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Abstract

xFe03—(25— X)Bi,0s—75NaB,0; glasses witkx=5, 10, 15 and 20 mol% were prepared by press-quenching from glass melts, and their dc
conductivity ¢) were determined in the temperature range 300-473 K. Itis found that the dc conductivity increased freol 06 S cnt
with increasing FgO3; content. The small polaron hopping (SPH) model of Mott is used for the interpretation of the temperature dependence
of the activation energy. Results of thermal analysis performed at different heating rates on these glasses are reported and discussed. Fron
the heating rate dependence of the glass transition tempera@gleng the peak temperature of crystallizatidg)(values of the activation
energy for glass transitiofie() and the activation energy for crystallizatidg,) are evaluated, and their composition dependence is discussed.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction borate glasses, a lot of work has been going on during the

last decades, especially concerning an optimization of glass

Extensive studies have been carried out on semiconduct-preparation, investigation of properties and effects to acquire
ing oxide glasses containing transition metal ions owing information about the structure of glasg@s3]. Particularly

to interests in their conduction mechanism and glass struc-the last point leads to the question of a relation or even simi-

ture [1,2]. There are relatively few reports on f&&; con- larity of the internal structure of chemically identical borate
taining semiconductor glass§3,4]. Besides, some (63 melts, glasses and crystals and a mutual influence on structure
containing glasses exhibit ferromagnetic behaViig]. formation[9].

Among Fe ion containing oxide glasses are types that ex- Electrical conduction of glasses containing transition
hibit magnetism; ferromagnetism is observed in glasses of metal oxides (TMOs) is known to be semi-conducting. The
Lio,O3-Bi,03—Fe03 system prepared by twin roller quench- conduction in these glasses has been interpreted by small
ing [6]. Thus, Fe ion containing glasses are likely to exhibit polaron hopping (SPH) mod§@L0-13] Small polarons are
ferromagnetism as well as semiconduction, if any glass hav-charge carriers trapped by self-induced lattice distortions
ing a high electrical conductivity at room temperature can that extend over the near surroundifigh,15] The trans-
be obtained. Hence, the glasses are expected to be usegort of these quasi-particles consists of phonon-assisted
for example, as sensors using magnetoresistance effect. Omopping.
When a glass material is heated at a constant heating
_— rate in a differential scanning calorimetry (DSC) experi-
* Corresponding author. Permanent address: Physics Department, Facyyant, the material undergoes structural changes and eventu-
ulty of Science, Ain Shams University, Abbassia, 11566 Cairo, Egypt. ally crystallises. In addition to the exothermal crystallization
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1 permanent address: Physics Department, Faculty of Education, SuezSignal, the DSC trace shows an endothermic signal before
Canal University, El-Arish, Egypt. crystallization signal occurs: the glass transition peak. This
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calorimetric glass transition is generally considered to be due

to changes in the amorphous structure, which approaches a
thermodynamic equilibrium state as the temperature of the

system is increase[d 6—18] Like the crystallization peak,

the position of the glass transition signal depends on the heat-
ing rate[19]. It is, therefore, tempting to make a Kissinger

(@) 20 mol % Fe, O as prepared
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plot [20] of the glass transition signal and calculate activa- —~ 40 = = 0 80
. . . 5 b) 20 mol % Fe O, hi d
tion energy from the slope. However, whilst this procedure g ©) 20 mal % Fe Oy heat treate

) * FeyO5Phase
= ° B,O;Phase

has been shown to yield a physically meaningful activation
energy for the crystallization pedR1,22) there is no a pri-
ori reason to believe that this is also the case for the glass
transition signal.

In this paper, the electrical and crystallization parameters 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95
of xFe03—(25— X)Bi»03—75NaB407 glasses withx=5, 26
10, 15 and 20 mol% are examined by dc conductivity and the
DSC thermograms. Also, the structure of these glasses wagig. 1. XRD pattern of 20R€3-5Bi,03-75N&B4O7 glass: (a) as-
studied before and after heat treatment using X-ray diffrac- Prepared and (b) fully crystallized.
tometer.

3. Results and discussion

2. Experimental 3.1. X-ray diffraction
The XRD examination confirmed the amorphous nature
of the as-prepared 20§®3—5Bi,O3—75NaB407 glass as
shown inFig. L The powders annealed at 970K for 2h,
showed the existence of two crystalline phases. The first and
dominant phase is the rhombohedrgl®Ggwith a= 5.0356A

Reagent grade E©3 (99.9%), BpOz (99.9%) and
NaxB40O7 (99.99%) were used as raw materials. The homo-
geneous mixture was taken in a platinum crucible and placed
in a furnace. Melting was carried out in controlled conditions

at temperature ranging from 1420 to 14#8 K for 1 h with and c= 13,7489 (PDF2 file no. 33-0664). The second
occasional stirring and was then poured onto a polished COP- veak phase is the hexagonad@; with a= 43358 and

per kept at room temperature and was immediately pressed byc:8.3397,& (PDF2 file no. 72-0626). These results agree
a similar copper block. The amorphous nature of the glasses

. e R well with the behavior of as-prepared and heat-treated sam-

and the identification of the phases crystallizing in the glass
. . ) . ) ples seen later from DCS curves.

during the differential scanning calorimetry (DSC) runs were
ascertained by X-ray diffraction (XRD) using a Shimadzu
XRD 6000 diffractometer. Powder of each glass sample was
scanned in the range from 2 10—80 using Cu kx radiation , L
(=1 5406&) The dc conductivity €) of the as-quenched In many cases, the electrical conduction in glasses con-
glasses was measured at temperatures between 300 and 473 Ining TMO.S' have bee?‘ proyed to be electronic in nature,
and under a constant dc voltage. The value of the currentT_ e conduction process is believed to occur by electron hop-

at different temperatures was measured using a picoametepIng between the ions gxisting in diffe.ren.t valenpe states.in
(Keithley 485 Autoranging Picoameter). Silver paste elec- th_e glass. Forexample, if a glass Contaﬂrjswon oxide, hopping
trodes deposited on both faces of the polished samples. Thé"'III take place between the Feand Fé" ions

I-V characteristic between electrodes was verified. The ther-p2+ _, Fe3* 4 o

mal behavior was investigated using a Shimadzu DSC-50

differential Scanning calorimeter. The temperature and en-among the different faCtorS, which influence the CondUCtiVity
ergy calibrations of the instrument were performed using the in the glass are the following:

well known melting temperatures and melting enthalpies of
high purity tin, lead and indium supplied with the instrument. centration)
Sample_s in thg form of poyvders weighing around 20.mg Were 5 c2+/Ee* ratio (number of carriers).

sealed in p'a“”“’.“ pans in an atmosphere of dry nitrogen a3 The annealing effects on the degree of ordering (charge
a flow of 30 ml/min and scanned from room temperature to mobility).

above the exothermic peak at different heating rates ranging

from 10 to 35 K/min. The values of the glass transition tem- Fig. 2shows the Arrhenius plot of logr§ between 300 and
perature,Tg and the peak temperature of crystallizatin 473 K. Deviation from a linear curve occurs arouid? (6p:

were determined using the software supplied with the appa-the Debye temperature). These glassestfaam 2.5x 10~°
ratus. to 2.52x 10°Scnr! at temperatures from 300 to 473 K.

3.2. dc conductivity

1. The average distance separating ion sites (total oxide con-
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Fig. 2. Temperature dependence of dc conductiviyfor different glass Fig. 3. Effect of FeO3 content on dc conductivity;, and activation energy,

cpmpositions. The solid lines are calculated by using the least-square tech-W' for different glass compositions. Lines are drawn as guides for the eye.
nique.

Fig. 2 clearly gives the linear relationship between loyy(  provides the reason why the coulombic binding force of the
and 1T. The slope of the curves, which gives the activation bismuth ion is affected by the type of transition metal ions
energy for conduction, however, has two different values, and (TMI), which is located at a neighboring site. The change in
increases towards higher temperatures. According to Austinthe binding force may cause the change in the bismuth ion
and Mott[11], the electrical conductivity and temperature for mobility (bismuth ion is probably not very mobile), due to

the glass containing TMO is related by arrhenius equation: the large difference in ionic sizes of Fe and Bi leading to
the smaller values of mobility and increase of stability and

_ (%o -w decrease of conductivif6,27] On the other hand, increas-
o exp 1) . o . g o ,

T kT ing of non-bridging oxygen ions with increasing iron oxide
may increase the thermal stability of the present glasses (see

whereo is a pre-exponential facto the activation energy Fig.

andk the Boltzman constant.

In Fig. 2, the dc conductivity varied linearly againsit
the two temperature regions, indicating that the conduction
of the present system is mainly electrofi&,23] In the low
temperature regiorm(< 6p/2), the transport is attributed to be
electronic, while at the high temperature regiomr@p/2) the
Bi®* and N4 ions may become mobile and participate in the
conduction process, similar to that for some alkali phosphate
and borate glasses containing ifd3,24]

Fig. 3shows the plot of activation enerdd, and electrical W
conductivity at fixed temperature (443 K) as a function of
Fe,O3 content. It is observed that as the percentaggOke
increasesthe activation of electrical conduction decreases and
electrical conductivity increases. Such a behavior is a feature
of SPH in this systenmil0—13] The high value of activation
energy and low value of electrical conductivity are similar
to those for \VO5—BaO-B03 and FeO3—NaP,Og glasses
[1,25].

Fig. 4 shows that the values of electrical conductivity in-
crease as the concentration of ions increases. This is due to:
(a) the small ionic size of the iron when compared with that
of bismuth ion and (b) the large concentration of Fiens.

Generally, it is known that addition of bismuth oxide to the e T A
glass decreases the electrical conductivity as a result of in- Fe ,03 (mol%)

crease of bridging oxygen ions. This may decrease the open

structure (i.e. the non-bridging oxygen ions), through which ig. 4. Effect of FeOs content on dc conductivitys, at T=343 and 443 K
the charge carriers can move with lower mobility. This result for different glass compositions.

3.3. Thermal analysis by DSC

Typical DSC curves of the as-prepared 28Bg¢-
5Bi,03—75N&B4O; glass as recorded at different heating
rates are shown iFig. 5 The characteristic features of
the investigated thermal curves were as follows; firstly an

T | T [ T [ T '| T | T I T | T [ T

log g ( Sem’™ )




184

Table 1

Data of Ty for various compositions

A. Al-Hajry et al. / Thermochimica Acta 427 (2005) 181-186

Glass no. Nominal composition (mol%) Ty (K) at various heating rates (K/min) BinTg=A+BlIna
F9203 Bi203 NazB407 10 15 20 25 30 35

1 5 20 75 677.2 680.2 683.2 685.5 687.9 689.8 10.04

2 10 15 75 678.6 681.9 684.2 686.8 689.8 691.2 10.01

3 15 10 75 680.5 684.0 687.0 689.1 692.0 693.5 10.45

4 20 5 75 682.7 686.5 688.5 691.8 694.1 695.7 10.37

endothermic peak corresponding to the glass transition, at a20 mol%. The value ofg varies by about 13 KTable 1) as

temperaturdy. Secondly, the crystallization processes show
two exothermic crystallization peak$ andTp2), as con-
firmed above by XRD.

3.3.1. Glass transition

The variation ofTy with F&,O3 content for these glasses
(Table 1) is shown inFig. 6. There is a small increase in
Ty by about 5.5K as the E©3 content increased from 5 to

10 K/min
\ﬂ‘m\
20 k/min

25 K/min

30 K/min

20 mol% Fe,0,

Endo <« dQ/dt — Exo

1 I 1 I 1 I 1 I 1 I 1 I 1 I 1
350 450 550 650 750 850 950
T(K)

250 1050

Fig. 5. Continuous heating DSC curves of 20Bg-5Bi,O3—75N&B407
glass at different heating rates.
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Fig. 6. Variation of Ty with composition forxFe03—(25— X)Bi>03-75
NaxB4Oy7 glasses withkk=5, 10, 15 and 20 mol% at different heating rates.

the heating rate is varied from 10 to 35 K/min. When@®4i
is substituted for Fg3, the Fe—O—Fe bonds are broken and
new bonds such as Fe—O-Bi and Bi—O-Bi bonds are proba-
bly formed, causing a decrease in conductivity and thermal
stability with increasing BiOz content in the glass¢28]. Ty
represents the strength or the rigidity of the glass structure.
Therefore, drastic changes iy cannot be expected by in-
crease in Fg03 content, which results in isostructural units
of nearly same bond strength.

Two approaches are used to discuss the dependefige of
on the heating rate. One is the empirical relationship of the
form [29]

Ty=A+Blna )

where A and B are constants for a given glass composi-
tion. The results oFig. 7 indicate the validity of this rela-
tionship for thexFe,O3—(25— X)Bi>O3—75N&B407 (where
x=5, 10, 15 and 20 mol%) glasses for all the heating rates
range 10-35 K/min. The constaBtin the above expression
has a value of 10.21 for all the present glas3eble J).

The other approach is the use of the so-called Kissinger's
formula [30] for the evaluation of the activation energy
for glass transitionE;. For homogeneous crystallization
with spherical nuclei, it has been shoy81,32] that the

700 — T T T T T T T 7 1T 717

5mol% FeZO
10 =
15
20 T

696 [— 8

+
.
®
A

692 —

688 [—

Ty(K)

684 —

680 —

676

28 3.0
In (o)

3.6

Fig. 7. Tg vs. In« for different glass compositions.
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whereRis the universal gas constant. Plots oﬂfﬂ@) versus
10007y for these glasses indicated linearity for all the heating
rates range 10-35 K/min (sé&&g. 8). E; is found to have a
value of 3.97 eV.
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3.3.2. Activation energy of crystallization Fe, O;(mol%)

The values off;, for two phases of the various composi-
tions are listed inTable 2for the six heating rates studied. Fig. 9. Variation of T, with composition forxFe,03—(25— X)Bi203—75
Fig. 9a) and (b) show, respectively the composition depen- NapB407 gl_asses witkx=5, 10, 15 and 20 mol% at diff_erent heating rates
dence Opr for the two phasesFﬁg. 9) of the investigated for (a) the first peak and (b) the second peak, respectively.
glasses at various heating rates. For the first phase, the value

of Tp shows nonlineariig. 9(a)) small decrease as the;Bg equation can be used as follows:
content is increased from 5 to 20 mol% while for the second
phase Fig. Ab)) the dependence @} on the FeO3 content In T __EC + const (4)
is linear. T2) RTp
For the evaluation of the activation energy for crystalliza- ) )
tion (Ec) from the variation ofT, with «, the Kissinger's Fig. 10shows the In/ 7;7) versus 1000V, data for one of

the compositions. Values & for the two phases obtained
from similar plots for the investigated glasses are listed in
Table 2 Table 3
Data ofT andE, for various compositions The activation energies to be considered in a crystalliza-

Glass no. E (eV) Tp (K) atvarious heating rates(K/min) tion process are the activation energy for nucleatien)(
0 15 20 25 30 35
1 3.76 823 8300 8348 8367 8401 8428 Ty Table 3
9108 9139 9166 9216 9286 9334 Tp2 Data ofE. for various compositions
2 3.81  80%® 8114 8189 8224 8231 8246 Ty Glass no. Ec (eV)
9001 9036 9064 9108 9183 9242 Ty
1st phase 2nd phase
3 3.71 7967 8039 8101 8143 8160 8178 Tp 1 - 390
8912 8992 9042 9077 9115 9186 Ty 5 345 38
4 3.74 7691 7805 7862 7946 7991 8023 Ty 3 3.07 3.23
8811 8950 8985 9031 9088 91128 Ty 4 1.83 2.49
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T T T T process. The crystallization exotherms of these glasses have
B ] been analyzed under non-isothermal conditions. Using the
9.8 20 mol% Fe, 0, — .. . L . !
- i Kissinger method, different activation energies are obtained
oo . and the composition dependencesgfis also discussed. It is
102 Second Peak First Peak ] assumed that the sts{nger activation energy comes mainly
S i l from the growth activation energy.

3 i i

~ -10.6 -
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