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a b s t r a c t

This work pointed out the preparation of glass-ceramic based on fluoramphibole using different alkalis.
Phases were crystallized using heat-treatment at 850 ◦C/2.5 h and were identified using XRD. Fluorophl-
ogopite, fluorrichterite, enstatite and cristobalite were found in the heat-treated glasses. Crystallization
of fluorophlogopite or fluorrichterite was detected in samples containing high K and Na, respectively,
accompanied with crystallization of enstatite in the last sample. Cristobalite was crystallized only in
eywords:
lass ceramics
anoparticles
ilver metal
lectrical properties
on exchange

equal alkali-containing glass beside enstatite and richterite. Nanoparticles of silver have grown within a
silicate glass via modification of ion exchange process. The metal particle diameters were detected using
XRD and TEM. The particles size ranges from 4 to 10 nm. The amount of silver ions exchanged was varied
according to type and amount of alkali on fluoramphibole compositions. The composites show low val-
ues of dielectric permittivity (10–30) due to the formation of interconnected metal nanoparticle chains.
The resistivity of the specimen dropped from 108 to 1010 � cm2 to 104 to 108 � cm2 after ion exchange

tallic
process which shows me

. Introduction

Glass-ceramic materials based on fluoramphibole are very
mportant because they have a wide range of compositions and they
an be crystallized easily from melt quench glasses. Glass ceramics
ontaining fluorrichterite phase exhibit excellent mechanical prop-
rties, chemical durability and resistance to slow crack growth;
herefore it can be used in the manufacture of computer hard disks
1,2].

The stiochiometric fluoramphibole formula is A0–1B2Y5T8 O22
OH, F, Cl)2, where A is a vacancy usually occupied by Na or K; B-
ite is occupied by either Na, Li, Ca, Mn, Fe, or Mg; while Y-site is
ccupied by Mg, Fe, Mn, Al, Fe+3 or Ti, and T or the tetrahedral-
osition is occupied by either Si or Al. The B-site occupancy is a key
eature in amphibole crystal chemistry, and is the base of amphibole
lassification and nomenclature [3].

The solid solution between (Fe, Mg, Mn) and Na amphiboles
n B-site is restricted in natural samples [4], whereas recent
ork showed nearly complete solid solution between Li and Na
mphiboles in B-site [5,6]. Substitution of Na+ by Li+ or Ca2+ in K-
uorricterite indicated that the presence of one sodium atom per

ormula unit is necessary for fluorrichterite crystallization [3]. Sub-
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and semiconducting behavior according to the reduction temperature.
© 2010 Elsevier B.V. All rights reserved.

stitution of K+ and Li+ for Na+ in Mg-fluorricterite enhanced the
formation of fluormica or protoamphibole [7].

In recent years, nanostructured materials have attracted con-
siderable attention because of their interesting physical properties
and applications they exhibit, for example, they can be used in
the nanofabrication of devices and the preparation of interele-
ment wiring by growing metallic nanowires. Preparation and
study of quantum dots and wires have been reported extensively
[8–13]. The most suitable host for growing these dots or wires
is oxide glasses and glass ceramics containing crystal channels.
Oxide glasses have a random network structure with physical void
spaces and, therefore, can be exploited as nanotemplates in which
nanowire structures can be generated. On the other hand, glass
ceramics containing fluorophlogopite mica phase were exploited
to grow nanofilaments of metallic silver within the crystal channels
of the former.

Physical and chemical methods have been used to grow
nanometals in different forms [9,14,11,15–17]. Silver nanowires
can be grown within silicate glasses and glass ceramics contain-
ing flourophlogopite mica phase by the electrodeposition process
[17–19]. Arrays of nanoparticles of silver and copper grown within

silicate glass exhibited diode-like voltage characteristics [20].

Detailed work on the electrical properties of such composites
was reported earlier [10,21,22]. Nanoparticles of silver of diame-
ters ranging from 6 to 10 nm were grown in glass–ceramic samples
containing lithium niobate and zinc orthosilicate. These nanocom-

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:Salwa_NRC@hotmail.com
dx.doi.org/10.1016/j.jallcom.2010.03.105
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Table 1
Chemical composition of glasses under investigation.

Sample code Stoichiometric fluorrichterite formula Batch composition (wt%)
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GNKL Na0.65K0.65Li0.65CaMg5Si8O22F2 58.57
GK Na0.5K2.0Li0.5Ca0.5Mg5Si8O22F2 56.59
GN Na2.0K0.5Li0.5Ca0.5Mg5Si8O22F2 58.25

osites exhibit about four orders of magnitude dc resistivity change
hen the relative humidity varies from 35 to 95% [23]. On the other
and Na+/Ag+ ionic exchange can be used in preparation of antibac-
erial glass. Tests and analyses revealed that 6 wt.% of AgNO3 in the
onic medium was the critical concentration [24]. Also Ag+- and
n2+-exchanged zeolites and clays have been used as coatings and
n composites to confer broad-spectrum antimicrobial properties
n a range of technical and biomedical materials [25].

A number of studies were reported on switching in dis-
ontinuous metal films and metal ceramics composites. In the
ormer, electrical conduction was explained as arising due to
lectrons traveling from one island to other impurity levels of
he substrate surface with electrons emitted into a vacuum by a
owler–Nordheim tunneling mechanism [10,26].

In the present work, growing silver nanoparticles via modifica-
ion of ion exchange process within the pores of fluoramphibole
lass ceramics was pointed out. Also, the effects of alkali position
ccupation on fluoramphibole glass, its crystallization behavior and
on exchange process of three different alkali contents were also
tudied.

. Experimental

The glass batch compositions used are that used earlier viz. the correspond-
ng author [27] depending on the stiochiometric formula of the fluorrichterite
NaNaCaMg5Si8O22F2).

Substitutions in A- (or vacancy or may filled by Na) and B-site of the stiochiomet-
ic fluorrichterite with K and Li were calculated, weighted and well mixed (Table 1).
ll compositions were prepared from ingredient chemicals. Calcium, magnesium,
odium, potassium or sodium was added as carbonate. Silica and fluorine were
dded as quartz sand and MgF2. The glasses were produced after melting processes
n a covered platinum crucible at 1350–1450 ◦C temperature for 2 h with occasional
wirling every 30 min to ensure homogenization. The melts were then cast into hot
teel moulds in the form of rods which were transferred to a muffle furnace at 450 ◦C
or annealing as recorded in previous work [27].

The heat-treatment was carried out at 850 ◦C/2.5 h according to our previous
TA data [27]. At this temperature maximum crystallization of the desired phases
ere observed. The heat-treated glasses were subjected to powder X-ray diffrac-

ion using Ni-filled Cu K� rays for determination of the types and contents of the
rystalline phases precipitated in the glasses.

The alkali/silver ion exchange treatment was carried out by immersing the glass

amples (5 mm × 5 mm × 3 mm) in a molten bath of silver nitrate at a temperature of
83 ◦C for 8 h. After the interdiffusion reaction the samples were washed in distilled
ater to remove any silver nitrate adhering to their surfaces. The ion-exchanged

pecimens were covered by activated carbon and then subjected to a reduction
reatment at 590 ◦C/0.5 h and 1 h, 650 ◦C/1 h, 750 ◦C/1 h and 900 ◦C/1 h.

ig. 1. XRD patterns of glasses (a) GNKL, (b) GK and (c) GN heat-treated at
50 ◦C/2.5 h.
gO CaO MgF2 Na2O K2O Li2O
9.64 6.83 7.59 2.46 3.73 1.18
8.98 3.30 7.34 1.82 11.08 0.88
9.54 3.40 7.55 7.15 2.85 0.91

The modifications here are (1) increasing the ion exchange and reduction tem-
peratures by about 275 ◦C than that used in previous works (2) using activated
carbon for reduction reaction instead of hydrogen gas, which was a reason of making
the experiment easier.

The crystallite size of silver metal, in the reduced samples, for the most intense
peak of silver (1 1 1, 2 0 0 and 3 1 1) was determined from the XRD data on the sur-
face of glass ceramics using Debye–Scherrer formula: D = k�/B cos �, where D is
particle size, k is constant, � for Cu is 1.54 Å, B is full half wide and 2� = 4◦ . The
heat-treated glasses were crushed and sonically suspended in ethanol, few drops
of the suspended solution were placed on an amorphous carbon film held by a
copper microgrid mesh and then observed using JEM 2010 transmission electron
microscope to study the microstructure of the ion-exchanged and reduced glass-
ceramic samples. The relative amounts of alkali/silver ion exchange were obtained
via XRD on the surface by comparing the relative intensity of silver peaks for different
samples.

Electrical measurements were carried out on the specimens with an area of
0.5 cm2 and thickness of ∼0.3 cm, the samples were polished in silicon carbide grit
of different mesh sizes and finally in 0.5 mm size alumina powder to an optical
finish. The electrochemical characteristics of different samples were studied over
the temperature range 30–300 ◦C by a Keithley 617 electrometer.

3. Results and discussion

Crystallization of fluoramphibole glasses containing high con-
centration of specified alkali depends on the kind of alkali. In
samples containing high K (GK) sample, fluorophlogopite becomes
the dominant phase in the entire heat-treatment schedule with
enstatite. In samples containing high Na (GN) sample, fluorrich-
terite was the main phase developed as shown in Fig. 1.

Generally, the heat-treatment parameters of triplet alkalis-
containing glass samples, as well as its content, efficiently control
the developed phases. This is due to that Li+ has lower melting
point and higher field strength, than Na+ and K+ (m.p. Li2O = 618 ◦C,
field strength Li = 0.23 Å, K = 0.13 Å and Na = 0.19 Å [28]), therefore,
it increases the mobility of ions during heat-treatment of glasses
and consequently facilitates their crystallinity. In the case of equal
alkalis-containing glass GNKL, enstatite, richterite and cristobalite
were developed at 850 ◦C/2.5 h.

Crystallization of fluorrichterite follows the presence of Na ions
and it becomes dominant in the sample of highest Na content.
However, K ions in the highest percent hinder the crystallization
of fluorrichterite and enhance the formation of fluormica, i.e. fluo-
rophlogopite.

The pre-mentioned results show that, in fluorosilicate glass-
ceramic, K+ is preferably accommodated in a layer structure [29].
Therefore, in high K-containing glass-ceramic a sheet structure flu-
ormica was developed, while in high Na-containing samples the
amphibole synthesis was sluggish [30].

The TEM micrograph of the ion-exchanged (with silver) glass-
ceramic samples subjected to a reduction treatment at the
optimum reducing temperature for the studied samples is shown in
Fig. 2. It can be seen that TEM of GN and GK glass-ceramic reduced
at 750 ◦C/1 h and 900 ◦C/1 h, respectively, shows uniform distribu-
tion of high density, nanosize silver metal particles in an insulating
matrix, while GNKL glass ceramics reduced at 750 ◦C/1 h shows
coagulation of net like structure of silver metal.
The crystallite size of silver metal calculated from XRD data (on
the surface of glass ceramics) for the most intense peak analysis
of silver present in the glass ceramics reduced at 590 ◦C/1/2 h are
shown in Table 2 and Fig. 3. (It can be noticed from Fig. 3 that, the
crystallized phases are not affected by ion exchange process and
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ig. 2. Transmission electron micrograph of the ion-exchanged (with silver) glass
50 ◦C/1 h (40,000×). (b) GK glass ceramic reduced at 900 ◦C/1 h (40,000×). (c) GNK

till as it is.) The results indicate the precipitation of nanoparticles
rom silver metal, the grain size of silver is relatively larger in GN

ample than in GK and GNKL. Fig. 3 also clarifies that, comparing the
ntensity of silver peaks in different samples, the amount of silver

etal precipitated in the glass-ceramic samples is higher in GK then
ecreases in GNKL and reaches minimum value in GN. This can be
xplained as follow; the silver ion prefer to exchange with K+ ions

able 2
he crystallite size of silver nanoparticles precipitated in samples reduced at
90 ◦C/1/2 h (nm).

Sample Crystal size (nm)

GN 9.66
GNKL 3.82
GK 3.92
ic samples at different reduction temperatures. (a) GN glass ceramic reduced at
s ceramic reduced at 750 ◦C/1 h (40,000×).

than with Na+ and Li+ ions, as the amount of K+ ions increases from
GN, GNKL and GK, respectively, the amount of ion exchange with
silver increases and thus the amount of precipitated silver metals
increases.

The particle size distribution obtained from Fig. 2(b) is shown
in Fig. 4. The points in this figure represent the experimental data.
These were fitted to a polynormal distribution function and the
solid line in Fig. 4 is the theoretically fitted curve. The median
diameter extracted from this fitting is 5.4 nm and the geometric
standard deviation is 1.4 nm. A similar analysis of sample GN and
GNKL reduced at 750 ◦C/1 h give a median diameter of 10.1 and

5.6 nm and geometric standard deviation are 1 and 1.3 nm, respec-
tively. It is noticed that, the particles size obtained by this way is
slightly higher than that calculated from XRD which can be related
to coagulation of particles and personal error.
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Fig. 3. XRD data on the surface of GN, GNKL and GK glass ceramics after ion exchange with silver and reduced at 590 ◦C for 1/2 h.
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Fig. 6. Variation of resistivity as a function of temperature for specimen GN reduced
at different temperatures.
Fig. 4. Particle size distribution of silver atoms in GK sample from Fig. 2b.

The variation of dielectric constant of glass-ceramic samples
reduced at different temperatures 590 ◦C for 1/2 h and 900 ◦C for
h as a function of frequency at temperatures ranging from 50 to
00 ◦C was studied. The behavior of all samples (GK, GN and GNKL)
t different temperatures is qualitatively similar. Gk sample will
e depicted as an example for this study at 50 ◦C (Fig. 5(a and b)).
alues of dielectric constant for the entire samples at different tem-
eratures ranges from 10 to 30, the low values of dielectric constant

ndicates the formation of interconnected metal nanoparticle chain
31] and accordingly, samples under investigation are considered
s ion conducting.

Fig. 6 shows the variation of surface resistivity as a function of
nverse temperature for specimen GN reduced at different tem-
eratures. It is clear that the behavior of the specimen reduced at
90 ◦C for 1/2 h and 900 ◦C for 1 h shows nonlinear variation. The
resence of more than one line in the represented data was a sign of
resence of more than one conduction mechanism [32]. It is known
hat alkali oxide glasses containing transition metal oxide exhibit

ixed conductivity (electronic and ionic) [33]. As shown from Fig. 6,
he resistivity increases in the first temperature region from 25
o 175 ◦C, while in the second region above 175 ◦C the resistivity

ecreases.

On the other hand, for GK specimen, the variation of surface
esistivity as a function of inverse temperature shows nonlinear
ehavior as shown in Fig. 7. For the sample reduced at 590 ◦C,

ig. 5. Variation of dielectric constant as a function of frequency at 50 ◦C for spec-
men GK after ion exchange with silver and reduced at (a) 590 ◦C for 1/2 h and (b)
00 ◦C for 1 h.
Fig. 7. Variation of resistivity as a function of temperature for specimen GK reduced
at different temperatures.

the resistivity increases as the temperature increases from 25 to
150 ◦C and the resistivity decreases above 150 ◦C, while for sample
reduced at 900 ◦C the resistivity is approximately constant over the
first temperature range and then it decreases.

The increase in resistivity as a function of temperature in the
first region (25–175 ◦C) for the three samples confirmed the pres-
ence of metallic phase [34], and indicated that the conductivity is
ionic due to the mobility of alkali metal. At higher temperature
the conductivity is electronic due to the excitation of electrons of
silver, and this was confirmed by the presence of semiconducting
state. A transition from metallic conductivity state to semiconduct-
ing state occurred at around 175 ◦C for GN and 150 ◦C for GK, this
transition has been ascribed to the effect of high pressure gener-

ated by mismatch of thermal expansion [16]. For GNKL specimen,
resistivity is directly proportional to temperature as can be seen
from Fig. 8. As the size of metal particles reaches nanoscale, the
electrical resistivity increases [35].

Fig. 8. Variation of resistivity as a function of temperature for specimen GNKL
reduced at different temperatures.



7 l of A

a
1
0
(
3
i

i
w
d
d
p
e
t

e
s
o
g
s
f
b
h
t
g

p
p
w
o
a
s

4

v
4
t
v
A
r
a

(
t
1
w
t

[

[

[

[
[

[

[

[
[

[
[

[

[
[
[

[

[

[

[

[
[
[
[
[
[34] S. Banerjee, D. Chakravorty, Appl. Phys. Lett. 72 (1998) 1027.
[35] K. Chatterjee, S. Banerjee, D. Chakravorty, Phys. Rev. B 66 (2002) 085421.
[36] G.W. Scherer, S. Clas, R. Sempere, J. Non-Cryst. Solids 240 (1998) 118–130.
[37] Z.J. Li, C.R. Liu, Q.S. Zhao, J. Non-Cryst. Solids 265 (2000) 189–192.
[38] S. Bhattacharryya, S.K. Saha, D. Chakravorty, Appl. Phys. Lett. 77 (2000) 3770.
6 S.A.M. Abdel-Hameed, A.M. Fathi / Journa

The activation energy calculated by Arrhenius formalism reveals
t least two activation energies. One between 25 ◦C (298 K) and
75 ◦C (448 K) (metallic region) which is in the range from
.5 × 10−4 to 3 × 10−4 eV, while the other is between 175 and 300 ◦C
573 K) (semiconducting region) and is in the range 1.5 × 10−4 to
.3 × 10−4 eV. The detected activation energy is very small indicat-

ng transport by electron tunneling.
As shown from Figs. 6–8, it is evident that the resistance level is

n direct relation with the heat-treatment. This result is consistent
ith the fact that, increasing heat-treatment decreases the pore
iameter [36,37] which in turn gives rise to nanowires of smaller
iameter. It has been reported earlier that silver–glass nanocom-
osite containing silver particle with diameter of 3 nm showed an
lectric conductivity less than Mott’s minimum metallic conduc-
ance [35,38].

The values of measured resistivity for the samples before ion
xchange ranges from 108 to 1010 � cm2, while for nanocomposite
amples, they range from 104 to 108 � cm2 which shows metallic
r semiconducting behavior according to the reduction treatment
iven to the specimen and to the amount of K+ ions present in the
pecimen. It is noticed that inducing surface conductivity arises
rom the percolation of the silver metallic phase in the glass–crystal
oundary region. The glass–crystal interface is believed to act as
eterogeneous nucleation sites [39]. Thus it becomes easier for
he metal phase to percolate through the insulating medium and
enerate higher surface conductivity values.

Comparing the values of resistivity in the whole range of tem-
erature, it can be clearly seen that GK (containing large ratio of
otassium) have the least values of resistivity. This is in accordance
ith the results mentioned above, which indicates that the amount

f silver precipitated in GK is larger than the amount of silver in GN
nd GNKL. Therefore, the K+ ions play an important role on the
ilver ion exchange process and the conductivity of these glasses.

. Conclusions

Nanoparticles of silver have been grown within a silicate glass
ia modification of ion exchange process. Particle sizes ranges from
to 10 nm. The amount of silver ions exchanged varied according to

ype and amount of alkali on fluoramphibole compositions. The sil-
er ion prefers to exchange with K+ ions than with Na+ and Li+ ions.
s the amount of K+ ions increases from GN, GNKL and GK samples,
espectively, the amount of ion exchange with silver increases and
ccordingly the amount of precipitated silver metals increases.

The composites show low values of dielectric permittivity

10–30) due to the formation of interconnected metal nanopar-
icle chains. The resistivity of the specimen dropped from 108 to
010 � cm2 to 104 to 108 � cm2 after ion exchange nanocomposite
hich shows metallic and semiconducting behavior according to

he reduction temperature.
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