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bstract

he properties of the bulk materials consolidated of silica coreshell powders with iron oxide core have been studied. Iron oxide nanoparticles
maller than 20 nm in size were synthesized by a reverse co-precipitation process in ambient atmosphere. Coreshell structures with various amounts
f iron oxide were prepared via a modified Stöber method. The powders were compacted by using pulsed electric current sintering (PECS) at
373 K. The morphologies, microstructures, phases, optical, and magnetic properties of the samples were studied by using transmission electron
icroscope (TEM), scanning electron microscope (SEM), X-ray diffraction (XRD), UV–visible spectroscopy (UV–Vis), and vibrating sample
agnetometer (VSM). Transmittance values in the 250–800 nm range varied with the amount of iron oxide. Sample with the lower content was
ransparent while the sample with the highest content was opaque with microporosity. The compact with the highest iron oxide content showed the
erromagnetic behaviour at 300 K. The phase transformations in the coreshell powders during the sintering process are discussed.

 2012 Elsevier Ltd. All rights reserved.
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.  Introduction

Magnetic nanoparticles such as magnetite (Fe3O4),
aghemite (�-Fe2O3) and pure iron, Fe are known to exhibit

igh saturation magnetization values.1–3 When they are com-
ined with transparent matrix materials, the composites can
reate novel and potential applications based on their magnetic
nd optical properties. One of the properties that have attracted
uch attention in recent research is the magneto-optical effect

hat can be applied in various fields such as magneto-optical
Please cite this article in press as: Mahmed N, et al. Novel iron oxide–s
sintering: Optical and magnetic properties. J.  Eur.  Ceram.  Soc.  (2012), do

witches, information storage, optical fibre sensors, and optical
solators.4–6 Several studies deal with preparing transparent

agnetic material based on iron oxide particles by using
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 variety of transparent matrices. Yamaguchi et al.7 have
ynthesized the transparent magnetic thin films by embedding
e3O4 nanoparticles into the polyvinyl alcohol (PVA) matrix.
owever, due to the thermal and chemical instability of the
olymer, the silica (SiO2) matrix has received increasing
nterest. Yasumori et al.8 produced a transparent silica gel layer
ith embedded magnetite nanoparticles by using a sol–gel
ethod, and Thomas et al.9 reported on crack-free transparent
agnetic-silica monoliths, in which the magnetite nanoparticles
ith various concentrations were entrapped within a sol–gel

ilica network formed in heat treatment. The magnetic and
ransparency behaviour of the both type of samples were found
o depend on the iron oxide concentrations.

However, there are apparently no reports about sintering of
he bulk transparent magnetic material made of the amorphous
ilica powders with the iron oxide nanoparticle cores particularly
y using the pulsed electric current sintering (PECS) method.
ilica coreshell powders compacted by using pulsed electric current
i:10.1016/j.jeurceramsoc.2012.02.050

ECS which also called spark plasma sintering (SPS) or field
ssisted sintering technique (FAST) applies pulsed direct current
nd uniaxial pressure to consolidate the powders. This tech-
ique has been used for composites,10 superconductors,11 and

dx.doi.org/10.1016/j.jeurceramsoc.2012.02.050
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Fig. 1. TEM images of iron oxide silica-coreshell powde

ransparent ceramics.12 Mayerhöfer et al.13 have compacted a
ransparent glass by PECS from commercial silica nanopow-
ers, which were not fabricated via Stöber method. Thus, the
resent study presents new exploration of the changes in the
morphous coreshell silica with magnetic nanoparticle cores
uring the PECS process and the properties of the compacts.

. Experimental

.1.  Preparation  of  the  powder

Synthesis of iron oxide nanoparticles consisted of a sim-
1

Please cite this article in press as: Mahmed N, et al. Novel iron oxide–s
sintering: Optical and magnetic properties. J.  Eur.  Ceram.  Soc.  (2012), do

le process in ambient environment. The base solution was
repared by adding 50 ml of ammonium hydroxide (NH4OH,
5%) into 50 ml distilled water (pH 13). Iron salt precursor solu-
ion was prepared separately by dissolving 0.695 g of ferrous

u
t
a

th (a) 0.02, (b) 0.09, (c) 0.18 and (d) 0.31 mol% Fe3O4.

ulphate (FeSO4·7H2O) in 50 ml of distilled water by using an
ltrasonic agitation. Then, the iron salt solution was mixed into
he base solution under magnetic stirring for 1 h. The black solu-
ion was washed twice with ethanol to remove excess ammonia,
nd dispersed in deionized water to its original volume.

The iron oxide–silica coreshell particles were prepared
ia a modified Stöber process.14 1160 ml of ethanol (98%),
80 ml of deionized water, and 35 ml of NH4OH solution
ere mechanically stirred for 5 min before addition of 7 ml of

etraethylorthosilicate (TEOS). After 20 min, 0.02, 0.09, 0.18 or
.31 mol% of freshly prepared iron oxide solution was added
rop-wise. After 1 h mixing, 13 ml of TEOS was added and the
echanical stirring was continued for 12 h. The obtained prod-
ilica coreshell powders compacted by using pulsed electric current
i:10.1016/j.jeurceramsoc.2012.02.050

ct was dried in air and annealed at 573 K for 75 min to remove
he moisture and organic compounds. Pure SiO2 powder was
lso prepared for reference.

dx.doi.org/10.1016/j.jeurceramsoc.2012.02.050


ARTICLE IN PRESS+Model
JECS-8684; No. of Pages 8

pean Ceramic Society xxx (2012) xxx–xxx 3

2

c
2
F
b
i
w
d
1
p
m
m
p
w
v
f
Q
(
p
i
9
2
p

3

T
d
i
c
i
h
t
n
r
t
e
s
i
d
u
h
b
t

t
c
t
N
i
c
i
f
o

Fig. 2. XRD patterns of (a) the as-prepared powders and (b) bulk compacts with
varying Fe3O4 content (mol%): (A) 0.02, (B) 0.09, (C) 0.18 and (D) 0.31.
N. Mahmed et al. / Journal of the Euro

.2.  Sintering  and  characterization

For the PECS compaction, a sample with 2.2 g of powder
overed with graphite foils was put into a graphite mould with
0 mm of inner diameter. Sintering was carried out with the
CT HPD 25-2 equipment at 1323 K for 30 min in vacuum
y applying pressure of 50 MPa. The thickness of the consol-
dated bulk samples was 2 mm. The surfaces of these samples
ere ground up to 1200 mesh. The phases of the materials were
etermined with XRD (Philips PW1710) over a 2θ  range of
0–90◦ using Cu K�  (λ  = 1.5046 Å). The morphologies of the
owders and compacts were studied by transmission electron
icroscope (TEM Tecnai F20 200 kV) and scanning electron
icroscope (SEM Hitachi S-4700). The densities of the com-

acts (ρ) were measured with the Archimedes method in distilled
ater. These values were applied for determining the molar
olume (Vm) of the compacted samples by Vm = (MT ×  mole
raction)/ρ, where MT is the total molar mass of the components.
uantum Design PPMS and Vibrating sample magnetometer

VSM PAR – Lakeshore) were used to measure the magnetic
roperties. The transparency of the bulk samples was stud-
ed with the UV–visible spectrometer (Perkin Elmer Lambda
50) in total transmission mode over the wavelength range of
50–800 nm. The final thickness of all the samples for the trans-
arency study was about 1.7 mm.

. Results  and  discussion

The morphologies of the powders can be observed from the
EM images in Fig. 1a–d, showing four different samples with
ifferent iron oxide contents (mol%). In these powders, the
ron oxide nanoparticles are inside the silica shell forming the
oreshell structures. The iron oxide nanoparticles agglomerated
nside the silica structure and these agglomerates are bigger with
igher amount of iron oxide. The XRD study (Fig. 2a) confirmed
hat the iron oxide phase in the powders B, C and D is the mag-
etite, Fe3O4 (Pdf 01-008-8148). However, in the powder A, no
eflections of magnetite can be observed probably because of
he very low amount of iron oxide. According to the Scherrer
quation using the most intense peak (3 1 1) of XRD curves for
amples B, C and D, the average size of iron oxide nanoparticles
s 14 nm. The average diameter of the SiO2 particles in the pow-
ers is about 100–250 nm determined from the TEM images by
sing Digital Micrograph software. As the iron oxide particles
ave smaller size than the wavelength of the visible light, the
ulk material is expected to be transparent when consolidation
akes place at the densification temperature of SiO2.

Based on the density measurement, the Archimedes densi-
ies of the compacted samples increased with the iron oxide
ontent from 2.18 to 2.29 g/cm3. This is partly explained with
he fact that magnetite has higher atomic weight than silica.
evertheless, these Archimedes density values are also used

n determining the Vm of the samples (Fig. 3). In the glass-
Please cite this article in press as: Mahmed N, et al. Novel iron oxide–silica coreshell powders compacted by using pulsed electric current
sintering: Optical and magnetic properties. J.  Eur.  Ceram.  Soc.  (2012), doi:10.1016/j.jeurceramsoc.2012.02.050

omponent systems, Vm is used to indicate the structural changes
n the glass network. Such changes take place through the
ormation or modification processes as the molar contents of
xides change and, thus, Vm decreases when the density of the

Fig. 3. Density and molar volume of the compacted samples as a function of
iron oxide content of the powder (mol%).

dx.doi.org/10.1016/j.jeurceramsoc.2012.02.050
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ig. 4. The PECS compacted iron oxide–silica samples containing Fe3O4 (in 

eferences to colour in this figure legend, the reader is referred to the web versi

lass component increases.15 In the present case, the measured
rchimedes densities of the compacted samples increase with

he iron oxide content and as expected, the Vm decreases. This
ay be caused by the increasing amount of the non-bridging

xygen (NBO)15 i.e. Si O Fe2+ and Si O Fe3+, with higher
ron oxide content, which suggest that both Fe2+ and Fe3+

ehave as a network modifying ions.16,17 These ions occupy
he interstitial space of amorphous SiO2 network and reduce
he crystallization energy, thus promoting the crystallization at
ower temperature.17,18

This approach is in correspondence with the XRD results of
he bulk compacts in Fig. 2b. For the sintered sample of pure
iO2, only a broad amorphous peak of silica appeared in the
RD study (not shown) indicating that amorphous structure was
aintained in consolidation at 1323 K. This is consistent with the

act that the glass transition temperature of SiO2 is about 1600 K.
imilarly, the compacts made of the powders with 0.02 mol%
nd 0.09 mol% of iron oxide retained the amorphous structure.
heir XRD patterns do not exhibit any peaks of the crystallized
ilica or iron oxide. The latter one may be due to the dilution of
mall iron content in the glassy compacts. In the XRD curve of
he bulk sample C made of powder with 0.18% of iron oxide,
here are no iron peaks, but some tiny peaks connected to quartz
re visible at 20.8◦ (1 0 0) and 26.6◦ (0 1 1) (Pdf 01-089-8937).
hus, it can be concluded that the compact C has partially crys-

allized silica structure, though the major part of the silica is
till amorphous. In the bulk sample D where the powder applied
ontained 0.31 mol% Fe3O4, most of the amorphous silica has
ransformed to quartz, and in the XRD pattern the amorphous
ilica hump disappears and full set of the quartz peaks appear
Fig. 2(b) – D). Furthermore, there is a Fe peak at 44.6◦ (1 1 0)
Pdf 04-003-3641) indicating that the iron oxide in the SiO2
atrix has been reduced during the sintering process. The crys-

allization of the quartz and reduction of iron oxide during the
ECS processing can be assumed by the mechanism explained
elow.

The coreshell powders were sintered under vacuum level
f 15 Pa in which the oxygen partial pressure, p(O2) is about
.15 ×  10−5 atm. Several studies10,11 reported that sintering
nder vacuum with graphite sheet/die had induced a strong
Please cite this article in press as: Mahmed N, et al. Novel iron oxide–s
sintering: Optical and magnetic properties. J.  Eur.  Ceram.  Soc.  (2012), do

educing atmosphere around the powder to be sintered dur-
ng the PECS process. Based on the Ellingham diagram,19 the
quilibrium partial pressure of oxygen for oxidation of carbon

(
i
o
i

): (A) 0.02, (B) 0.09, (C) 0.18, (D) 0.31 and (E) 0. (For interpretation of the
the article.)

nto carbon monoxide is in the range from 10−18 to 10−20 atm.
he lower p(O2) equilibrium than p(O2) in vacuum causes the
raphite to oxidize and producing CO (i.e., reducing environ-
ent) during the sintering process (since carbon is more stable

han iron oxide) and the reduction reaction can be described by
he Eq. (1) below:

/2O2 +  C ↔  CO (1)

Such a strong reducing environment during the PECS pro-
ess might reduce the Fe3O4 nanoparticles into metallic Fe and
he Fe3+ and Fe2+ ions. These ions remain in the SiO2 network
nd depending on their amount they affect the glass structure
s described above. Furthermore, the reducing atmosphere also
as influence on the redox behaviour of the glass melt by reduc-
ng further part of the Fe3+ ions into Fe2+

.
20 Guglielmi et al.21

eported that Fe2+ has a major influence upon the crystallization
rocess of silica but it does not affect the internal nucleation
hich is induced by the Fe3+ ions, i.e. crystallization occurs
nly if both ferric and ferrous ions are present. With a sufficient
mount of nucleating agent, the crystal growth should be catal-
sed by higher amount of Fe2+ ions.21,22 This is in agreement
ith the present XRD results of the samples C and D as the

rystallization is enhanced with higher amount of iron oxides
n the original powder promoting perhaps more Fe2+ ion forma-
ion. A small cristobalite bump can be observed at 21.7◦ (1 1 1),
Pdf 00-027-0605) in sample C, in agreement with the report by
anri et al.23 whom noticed that small amount of cristobalite

lso formed with the existence of Fe2+ ions at a temperature as
ow as 1323 K.

As the described above, the iron oxide contents have strongly
nfluence the stability of amorphous silica during the sintering,
hich finally affect the physical appearance of the samples after

he consolidation process as shown in Fig. 4. When the powder
ontained of 0.02% of iron oxide (A), the colour of the consol-
dated sample is slightly yellow. The yellowish colour becomes

ore intense, and still maintaining its transparency when the
owder containing 0.09% of iron oxide was used for compaction
B). However, when the iron oxide content increased to 0.18%
ilica coreshell powders compacted by using pulsed electric current
i:10.1016/j.jeurceramsoc.2012.02.050

C), the olive green sample was only translucent. With further
ncrement of the iron oxide amount that is 0.31% (D), a bluish
paque sample was obtained. Sample E made of pure SiO2 (E)
s colourless and transparent.

dx.doi.org/10.1016/j.jeurceramsoc.2012.02.050


ARTICLE IN PRESS+Model
JECS-8684; No. of Pages 8

N. Mahmed et al. / Journal of the European Ceramic Society xxx (2012) xxx–xxx 5

he pow

p
s
t
p
t
s
c
o
a
h
p

a
o
(
i
c
f
s
s
T

Fig. 5. SEM cross-section images of the compacted samples made of t

The SEM images of the cross-sections of the polished com-
acted samples in Fig. 5 reveal a dense microstructure for the
amples A and B (Fig. 5a and b) in which the iron content is
oo low for inducing the crystallization of silica. However, some
orosity can be observed in both of the samples. In sample C,
he porosity becomes more pronounced as the amorphous glass
tarts to crystallize. Crystallization can be detected in the XRD
urve in Fig. 2b, and it can also be observed in the SEM image
f the fractured sample C (inset Fig. 5c), where dendrites with
Please cite this article in press as: Mahmed N, et al. Novel iron oxide–s
sintering: Optical and magnetic properties. J.  Eur.  Ceram.  Soc.  (2012), do

n average arm (size or) spacing of 1.2 �m, start to appear. The
ighest amount of iron oxide in the starting powder of the com-
acted sample D resulted in the growth of quartz crystals to an

b
I
o

ders with (a) 0.02, (b) 0.09, (c) 0.18, (d) 0.31 and (e) 0 mol% Fe3O4.

verage size of 3.8 �m (inset Fig. 5d) well above the wavelength
f the visible light, 300–800 nm, with columnar morphologies
observed from fracture surface). Large pores more than 10 �m
n size can be observed in the polished sample D in Fig. 5d indi-
ating that crystallization occurred rapidly and prevented the
ull densification of the sample. Fig. 5e illustrates the polished
urface of iron oxide-free silica starting powder after the con-
olidation process with dense structure and very small porosity.
he percentage of the porosities for samples A–E was estimated
ilica coreshell powders compacted by using pulsed electric current
i:10.1016/j.jeurceramsoc.2012.02.050

ased on the SEM images by measuring the area of the pores.
t was found that the porosity increased with increasing amount
f iron oxide in the starting powder used. Porosities determined

dx.doi.org/10.1016/j.jeurceramsoc.2012.02.050
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Fig. 6. UV–Vis transmittance curves of the compacted samples made of the
p
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t
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F
(

 N. Mahmed et al. / Journal of the Eur

y image analysis from the polished cross-sections were 0.31%
or sample A, 0.44% for sample B, and 1.9% for sample C. The
orosity of sample D was highest about 42.3%, while sample E
ad the lowest porosity value of about 0.05%. Since the amor-
hous compacts also exhibit pores, the porosity is assumed to
e arising due to the agglomeration of the starting powder as
he iron oxide nanoparticles concentration is increased. As can
e seen in the TEM images in Fig. 1, the agglomeration of the
ybrid composite becomes greater with the increasing amount
f iron oxide nanoparticles.

Fig. 6 shows the transmittance curves of the compacted sam-
les in the wavelength range of 250–800 nm. The transmittance
f the amorphous silica compact is 60–70% in the visible range
nd about 20% lower than the commercial home window that has
bout 92% of transparency. There are many factors that can cause
o the loss of transparency in silica compact. Based on SEM
mage (Fig. 5e), a small number of pores can observed in the
ense microstructure, together with a very small amount of resid-
al silica particles that appeared as white dots in the image. This
ondition causes scattering of light and lowered the transmission
f light through the sample. Other factor that might influence the
ransmittance of the compact is the hydroxyl groups (OH) that
Please cite this article in press as: Mahmed N, et al. Novel iron oxide–s
sintering: Optical and magnetic properties. J.  Eur.  Ceram.  Soc.  (2012), do

ormed on the outer surface of the silica particles after the Stöber
ynthesis. These OH groups were reported to be enhanced after
he PECS process.13 It is known that the OH group is one of

t
a
o
p

ig. 7. Magnetic behaviour of (a) the as-prepared powders containing Fe3O4 (in mol
b). In (c) the magnetization of the compacted samples are shown in detail.
owders with Fe3O4 (in mol%): (A) 0.02, (B) 0.09, (C) 0.18, (D) 0.31 and (E)
.

he main technological impurities that cause additional optical
osses in the glass sample. Thus, the presence of OH groups in
he consolidated sample might give rise to the absorption peak
ilica coreshell powders compacted by using pulsed electric current
i:10.1016/j.jeurceramsoc.2012.02.050

nd caused the transmission loss occurred. It is known that loss
f transparency may also result from the inclusions of the amor-
hous carbon inside the silica glass due to it permeation into the

%): (A) 0.02, (B) 0.09, (C) 0.18 and (D) 0.31; and the respective bulk compact

dx.doi.org/10.1016/j.jeurceramsoc.2012.02.050
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paramagnetic. With increasing the iron oxide content in the pow-
N. Mahmed et al. / Journal of the Euro

atrix during the sintering.13 The transparency of silica com-
act decreased as the iron oxide nanoparticles were inserted into
he starting powder (samples A and B) and the absorption edge
ecame broader with the powders containing higher amount of
ron oxide. The loss of transparency into the translucency of sam-
le C and opacity of the sample D is due to the devitrification
f SiO2 grains and microporosity. They act as light scattering
ource in the structure.24

The effect of the consolidation process on the room tem-
erature magnetization of the as-prepared powders is shown
n Fig. 7a. All the powders exhibit a ferromagnetic behaviour.
he saturation magnetization increased approximately linearly
ith the higher molar composition of iron oxide in the coreshell
owders. The values are correspondingly low 0.076–0.85 emu/g
ompared to that of the pure iron-oxide particles, 55 emu/g1 due
o the small fraction of iron oxide (less than 1 mol%) in amor-
hous silica matrix. However, the magnetic behaviour of the
ompacted bulk samples is markedly different from the pow-
ers (Fig. 7b and c). This corroborates the suggested reduction
f the iron oxide phase to iron and iron ions, together with
he changing of Fe2+/Fe3+ ratio during the sintering. Sample

 exhibited a diamagnetic behaviour similar with the glass
ample (sample E) but with lower diamagnetic slope. This is
aused by distributed iron ions, which are paramagnetic, inside
he diamagnetic glassy structure. Samples B and C exhibited
aramagnetic behaviour. The slope of magnetization (suscepti-
ility) increases with increasing molar fraction of paramagnetic
e ions. This paramagnetic behaviour can be explained by the
shielding’ or frustration of the exchange interaction between
etal ions due to the random nature of glass matrix25 and

arge distance between iron ions. Sample D is clearly ferro-
agnetic but with lower saturation magnetization (0.4 emu/g)

Fig. 7b) compared to the corresponding powder. The onset
f ferromagnetic behaviour can be ascribed to the agglomer-
tion of pure Fe clusters in compacted structure as confirmed by
RD.
The transparent (sample B) and opaque (sample D) were

easured in detail at low temperature close to 0 K in order to
stablish the nature of the magnetic interaction from the differ-
nces in magnetic behaviour. As it is shown in Fig. 8a, both
amples exhibit an increase of the magnetization at 10 K. At
his temperature, a strong paramagnetic contribution appears in
ample D and moreover the slope of the curve at higher field
s comparable with the paramagnetic slope of sample B. This
ehaviour is hidden at room temperature by the major ferromag-
etic part of the sample and only weak paramagnetic dependence
n the field. The strong paramagnetic slope apart of ferromag-
etic magnetization curve indicates that there is not only pure Fe
lusters as found by XRD, which exhibits ferromagnetic interac-
ion, but also there is similar amount of distributed paramagnetic
ron ions as in the sample B. Some contribution to observed fer-
omagnetic behaviour might also come from the undensified part
f the compact (SEM image in Fig. 5e) since the powder is ferro-
agnetic while the contribution to the paramagnetic behaviour
Please cite this article in press as: Mahmed N, et al. Novel iron oxide–s
sintering: Optical and magnetic properties. J.  Eur.  Ceram.  Soc.  (2012), do

ight come from the glassy part of the sample in agreement
ith samples B and C. Magnetization as a function of temper-

ture at 100 Oe (Fig. 8b) showed paramagnetic enhancement

d
r

ig. 8. Magnetic measurement of samples B and D (a) at 10 K, (b) magnetization
s function of temperature and (c) cool heating of sample D.

t lower temperature for both compacts in agreement
ith the previous result. However, the behaviour of sample D
uring zero field cooling, i.e. the decrease of the magnetiza-
ion at very low temperature (Fig. 8c) suggests the presence
f some antiferromagnetic coupling below 10 K, too. This
ight be due to creation of network of iron ions with indirect

xchange.
To summarize, the transparent samples were diamagnetic or
ilica coreshell powders compacted by using pulsed electric current
i:10.1016/j.jeurceramsoc.2012.02.050

er the sample became ferromagnetic. However, the iron oxide
edox reactions during the sintering process enhance the partial

dx.doi.org/10.1016/j.jeurceramsoc.2012.02.050
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Microstructure and optical properties of transparent alumina. Acta Mater
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r full crystallization of the silica, resulting in translucent or
paque material and the presence of pure Fe. In order to obtain
ransparent ferromagnetic material, the processing parameters
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. Conclusion

Transparent bulk magnetic compacts were produced by the
ECS method from the iron oxide–silica coreshell powders pre-
ared by Stöber method. Increasing the amount of iron oxide
ontent in the coreshell powders induced the crystallization of
he amorphous silica glass and microporosity formation during
he sintering process. Because of microporosity and the par-
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ble light, light scattering and loss of transparency occurred.
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uring the sintering process promoted the ferromagnetism in
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