welded, fractured
and rewelded. These fragmented brittle powders tend to become
included in the ductile powders. The mechanical milling increases
the area of contact between the reactant powders due to a reduc-
tion in particle size and allows fresh surfaces to come into contact
repeatedly [14]. At the initial stage of mechanical milling, reac-
tion (1) has taken place in localized regions. However, the energy
provided by the mechanical treatment and that released by the
local reaction are not enough to overcome the energy lost through
heat dissipation. So reaction (1) is not fully initiated. The products
of reaction (1), Fe and Al2O3, partially react with the remaining
magnetite, resulting in the formation of hercynite. And then the
intermediate hercynite reacts with Al to form the final Fe and
Al2O3 [21]. After the combustion reaction is completed, the second
stage of milling concerns a newly formed ductile–brittle system:
chemically stable Fe-Al2O3 nanocomposites, instead of the initial
Al-Fe3O4 microscaled mixture. While the alumina remains amor-
phous, the size of Fe nanoparticles increases with increasing milling
time, rather than the refinement commonly observed in mechan-
ical milling. This phenomenon could be explained by milling
mechanism. During mechanical attrition, the underlying refine-
ment mechanism is governed by plastic deformation via dislocation
motion. However, the ultrafine iron nanoparticles synthesized by
the mechanosynthesis are dislocation free, the very high stresses

required for dislocation movement hinder the plastic deformation
of the nanoparticles. Hence, further refinement by milling seems to
be impossible, further milling can only be accomplished by grain
boundary sliding, which results in the monodispersed Fe@Al2O3 by
slightly increasing of the size of Fe nanoparticles. When the milling
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Fig. 3. Dependence of the saturation magnetization and coercivity of milled prod-
ucts on milling time.
ig. 2. SEM (a) and TEM (b and c) images of a Fe@Al2O3 nanoembedment powder:
a and b) 3 h milled, c) 6 h milled.

xtends from 3 h to 6 h, the only characteristic of iron nanoparticles
hich varies is the size and its distribution.
Microwave properties are sensitive to the microstructure, espe-
ially to the size and size distribution of Fe nanoparticles. Fig. 4
hows a relaxation-type frequency dispersion of permeability for
he nanoembedment powders mixed with paraffin wax. The curves
Fig. 4. Real (a) and imaginary (b) part of permeability of 3 h and 6 h milled pow-
ders. The inset shows the plot of the resonance frequency versus the square of the
eigenvalues �kn for 6 h milled powders.

exhibit a broadened resonance band, which is shifted to lower fre-
quency for the 6 h milled sample. The shifts may be considered as a
size effect. Since extensive milling after mechanochemical reaction
can change the size of iron nanoparticles, we are able to follow the
effect of this change from the permeability curves. According to the
natural resonance equation [23]:
2�fr = �Ha (2)

where � is the gyromagnetic ratio, Ha the anisotropic fields. The
resonance frequency fr may be reduced when the anisotropic field
decreases for larger Fe nanoparticles [24]. For electromagnetic
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ave absorption materials applied in different microwave range,
t is beneficial to tune the resonance frequency through the control
n the size of magnetic nanoparticles. Fig. 4b also shows the split-
ing of resonance band into three peaks for the 6 h milled sample.
uch a multiresonance behavior was reported also with Fe–Co–Ni
anoparticles by Viau et al. [25]. This behavior is correlated to the
ize effect of ferromagnetic particles. It was pointed out that par-
icles size below the order of ∼100 nm and a narrow distribution
f particle size are necessary for observing multiresonance [25].
his size effect can be qualitatively related to exchange resonance
odes proposed by Aharoni [26]. The resonance frequencies ω are

iven by [26].

ω

�0
= C�2

kn

R2MS
+ H0 − 4�

3
MS + 2K1

MS
(3)

here �0 is the gyromagnetic ratio, C = 2A the exchange con-
tant, �kn the eigenvalues of the equation [J′n(r)]r=R = 0 with Jn
eing spherical Bessel functions, R the particle radius, Ms the sat-
ration magnetization, H0 the external magnetic field, and K1
he magnetocrystalline anisotropy constant. The values of the
esonance frequencies were plotted versus the squares of eigen-
alues �kn (�11 = 2.08, �12 = 3.34, �13 = 4.51 [25]), as shown in
he inset to Fig. 4b. A linear relationship is observed. By knowing
he R = 12.5 × 10−9 m and Ms = 1700 kA/m, an experimental value
1.5 × 10−12 J m−1) of the exchange constant A can be obtained from
he slope of the straight line. Similar to that of Fe clusters embed-
ed in Ag [27], A is lower than 10−11 J m−1, the values reported for
ulk Fe. It indicates a low exchange interaction for nanostructured
erromagnets [22].

Theoretically, by embedding metallic magnetic nanoparticles
nto an appropriate insulating matrix and controlling their vol-
me fraction and the particle sizes, it is possible to prepare an
rtificial electromagnetic medium which is left-handed for elec-
romagnetic waves propagating in a frequency region near the
esonance frequency [28]. Negative permeability can be obtained
y resonance-type instead of relaxation-type frequency disper-
ion of permeability, whereas metallic materials do have negative
ermittivity below the plasmon frequency [29]. The potential of
e@Al2O3 nanoembedments is therefore high.

. Conclusions

In conclusion, Fe@Al2O3 nanoembedments were prepared from
he mixture of magnetite and aluminum by mechanosynthesis. The

agnetic measurement seems to be a suitable method to trace
he microstructural evolution, since coercivity is microstructure
ensitive. The overall milling process could be divided into two
tages. In the first stage, the reaction in the Al-Fe3O4 mixture,

ductile–brittle system, is a highly exothermic one. The reac-
ant mixture is continuously refined until the mechanochemical
eaction is triggered. In the resulting alumina matrix, the embed-

ed Fe nanoparticles have a wide size distribution from several
anometers to tens nanometers. In the second stage, Fe-Al2O3,
nother ductile–brittle system but chemically stable, is involved.
he main microstructural change is the size and its distribution
f iron nanoparticles. Extensively milling seems to significantly

[
[

[
[
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narrow the size distribution of Fe particle and increase the aver-
age particle size. Interestingly, the microwave permeability spectra
exhibit a multiresonance behavior, which is related to the fine
iron nanoparticles of narrow size distribution. The result is in good
agreement with the exchange resonance mode. The mechanosyn-
thesized Fe@Al2O3 nanoembedments could be used as microwave
absorption materials. For the microwave of different frequency, the
resonance frequency of nanoembedments can be tuned through the
control of the size of magnetic nanoparticles.
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