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The phase and conductivity dynamics of strontium hexaferrite nanocrystals were isothermally studied
at different temperatures during a constant flow of hydrogen gas at normal atmospheric pressure. The
nanoctrystals were prepared by self-flash combustion of acetate precursors. While the formed phase
was characterized using XRD, TEM, and optical microscopy after hydrogen exposure, the electrical
conductivity was in-situ measured during reduction. The temporal changes in conductivity as well as
the formed phases at partial and complete reduction were found to be significantly affected by the
operating temperature. Nanocrystals reduced at lower temperatures showed formation of lower oxygen
content phases of strontium-iron oxides (SrFe;,0+o, SroFe,05 Sr;Fe;c0.2), and iron oxides (Fe;0,, FeO),
while those reduced at higher reducing temperature showed the formation of metallic iron responsible
for higher electric conductivity during reduction. Metallic iron nanocrystals of increased sizes were
formed at higher reducing temperatures and longer reducing times. Temporal conductivity changes
during hydrogen gas flow at different temperatures showed three regions corresponding to removal of
surface oxygen, surface reduction, and bulk reduction of the nanocrystals. Nanocrystals reduced at
temperatures higher than 400°C showed three reduction regions corresponding to these mechanisms,
whereas those reduced at 400°C only two regions could be detected. The activation energies of the
oxygen desorption, surface reduction and bulk reduction were found to be 55.5, 40.2, and 44.1 kJ mol™
respectively. This indicates that oxygen desorption follows a chemical reaction controlled mechanism,
while surface and bulk reductions are of combined gas diffusion and interfacial chemical reaction
controlled mechanisms. The results obtained from the conductivity measurements were further
supported by thermo-gravimetric measurements.

Key words: Strontium hexaferrite (SrFe{2049) nanocrystals, phase changes, electrical conductivity, reduction,
thermogravimetric.

INTRODUCTION

Hexaferrites (MeFe;,049: Me = Sr, Ba, and Pb) are Indus-
trially important materials that have numerous techno-
logical applications such as permanent magnets
(Kirchmayr, 1996), microwave devices (Pardavi-Horvath
and Magne, 2000), magnetic recording media
(Sankaranarayanan et al., 2000), and magneto-optical
devices (Gerber, 2000). Appointing for these applications
arises from their unique properties of large magnetic cry-
stalline anisotropy, high Curie temperatures, large satura-
tion magnetization and coercive fields, in addition to its
mechanical resilient, chemical stability, and low cost (Fu
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et al., 2003; Zaitsev et al., 2005). More importantly, their
intrinsic magnetic properties can be controlled and
modified either by using substitutional metallic elements
(Kaura et al., 2006; Licci et al., 1983), controlling size,
shape, and size distribution of the particles (Ataie and
Heshmati-Manesh, 2001; Hwang et al., 2002), or by
special thermal treatment in a reducing gas (Ataie et al.,
1996; Ebrahimi et al., 1999; Kitahata and Kishimoto,
1994; Hong et al., 1997). In fact, thermal treatment of
hexaferrites in a reducing gas environment modifies the
material morphology as well as introducing metallic
atoms into the ferrite crystals. For example, a hydrogen
atmosphere has been employed to introduce iron into Co-
Ti-Sn and Co-Zn-Ti-Sn substituted Ba-ferrite particles by
reducing a portion of the Fe ions, thus, an increase in the
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saturation magnetization was achieved (Kitahata and
Kishimoto, 1994; Hong et al., 1997). Heat treatment of
strontium hexaferrite (SHF) powders in nitrogen, hydro-
gen, and carbon atmospheres showed that the phase
composition and morphology as well as the magnetic
properties are affected significantly by the gas/vapor
treatments (Ataie et al., 1996; Ebrahimi et al., 1999).

Based on the composition and oxygen content, stron-
tium ferrite has a number of stable and intermediate
phases whose crystal structures and transport properties
are considerably affected by oxygen-vacancy ordering
(Hodges et al., 2000) While the stoichiometric mono-
ferrite, SrFeQ3, has a disordered cubic perovskite lattice,
a series of structurally distinct vacancy-ordered phases
SroFe Oz, (n = 2, 4, 8) is formed with decreasing
oxygen partial pressure and oxygen content (Hodges et
al., 2000; Prado and Manthiram, 2001; Zainullina et al.,
2006). Oxygen defect phases such as SrFeO;,
SrsFexOgs and SrsFe,Og are antiferromagnetic com-
pounds with semiconductor-like behaviors and thermally
activated carriers (Zainullina et al., 2006; Adler, 1999;
Shilova et al., 2002; Patrakeev et al., 2001). On the other
hand, SriFe;Ogq,.s and titania-doped derivatives SrsFe,.
«11xOg,5 are mixed ionelectron conductors with an energy
gap of 2.3 eV (Zainullina et al., 2006; Adler, 1999;
Shilova et al., 2002). Also, the electrical conduction in
hexaferrites is a combination of electronic and ionic con-
duction such that conduction at low temperatures is
dominated by electrons whereas at high temperature it is
dominated by ionic hopping mechanism (Patrakeev et al.,
2001; El-Saadawy, 2000; Seshamma et al., 2006).

It is reported that exposing SHF to static hydrogen gas
followed by calcinations in air produced small size
particles with improved coercivity and magnetization
(Ataie et al., 1996; Ebrahimi et al., 1999). Similar obser-
vations were reported for SHF treatment in N, and C
(Ataie et al., 1996; Ebrahimi et al., 1999). In some cases,
an enhancement of about 400% in the SHF coercivity
was observed (Ebrahimi et al., 1999). No sufficient
information is available on the kinetics of hydrogen
reduction on SHF in the bulk or in the nanocrystal forms,
neither is the interplayed role between the formed phase
and its electric conductivity during reduction. Thus, it is
the focus of this work to study the reduction kinetics,
phase formation, electric conductivity of SHF nanocry-
stals during a dynamic hydrogen gas flow at constant
atmospheric pressure and different temperatures. The
nanocrystals are prepared by self-flash combustion of
acetate precursors. In-situ electric measurement is
adapted to study the reduction kinetics. X-ray diffraction
(XRD) is used for formed phase identifications, while
transmission electron microscopy (TEM) and optical
microscopy are used to study the morphology of the
reduced and partially reduced phases. The chemical
behavior is strongly influenced by chemical reaction and
are correlated; in the sense that each removal of oxygen
atom librates at least two electrons and modifies the con-

ductivity. Therefore, thermo-gravimetric investigations
during reduction are used to support the results obtained
from in-situ conductivity measurements.

EXPERIMENTAL PROCEDURE

Eight moles of pure fine ferric acetate basic, FeAc,
(CH3CO0),Fe.OH were well mixed with one mole of strontium
acetate, SrAc, (C4HsO4Sr) to insure homogeneity. The mixture was
mixed in a beaker containing 150 ml distillated water, heated till
water vaporized, then dried at 100°C for 24 h. The dried powder
was then heated vigorously on a hot plate to ensure complete
decomposition of acetates and formation of nanocrystal oxides. The
nanocrystal powder was moistened with 10% distilled water and
equal weights, 1.3 gm, were pressed into cylindrical compacts using
cylindrical mould of 1 c¢m inner diameter and 200 kgm™® applied
pressure. A two step drying process, drying at 85°C for 1 h followed
by drying at 100°C for 24 h, was again used to dry the cylindrical
compacts. Single phase SHF nanocrystals were then formed by
annealing the dried nanocrystal compacts in a muffle furnace at
850°C for 45 min.

The electrical conductivity of SHF nanocrystals was measured
during hydrogen gas flow (0.5 L min™). Hz gas was purified by
passing over series of columns filed with silica gel, anhydrous
calcium chloride, soda lime and copper turning heated at 500°C. N
gas was used for cleaning the furnace. The electrical conductivity
cell was made of two ceramic circular bases joined together by four
stainless steel rods. For electrical conductivity measurements, the
SHF nanocrystal compacts were mounted between the two stain-
less steel electrodes and held tightly with the springs. The total
resistance, R, of SHF compacts was measured directly using a
computerized Avometer. The data is transferred into electrical
conductivity (infl  cm™) using the sample geometry
(0 =1/(R.A)), where I is the length and A is the cross-section
area.

The reduction kinetic was further investigated using thermo-
gravimetric measurements. In this experiment, the oxygen weight
loss during hydrogen reduction is measured directly by a digital
balance. The reduction kinetics can then be studied by measuring
the reduction percentage as a function of time during hydrogen gas
flow. The obtained results were then compared with that obtained
by in situ conductivity measurements.

The different phases formed during reduction were identified by
XRD using JSX-60P JEOL diffractometer. Transmission electron
microscopy (TEM) model Joel JSM-1234, and optical microscope
are used to study the morphology of the reduced and partially
reduced phases.

RESULTS AND DISCUSSION

The conduction behavior of the SHF nanocrystal compact
disks was first probed by studying their electrical
conductivity-temperature dependence between room
temperature and up to the annealing temperature, 850°C,
in air. Figure 1 correlates the DC conductivity of SHF
nanocrystal compacts to the temperature during a
heating—cooling cycle. The measurements were carried
out in an open vertical furnace under a nearly constant
heating and cooling rates (5°C min™). Due to moister
and/or gas surface adsorption, the conductivity of the
SHF samples showed an unstable relatively poor initial
value at a temperature near room temperature. At higher
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Figure 1. Semi-log plot of the conductivity of SHF nanocrystal compact disks as a
function of temperature during heating cooling cycle in air. The inset curve is a

straight line fits of the variation of In(O) with (1000/T), during cooling, for activation
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energy calculation.

temperatures, the conductivity increased as the tempe-
rature increased, throughout the investigated temperature
range, indicating the semiconductor nature of the sam-
ple’s conductivity. During cooling, the conductivity retains
values higher than that obtained during heating; this may
be explained by the fact that the conduction in ferrites is a
combination of electronic and ionic that is significantly
affected by the oxygen vacancies and/or lattice defects
within the sample (Patrakeev et al., 2001, 2005, 2004). In
other wards, the oxygen absorption/desorption into/from
the sample that affects the oxygen stoichiometry, and
hence the conductivity, is the reason for the observed
irreversible conductivity values of the SHF nanocrystals
during heating-cooling measurements.

For semiconductor materials, the variation of conduc-
tivity with temperature follows an Arrhenius-like depen-
dence (Patrakeev et al., 2001, 2005, 2004; El-Saadawy,
2000; Seshamma et al., 2006),

0=0, exp[— E, /kBT] (1)

Where 0, is a constant, E, is the activation energy for

electrical conduction, and kg is the Boltzmann's constant.
The inset of Figure 1 shows the natural log of the mea-
sured conductivity as a function of (1000/T) for activation
energy determination. It is clear that the conductivity
satisfies a broken straight line with a transition tempe-
rature ~ 500°C. This trend indicates a charge carrier
generation/transportation mechanism at higher tempera-
ture that is different from that at lower temperature with
activation energies to be 1.06 and 0.72 eV, respectively,

measured during cooling. It is reported that in hexaferrite
crystals the conduction is due to electrons at lower tem-
perature whereas at higher temperature it is dominated
by ionic hopping mechanism (Patrakeev et al., 2001; El-
Saadawy, 2000; Seshamma et al., 2006). Furthermore,
SHF is a ferromagnetic with curie transition temperature;
the material is transformed from the ferromagnetic phase
at lower temperature to a paramagnetic phase at higher
temperatures. The Curie point is high enough to coincide
with the temperature required to generate oxygen vacan-
cy (El-Saadawy, 2000; Seshamma et al., 2006). The
transition not only changes the carrier density due to
vacancy generation but also the carrier mobility due to
increase in lattice defects and phonon scattering. Thus,
the two activation energy straight lines of the conductivity
confirm the transition of the SHF nanocrystal compact
disks from order ferromagnetic phase, where electronic
conduction dominates the carrier transportation/conduc-
tion, to the random paramagnetic phase, where ions
become more mobile and ionic conduction with higher
activation energy dominates the conduction within the
sample.

For conductivity dynamics during hydrogen gas flow,
the SHF nanocrystal compacts were left at the operating
temperature (400 - 600°C) for about 30 min in nitrogen
gas atmosphere. Few minutes after switching the nitro-
gen gas off, hydrogen gas switch is turned on (0.5 L/min)
and so is the computerized electric conductivity measure-
ment. Figure (2) shows the variation of the electric
conductivity of SHF nanocrystal compacts with time in a
hydrogen flow (0.5 L/min) at different temperatures (400 -
600°C). Generally, it is observed that the electric conduc-



134 Int. J. Phys. Sci.

0.8

0'(Qcm)'1

14

T 12

T 10

1

Gs00C (Qcm)

0 5 10 15

25 30 35 40

Time (min.)

Figure 2. Conductivity transients at various temperatures during hydrogen gas
flow of 0.5L min™ at constant pressure at (a) 400°C, (b) 450°C, (c) 500°C, (d)
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Figure 3. XRD diffractograms of (a) unreduced SHF
nanocrystal compacts, and nanocrystals completely
reduced at (b) 400°C, (c) 450°C, (d) 500°C, (e) 550°C, (f)
600°C in a hydrogen gas flow. (1) SrFe;204, (2) Fe20s3, (3)
Sr7Fe10022, (4) Feso4, (5) Fe21_34032, (6) FeO, (7)
Sr4FeeO13, (8) SrzFezos, (9) Fe.

tivity increased by increasing the gas exposure time,
which confirms that SHF is an n-type semiconductor and
electrons are the majority carriers. During hydrogen ex-
posure, oxygen from the surface as well as from the bulk
is removed as water molecules and conducting electrons
are lifted behind without molecular orbital to accom-

modate them. These freed electrons are transferred into
the conduction band resulting in a decrease in the
resistance of the sample and an increase in its electronic
conductivity. Had SHF is a p-type or p-type like semicon-
ductor, the sample will have a majority hole charge car-
riers. As the electron got liberated by the removal of oxy-
gen atoms, a decrease in the conductivity would be
observed due to the decrease in the allowed carrier
density resulted from the recombination of the liberated
electrons with the valance band majority holes, or by
being trapped in hole-like localized positive ions. Since
this not been the case, the observed trend imply a n-type
semiconductor behavior.

By increasing the hydrogen gas exposing time, the
reduction extent (percentage) increased producing differ-
rent phases of strontium—iron oxides, iron oxides and iron
metal depending on the operating temperature, as
confirmed by ex situ XRD. Formation of different oxide
phases and transformation of these oxides from valance
state to another may increase the ionic conductivity as
well as the electronic conductivity and hence the total
conductivity is increased. A complete sample reduction is
recognized by minimum resistant readings, while conduc-
tivity change with time is an indication of reduction rate.
The reduction process is terminated as the conduc-tivity
change with time become minimal. It is clear that the time
required for complete reduction decreased by increasing
reduction temperature from 400 up to 600°C.

The temporal changes of conductivity as well as the
formed phases at partial or complete reduction were
found to be significantly affected by the operating tempe-
rature. Figure 3 shows the XRD patterns of SHF nano-
crystal after complete reduction at different temperatures
(400 - 600°C). At reduction temperature 400°C, SHF nan-
ocrystal compact disks were partially reduced producing
small portions of lower oxides as Fe>Os. An exponential
increase of the electrical conductivity was observed at the
beginning of the reduction process at this temperature,



Table 1. Crystal size and the phase content for completely
reduced SHF compacts as obtained from XRD analysis.

Reduction Crystal size
temperature phases content
o (nm)
(©)
400 SI’Fe12019 81.5
FeoO3 23.3
450 Fez1.4032 18.2
FepsO 13.4
Fe304 28.8
Sr7Fe10022 30.1
500 SrsFesO13 62.1
Fe21.4032 32.2
FeO 23.7
Fe metal 43.2
550 Fe metal 98.2
FeO 36.2
SI’2F6203 31.8
600 Fe metal 104

which may be attributed to the desorption of adsorbed
oxygen resulting in an increase in the conduction band
electrons by two electron per each desorped atom. After
complete oxygen desorption, the surface is reduced and
the electrical conductivity is further increased but with a
lower rate.

XRD of SHF nanocrystal compact disks reduced at
temperatures of 450 and 500°C, (Figure 3), confirms the
formation of new oxides of lower oxygen content such as
Feg1_4032, Feo_go, Fego4, and Sr7Fe10022_4. Formation of
these oxides due to SHF reduction by hydrogen
increases the ionic conduction rather than the electronic
(34.2 nm) that have a great conductivity compared to its
oxides. At higher reduction temperatures (550 and
600°C), the iron oxides and iron metal content increase,
peak intensity increased, with increasing crystal sizes as
a result of sintering at high reduction temperatures. Table
1 shows the crystal size and the formed phases of
completely reduced SHF nanocrystal compact disks as
obtained from XRD patterns. The total conductivity is
increased with a maximum value lower than that
observed at 500°C because of low drift mobility resulted
from structural defects occurred at higher reduction tem-
perature. These structural defects were due to the
increase in oxygen vacancies and the grain growth after
sintering at high reduction temperature. These defects
act as scattering and trapping centers (Patrakeev et al.,
2001, 2005; Keshmiri et al., 2002; Dawar and Joshi,
1984; Jukichihombo et al., 1990). Similar observation
have been reported, where prolonged hydrogenation
were found to have negative effects on electrical conduc-
tivity (Keshmiri et al., 2002).

Figure 4 shows TEM of the unreduced SHF and SHF
nanocrystals after complete reduction in hydrogen envi-
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ronment (0.5 L/min.) at the lowest and highest investiga-
ted temperatures (400 and 600°C) along with its size
distribution histograms and size statistics.

Unreduced SHF nanocrystals were found to have rela-
tively elongated anisotropic polyhedron as well as round-
ed crystal shapes with larger sizes and size distribution
that spans over a wide particle sizes. On the other hand,
reduced samples were found to have almost rounded
crystal shapes with smaller sizes and narrower size distri-
butions. The average particle size decreased from 88 nm
of the unreduced samples to 77 and 61 nm, for samples
reduced at 400 and 600°C, respectively. This observation
indicates that exposing to hydrogen gas flow modifies the
crystal morphology as well as producing crystals with
lower sizes, in consistence with previously reported re-
sults (Ataie et al., 1996; Ebrahimi et al., 1999).

Sizes calculated from XRD are consistent with those
measured by TEM, except for samples with many phase
(600°C). TEM images of SHF nanocrystals reduced at
600°C showed a gray and dark crystallite patterns indi-
cating atomic agglomeration and different phase forma-
tion in consistent with XRD results.

In order to identify the formed phases during reduction,
hydrogen gas is turned off before complete reduction,
and partially reduced SHF nanocrystal compacts were
sent for ex situ XRD. Figure 5 shows some XRD patterns
obtained for partially reduced nanocrystals at different
temperatures. It is clear that partial reduction of SHF
nanocrystals at temperatures of 400 and 450°C for 18.5
and 7.5 min, respectively, produces no metallic iron or
iron oxides phases. Also, no iron metal was formed for
SHF nanocrystals partially reduced at 550°C for 3.5 min,
however lower oxygen content oxide such as SryFe;Os
and Fe;O, magnetite were formed. After longer reduction
time, 20 min, FeO, SroFe,Os and iron metal, with larger
crystal sizes are formed at that temperature, 550°C.
Table 2 shows the crystal size and phase content as
obtained from XRD patterns of partially reduced SHF
nanocrystal compacts. Partial reduction at 600°C for 3
min shows that iron metal is formed with small percent-
tage with the major products to be FezO4 and SroFesOs.
By increasing the reduction time for 11 min, the formed
phases are FeO and Fe metallic nanocrystals.

An important feature characterizing the conductivity-
time dependent curves obtained for SHF nanocrystal
compact disks, Figure 2, is the change in the conductivity
rate as the hydrogen exposing time increase, which is
also temperature dependent. In other words, at a given
temperature, the obtained curve can be subdivided into
regions each of which is characterized by a constant con-
ductivity change rate. As mentioned before the conduc-
tivity change rate is a function of the reduction rate and
hence is determined by the chemistry of gas solid inte-
raction, which is thermally activated by the operating tem-
perature. For nanocrystals reduced at reduction tempe-
rature of 400°C, two reduction regions could be identi-
fied, whereas those reduced at higher temperatures (500
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Figure 5. XRD diffractograms of partially reduced
SHF nanocrystals reduced at different temperatures:
(a) at 400°C for 18.5 min, (b) at 450°C for 7.5 min,
(c) 550°C for 3.5 min, (d) at 550°C for 20 min, (e) at
600°C for 3 min, (f) at 600°C for 11min. (1)
SrFe12019 (2) SrzFezos (3) Fe304 (4) FeO (5) Fe.

- 600°C) showed three regions. These region are consis-
tence with the desorption of the adsorbed oxygen gas at
early reduction stage, followed by reduction of the sur-
face layers of the nanocrystals, and finally the bulk
interior of the nanocrystals is reduced at longer exposing
time (Khedr, 2005; El-Geassy, 2004). Figure 6 shows
optical microscope images of partial and complete
reduced SHF nanocrystal compacts. Images of partial
reduced samples showed layer like structures indicating
regions with different oxygen contents and hence reduce-
tion process that proceeds from the surface. On the other
hand, completely reduced samples or sample reduced for
longer times have homogeneous profile images. Because
reduction is an energy activated thermodynamic process,
bulk reduction is not observed at lower temperature. To
determine the rate controlling mechanism at the initial,
intermediate and final stages of reduction, the apparent
activation energy (E;) was calculated from Arrhenius
equation:

Kr = Koe =" 2

Where R is the gas constant, T is the absolute
temperature, Ky is the pre-exponential factor and Kr is the
rate constant. The apparent activation energy value
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Table 2. Crystal size and phase content as obtained from XRD analysis of partially reduced SHF

nanocrystal compact disks.

Reduction temperature (°C) Reduction time (min) phases content Crystal size (hm)
400 8.5 SI’Fe12019 84.2
450 7.5 SrFe2019 69.9
550 3.5 SroFes0s, 40.3
FesO4 (magnetite) 132.4
20 Fe (metal) 88.8
FeO (wuestite) 35.6
SroFexOs 113.3
600 3 Fe metal 31.5
FesO4 (magnetite) 51.7
SI’2F6205 34.9
11 FeO (wuestite) 29.4

Fe (metal) -

Figure 6. Some photomicrographs of SHF nanocrystals
partially and completely reduced in a hydrogen gas flow at
different temperatures: (a) partially reduced at 400°C (x400),
(b) completely reduced at 400°C (x400), (c) partially reduced
at 600°C for 3 min (x100), and (d) partially reduced at 600°C
for 11 min (x100).

have been calculated by many investigators in order to
determine the rate controlling mechanism step. The
general ranges of values that have been obtained by
Strangway (1964) and recently proved by other studies
(El-Geassy et al., 2004; Al-Madfaa et al., 2004; Khedr,
2000) are summarized in Table (3). Therefore, the rate
constants for oxygen desorption (Kges,), surface reduction
(Ksred,), and bulk reduction (Kgeq) are obtained from the
slopes of [In o versus time straight lines at a given red-
uction temperature. Utilizing Arrhenius relation and
plotting the rate constant as a function of the reduction
temperature, the activation energy can be calculated.

Table 3. Relationship between activation energy range and
the rate controlling step.

Activation energy Probable rate controlling
range Ea (kJ mol™”) step

8-16 Gas diffusion

Combined gas diffusion and

29-42 ) . , ,
interfacial chemical reaction
60-67 Interfacial chemical reaction
>90 Solid-state diffusion

Figure 7 shows the Arrhenius plots of Kges, Ksreq, and
Kgreq @s a function of reduction temperatures. These plots
are straight lines with negative slopes. The activation
energy value obtained at the initial stages of reduction is
found to be 55.5 kJ mol” indicating a chemical reaction-
controlled mechanism. At the intermediate and long
hydrogen exposing times the values of activation energy
are 40.0 and 44.1 kJ mol” respectively, which indicate
that the rate controlling mechanism is the combined gas
diffusion and interfacial chemical reaction. Optical photo-
micrographs, (Figures 6), showed that compacts are
characterized by both open pores at the surface that
facilitates the gaseous diffusion and by a dense matrix of
SHF supporting the combined mechanism of gaseous
diffusion and interfacial chemical reaction. After complete
surface reduction, a metal nanocrystals are formed which
hinders the gaseous diffusion through the compact bulk
and the rate controlling mechanism is thus the gas
diffusion mechanism. In other wards, the reduction rate is
controlled by the rate of hydrogen diffusion into or oxygen
diffusion out of the solid rather than the_interfacial gas-
solid interaction rate.

Further investigation of nanocrystal reduction was
carried out by thermogravimetry. The reduction kinetics
was studied by measuring the reduction percentage as a
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Figure 7. Arrhenius plots of oxygen desorption, surface
reduction, and bulk reduction for SHF nanocrystal compact disks
reduced at different temperatures.
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Figure 8. Reduction percentage at various temperature of
SHF nanocrystal compact disks during a constant hydrogen
gas flow of 0.5 L min™ and at constant pressure at (a) 400°C,
(b) 450°C, (c) 500°C, (d) 550°C, (e) 600°C.

a function of the exposing time. A set of dynamic curves
similar in methodology to those obtained by dynamic
conductivity measurements is obtained and are shown in
figure 8. It is clear that SHF nanocrystal compacts conti-
nue to lose its oxygen content gradually during hydrogen
exposure with a rate (0.5 L/min) that is temperature
dependent (400 - 600°C). These results are in consis-
tence with that obtained from in situ dynamic conduc-
tivity and ex situ XRD. It also confirms that the total
reduction times depends inversely on the reduction tem-
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Figure 9. Arrhenius plot of SHF reduction as deduced from
thermogravimeric measurements.

temperature; it is shorter at higher temperature. However,
no distinct linear regions could be identified for the oxy-
gen weight loss curves similar to those observed during
electrical conductivity measurements. The curves start
with nearly exponential weight changes with time,
followed by a linear or linear-like region before its mono-
tonic nearly saturated behavior. The slop of the straight
line part of the curve can be used to determine the overall
rate constant of the reaction process (Strangway, 1964).
The straight line relationship of the natural logarithm of
the obtained rate constant versus 1000/T K' gives the
activation energy. Figure 9 gives such straight line rela-
tionship deduced from the thermogravimetric curves. The
slope of this straight line gives the overall activation
energy of the reduction process according to the relation
in equation (2). The activation energy is 44.1 kJ mol”,
which coincide nicely with the value obtained by dynamic
conductivity measurements. It also confirms the process
to be of combined gas diffusion and interfacial chemical
reaction controlled mechanism.

Summary AND Conclusions

The phase and electrical conductivity dynamics of self-
flash combustion SHF nanocrystal compacts were stu-
died in a hydrogen gas flow at atmospheric pressure and
at different temperatures. Electric conductivity-tempe-
rature dependent measurements of SHF in air showed
that the nanocrystal compacts have semiconductor beha-
viors with transition temperature in conduction that coin-
cide with its magnetic Curie point. Electric conductivity
measurements in a hydrogen gas flow showed that the
material is n-type with electrons as majority carriers. Dur-
ing hydrogen gas exposure, oxygen from the surface as
well as from the bulk of the SHF nanocrystal is removed
as water molecules resulting in the formation of different



phases of strontium—iron oxides, iron oxides and iron
metal depending on the operating temperature. Forma-
tion of different oxide phases and transformation of these
oxides from valance state to another increases the ionic
conductivity as well as the electronic conductivity and
hence the total conductivity is increased.

The temporal changes of conductivity as well as the
formed phases at partial and complete reduction were
found to be significantly affected by the operating tempe-
rature. The total reduction times of the SHF nanocrystals
were found to depend inversely on the reduction tempe-
rature; it is shorter at higher temperature. Nanocry-stals
reduced at higher temperatures showed the formation of
metallic iron with increasing sizes responsible for higher
electric conductivity during reduction as shown in XRD
patterns of partially reduced nanocrystals.

The curve of the conductivity change with time during
hydrogen exposure showed three regions consistence
with the desorption of the adsorbed oxygen gas at early
reduction stage, followed by reduction of the surface
layers of the nanocrystals, and finally the bulk interior of
the nanocrystals is reduced at longer exposing time. For
nanocrystals reduced at reduction temperature of 400°C
two reduction regions could be identified, whereas those
reduced at higher temperatures showed three regions.
Calculating the activation energy for each reduction re-
gion indicates that oxygen desorption region follows a
chemical reaction controlled mechanism, while surface
and bulk reduction regions are of combined gas diffusion
and interfacial chemical reaction controlled mechanisms.
Thermogravimetry measurements confirmed these acti-
vation energies and reduction controlled mechanisms for
hydrogen-SHF nanocrystal interaction.
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