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Abstract
The characterization of diopside –based glass of the composition Cu0.50Ca0.75Mg0.75Si2O6 containing small additions of Cr2O3 or
TiO2 was explored. The techniques used for the characterization process include AC conductivity (σac), X-ray diffraction (XRD)
and Scanning electron microscopy (SEM). However, the prepared dark green glasses show very little devitrification of traces
diopside, cuprite and tenorite. The SEM shows amassive structure at the nanoscale with little scattered clusters of nano crystals of
the latter phases. The σac was measured within the frequency range of 0.042 kHz −1 MHz and at the temperature range of 298–
573 (K). The electrical conductivity measurements proved that the incorporation of Cr2O3 and TiO2 results in higher conductivity
values than those of the free glass sample. The activation energy of each of these glasses was estimated at high temperature range.
The calculated activation energy valuesmeasured at 100 kHz and 1MHz of the glass samples lie in the range 0.55–0.98 (eV). The
prepared glass samples exhibited semiconducting nature.
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1 Introduction

Diopside (MgCaSi2O6) is a monoclinic prismatic mineral that
arranges in a patchily colored patter. However, it frequently
has a dull green clear to translucent crystals [1]. Diopside of
interlaced structure; encompasses chain structure. The bene-
fits of the core crystal phase with diopside have good mechan-
ical properties, chemical stability, and the crystallization abil-
ity of pyroxene is remarkable [2]. Diopside based glass has
numerous exceptional properties, such as chemical and me-
chanical properties [3–5]. The bases of raw materials are dif-
ferent, and its preparation is simple. The adding of operative
nucleating agents such as Cr2O3 and TiO2 [6–9] could be used
for epitaxial growth, to tempt the precipitation of diopside, in
the CaO–MgO–Al2O3–SiO2 (CMAS) glass ceramics. The

role of the nucleating agents must be elucidated [10]. In
2016, Sycheva et al., reflected that spinel (MgCr2O4) or
spinel-like solid solution (Mg, Fe) (Al, Fe, Cr)2O4, can be
used as the basic of diopside (CaMgSi2O6) crystallization
[11]. Depending on the high chemical stability of diopside
and its coefficient of thermal expansion, diopside
(CaMgSi2O6) based glass have been known as promising ma-
terials for solid oxide cell (SOC) sealing applications [12, 13].
Liu et al. emphasized that amorphous metal oxide semicon-
ductors are of essential and technological interest owing to
their high carrier mobility and large-area uniformity [14].
Differential thermal analyses, X-ray diffraction, scanning
electron microscopy as well as physical and dielectric proper-
ties were used to characterize and investigate the influence of
the Cr2O3 content on the structure and properties of glass
ceramics [15]. The heat treatment temperature and the per-
centage of TiO2 were found to affect the microwave dielectric
properties of the glass-ceramic composite material, where the
dielectric constant was influenced by the crystallite size and
the TiO2 content [16]. The addition of Cr2O3 into glass ceram-
ic was found to affect the crystallization, flexural strength,
microstructure, thermal expansion, and the electrical proper-
ties [17]. The nanostructure/ microstructure of diopside based
glass ceramics have been studied by several authors [18–20].
It was reported that by varying the composition of some
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diopside ceramics, the electrical conductivity and the glass
phase of the achieved material can be controlled [21].

The objective of this study was to characterize diopside –
based glass of the ternary system SiO2-CaO-MgO modified
with CuO and including small additions of Cr2O3 or TiO2

using AC conductivity. The prepared material was examined
by XRD, and the morphology was observed by SEM.

2 Experimental

2.1 Glass Preparation and Characterization

Th e p r e s e n t g l a s s e s a r e b a s e d o n d i o p s i d e
(Cu0.50Ca0.75Mg0.75Si2O6; (CaO = MgO) with the substitution
of Cu for Ca and Mg. The glass batch was prepared from silica
sand, carbonates of Ca andMg; pure CuO. Little pure Cr2O3 and
TiO2 were added too (Table 1). The glass batches were weighed,
mixed, melted and homogenized in Pt crucibles. The melting
process was carried out in electrical globar furnace at 1400–
1450 °C. Each melt was poured into a steel mold, and the cast
pieces of viscous glass melts were annealed at 450 °C.

Powder X-ray diffraction (XRD-model-Bruker AXS D8
advance using Cu Kα- radiation) was used to test the glass.
However, the glass samples were ground to powder with an
average size below 63 μm and XRD patterns. The microstruc-
ture of the glass samples was studied via scanning electron
microscopy to sure of the phases precipitated (SEM/EDX -
Philips-XL30). For examination on the SEM, the fresh frac-
ture glass samples were etched in 1%HF + 1%HNO3 for 30 s
and then rinsing with distilled water. Before SEMobservation,
all specimens were coated with a thin film of carbon.

2.2 Electrical Measurements of the Glasses

The AC conductivity (σac) of the prepared samples was mea-
sured using LRC Hi-Tester (HIOKI, 3532–50) Japan, over a
frequency range from 0.042 kHz to 1 MHz and temperature
range from 298 to 573 (K). Increasing the temperature was
provided by increasing the input voltage of a variac transform-
er connected to a wire-wound resistance heater. The

temperature was determined using a copper/Constantine ther-
mocouple in close proximity to the sample. The capacitance,
C, and the dissipation factor, tan δ, are obtained directly from
the instrument for the studied samples. The AC conductivity,
σac, is calculated using the relation [22].

σac ¼ ωεο ε
0
tanδ;

where ω = the angular frequency, εo = the permittivity of free
space equals 8.85 × 10−12 F m −1 and ε′ = the dielectric
constant which is determined from the expression: ε′ = C d
/ εo A, where d = thickness of the sample (m) and A = Sample
surface area (m2) [23].

3 Results and Discussion

3.1 Glass Characterization

The as-received G0, G0.5Cr and G5T transparent glass sam-
ples showed no devitrification with the naked eyes. However,
the X-ray diffraction analysis shows very clear amorphous
hump which reflects the glass transparency as well; also little
weak lines represent the devitrification of diopside with cop-
per oxide minerals, i.e. cuprite Cu2O (JCPDS file No.05–
0667) and tenorite CuO (JCPDS file No.05–661) in addition
to traces of Cristobalite as revealed in Fig. 1. It has been
reported that at high temperature CuO undergoes a redox re-
action which result in the formation of Cu+ ions [24]. The
slow cooling of the glass melts with copper in high quantity
has the ability to deposit it in the glass.

The SEM of freshly glass surfaces shows a massive
structure at the nanoscale in all the samples that reflect
the role of copper in the glass composition. The SEM
of freshly glass surfaces shows a massive nanostructure
in all the samples. Figure 2 shows the effect of the
supersaturation of CuO (17%) in the diopside glass
studies due to the slow rate of cooling. We can easily
notice that, at high magnification of all the samples,
there are tiny crystals and clusters in nanometer size
(50–200 nm) scattered in the matrix.

Table 1 Composition of the glass batches and the product

Sample No Chemical
composition
Constituent

Addition in gm
Over 100% glass oxides

Melting
Temperature
°C

Product

SiO2 CaO MgO CuO Cr2O3 TiO2

G0 51.75 18.12 13.02 17.13 – – 1400 Transparent dark green glass

G0.5Cr 51.75 18.12 13.02 17.13 0.5 – 1450 Transparent dark green glass

G5T 51.75 18.12 13.02 17.13 – 5 1450 Transparent dark green glass
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For the glass samples, Fig. 3 (a, b and c) shows the change
of log (σac) with the reciprocal of temperature at several fre-
quencies. It found that the conductivity increases with rising
temperature for the glass samples in all the temperature range

investigated which reveals that the present samples are semi-
conducting in nature [25, 26]. This rising of conductivity with
temperature may indicate that the σac is a thermally activated
mechanism [27].

The activation energies were estimated from the slopes of
the log ơ plots versus 1000 / T plots at the two frequencies
100 kHz and 1 MHz (Table 2).The activation energy values
are found to be in the range 0.55–0.98 (eV) at high tempera-
ture region from 473 to 573 (K). It could be observed that the
activation energy of all glasses shows a decrease with increas-
ing of frequency. This decrease can be connected with rising
the applied frequency, increasing the movement of mobile
ions between localized states [28] and increasing of electron
hopping between the localized states [29].

From Fig. 3 (b and c) it can be noticed that, the σac of the
samples G0.5Cr and G5T is increasing nonlinearly with in-
creasing the measuring temperature and exhibiting two re-
gions. This behavior is valid for the higher and the lower
frequencies. The two regions are formed by two different
mechanisms, the first at the low temperature and the second
at the high temperature regions. The first one is characterized

Fig. 1 X-ray diffraction patterns of as received glasses that show very
little devitrification

Fig. 2 Scanning electron
microscopy of the as received
glasses that show very little
devitrification
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by low activation energy and low slope due to electronic tran-
sition mechanism, while the second one is characterized by
higher activation energy and higher slope as results of partic-
ipation of ionic movement mechanism. In the low temperature
region, the conductivity slightly rises with temperature, which
can be attributed to electronic mechanism arising from elec-
tronic transition between Cu+ and Cu+2. The presence of Cu+

ions in Cu-containing glass is reported in silicate glasses [30].
Furthermore, both Cu+ and Cu2+ are reported to exist at tem-
perature above 1250 °C due to the redox reaction:

Cu2+ + ½O2 ↔ Cu+ + ¼ O2, which may explain the for-
mation of Cu+ ions [24]. The electronic mechanism can also
be carried out by the electronic transition between Ti+3 and Ti+
4 which may exist in case of sample G5T or between Cr3+ and
Cr6+ in sample G0.5Cr. However, it was found that both Cr
(II) and Cr (III) exist simultaneously in CaO-MgO/Al2O3-

SiO2-CrOx system [31]. The presence of multivalent states
for Cr permits the electronic transition between these states
of Cr and contributes in the total Cr in the melt of the glass
[32]. The transfer of these electrons could be considered as a
small polarons hopping process [22, 33]. In the high temper-
ature region, log σac increases with a higher rate which may be
attributed to the participation of ions coming from the increase
in the formation of Cu+2, as some Cu2O may transferred by
oxidation to CuO at higher temperature. In addition to this
mechanism, the mobility of the charge carriers Ca+2 and
Mg+2 ions may play a role in the conductivity [34, 35].

On the other hand, we can notice from Fig. 3a that the σac
increases linearly with increasing the temperature for the sam-
ple G0. This behavior and the high values of activation energy
(Ea) (Table 2) can be attributed to predominant of ionic mech-
anism arising from Cu+2 in addition to the mobility of the
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Fig. 3 Variation of AC
conductivity (σac) with the
inverse of temperature at different
frequencies for all samples

Table 2 The values of AC
conductivity (σac) and the
activation energy (Ea) at different
frequencies

Sample
No.

Ea (eV),

100 kHz

Ea(eV),

1 MHz

σac(Sm
−1)a,

100 kHz
σac(Sm

−1)b,
100 kHz

σac(Sm
−1)a,

1 MHz
σac(Sm

−1)b,
1 MHz

G0 0.98 0.62 2.57×10−6 8.62×10−5 2.18×10−5 2.17×10−4

G0.5Cr 0.91 0.56 4.00×10−5 1.10×10−4 1.23×10−4 2.22×10−4

G5T 0.80 0.55 5.34×10−5 1.35×10−4 1.56×10−4 3.08×10−4

aMeasured at room temperature, bMeasured at 573 K
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charge carriers (Ca+2 and Mg+2 ions) [35, 36], The slopes of
the curves in this case seems different from those in Figs. 3b
and 3c which can be attributed to the absence of electronic
mechanisms caused by titanium and chromium ions.

Figure 4 presents the change in the AC conductivity, mea-
sured at different frequencies and at room temperature, de-
pending on the type of metal oxide. From this figure, the
results obtained showed that the introduction of Cr2O3 and
TiO2 led to an increase in the electrical conductivity of the
glass sample G0. This behavior applies to all frequencies. For
example, the σac increases at room temperature and 100 kHz
from 2.57 × 10−6 S/m for sample G0 to 4.01 × 10−5 and 5.34
× 10−5 (S/m) for samples G0.5Cr and G5T, respectively. As
the temperature rises to 573 K, the values of the AC conduc-
tivity of the samples increase in the samemanor (Table 2). It is
reported that, semiconductors have conductivity values be-
tween 103 and 10−8 S.cm−1 [37]. The studied samples exhib-
ited room temperature conductivity values in the range 10−8 -
10−4 S/m at the studied frequency range; therefore, they can be
considered as semiconducting materials.

Figure 5 illustrates the frequency dependence of the
alternating-current conductivity (σac) at room temperature
(Fig. 5a) and at 573 K (Fig.5b), in the frequency range extend-
ing from 0.042 kHz to 1 MHz and for all samples under
investigation. It can be observed that the conductivity σac

increases with increasing frequency, which implies that the
present glass samples are of semiconducting nature [38].
The measured conductivity, σ, can be considered as a sum-
mation of the DC conductivity, σdc, and AC conductivity, σac.
The DC part is independent of frequency, is dominant at low
frequencies and appears as a flat DC plateau at low-frequency
region. It is generally known [39] that AC conductivity de-
pends on the polarization of immobile ions (silica network)
and the mobility of the charge carriers. The conductivity due
to charge carriers is small at low temperatures. Accordingly,
the AC conductivity is expected to exhibit the observed fre-
quency dependence (Fig. 5a), science it depends mainly on the
polarization of immobile ions. The conductivity of the charge
carriers is expected to increase with temperature [40]. At high
temperature, the dominant factor in the conductivity will be
the mobility of the charge carriers; while the polarization of
the immobile ions will make a less significant contribution.
Therefore, at high temperatures, the AC conductivity will
have a lower dependence on frequency as shown in (Fig. 5b).

4 Conclusion

Copper containing nominal diopside (Cu0.50Ca0.75Mg0.75Si2O6)
glass, with or without Cr2O3 or TiO2, was characterized byX-ray
analysis and SEM. Since it was contains scattered clusters of
nano-crystals of diopside, cuprite and tenorite.

The calculated activation energy measured at 100 kHz and
1 MHz in the region from 473 to 573 (K) of the glass samples
lies in the range 0.55–0.98 (eV). The AC conductivity values
of the studied glass samples indicated that the incorporation of
Cr2O3 and TiO2 results in higher conductivity values than
those of the free glass sample. The magnitude of the ơac values
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indicated that the electrical conductivity of such glasses lies in
the range of semiconductors. The samples studied can be clas-
sified as one of the semiconductor categories that can be used
at room temperature in electronic devices.
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