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Abstract: In this study, we have synthesized the Zr substituted BaTi0.80Fe0.20O3 ceramics at different content of Zr 
from x=0.00 to 0.10 by using the solid-state route. The room temperature X-ray diffraction results confirmed the 
coexistence of the two tetragonal and hexagonal phases for x ≤ 0.050 of Zr content. While above 0.050 the hexagonal 
phase disappeared in benefit of the tetragonal phase. The Raman results confirmed the formation of these phases 
obtained by XRD. The scanning electron micrographs consisted of both spherical and straight grain forms for 
x=0.000 to 0.075, and only spherical grain form for x=0.100 attributed to the tetragonal phase. Also, the grain size 
increased accompanied by a decrease in density of ceramics with increasing Zr content up to 0.050 then decreased 
accompanied by an increase in density. Detailed studies of dielectric permittivity measurement provided a presence 
of two anomalies Te and TR-O at different temperatures, with a relaxation phenomenon and diffuse behavior which 
was very important for ceramic at x=0.075 of Zr content. The dielectric permittivity values of the two anomalies of 
Zr substituted BaTi0.80Fe0.20O3 ceramics increased with the increase of Zr content and the dielectric loss was minimal 
at x=0.100 of Zr content. The conductivity increased with increasing of Zr substitution from 0.025 to 0.075 levels 
while for x = 0.100 the dielectric conductivity decreased.  And the Cole-Cole analysis indicated a negative thermal 
resistivity coefficient (NTCR) behavior of these materials and ideal Debye-type behavior. 

Keywords: Solid-state, X-ray diffraction, Raman, dielectric permittivity, anomalies, relaxation, diffuse, conductivity, 
Cole-Cole. 

 

1. INTRODUCTION 

In the ferroelectric family, barium titanate 
(BaTiO3) is the most widely used ferroelectric 
material, and, even after seventy-five years of its 
discovery, it remained an essential material with 
excellent dielectric [1, 2], optical [3], 
piezoelectric [4], and ferroelectric [5] properties. 
In addition, it is one of the most studied lead-free 
ferroelectric materials due to its wide range of 
applications, namely: capacitors, transducers, 
non-volatile memories, positive temperature 
coefficient (PTC) thermistors, and many others 
[6-9]. The high dielectric constant and low 
dielectric loss make it one of the most popular 
candidates for dynamic random-access memory 
(DRAM) and tunable microwave device 
applications [10-12]. The technological 
importance has triggered many studies on 
multiferroic materials, exhibiting both dielectric 
and magnetic properties by modifying or 
improving their properties by different dopants or 
different conditions. In this perspective, the 
BaTiO3 ceramic was dopped with ions of the 
transition metals such as Fe3+ in the Ti site. It is 
found by many researchers that the Fe-BaTiO3 

substitution leads to the formation of hexagonal 
phase which became predominant for high levels 
of Fe [13].  
The (Ba (ZryTi1-y) O3, BZTs) ceramics can be 
formed by the replacement of Ti4+ by Zr4+ in the 
B-site of the BaTiO3 lattice. The BZTs ceramics 
with y = 0.05–0.08 have a high dielectric constant 
(ɛ > 13,000) with low loss tangent (tan δ < 0.05) 
[14, 15]. For BZTs compositions of 0<y <0.15, 
phase transition temperatures occur for 
rhombohedral to orthorhombic (T1), 
orthorhombic to tetragonal (T2), and tetragonal to 
cubic (Tc). The phase transitions are strongly 
dependent on the amount of Zr. When the Zr 
concentration is about 15 at. %, the three-phase 
transition temperatures merged into a single 
diffuse phase transition [16]. 
Many researchers have reported that solid 
solutions between BZTs and other multiferroic 
materials showed many interesting properties. 
For example, Jha et al. reported that the 
BaZr0.025Ti0.975O3–BiFeO3 system exhibited a 
relaxor multiferroic [17] and C. Kruea-In and al 
have reported a diffuseness and relaxation 
behavior of Ba(Zr0.05Ti0.95)1-x(Fe0.5Ta0.5)xO3 
ceramics [18]. 
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In the previous works, it was found that the Fe- 
BaTiO3 (BTF) substitution stabilizes the 
hexagonal phase at high content of Fe and 
decreases the dielectric properties of BaTiO3 
ceramics [19, 20]. This is why it is interesting to 
modify the dielectric properties of BTF by co-
doping on-site A or on B site of BaTiO3 to their 
adaptations to very specific applications. This is 
the context of this study consisting of the study of 
structural and dielectric properties of Zr 
substituted BaTi0.80Fe0.20O3 ceramics at Ti-site for 
x=0.00 to 0.10.  

2. EXPERIMENTAL 

The BaTi0.80-xFe0.20ZrxO3 (BZxTF) ceramics for 
x=0.00 to 0.10 were prepared by the conventional 
solid-state method using the high-purity oxides 
BaCO3, TiO2 ZrO2, and Fe2O3. These oxide 
powders were weighted in stoichiometric 
proportion and milled under acetone for 4h. After 
that, the powders were dried at 80 °C for 24h. The 
dried powders were ground using agate mortar for 
30 min and then de-carbonated and pre-reacted by 
calcining in alumina at 1100 °C for 4h. After 
calcination, the powders were ground for 30 min. 
The structure, phase purity, and lattice parameters 
of the product were characterized by X-ray 
diffraction (XPERT-PRO with Cu Kα radiation 
with λ=1.5406Å), and the Raman spectrum was 
recorded at room temperature. 
To form the pellets for scanning electron 
microscope (SEM) and dielectric measurements, 
the calcined powders were mixed with a few 
drops of 1  wt% Polyvinyl Alcohol (PVA) as a 
binder then pressed using uniaxial pressing. The 
pellets formed were sintered in air at 1200°C for 
6h. The investigations of the microstructure of the 
pellets were performed using SEM. And the 
dielectric properties as a function of frequency 
and temperature were studied with Agilent 
E4980A (20 Hz-2 MHz). 

3. RESULTS AND DISCUSION 

3.1. X-ray diffraction results 
The Figure 1.a shows the X-ray diffraction 
patterns for BZxTF powders for x = 0.000, 0.025, 
0.050, 0.075, 0.100 calcined at 1100 ° C for 4h. 
The spectra of the powders at x = 0.000, 0.025, 
and 0.050 show the presence of the characteristics 
of the peak of the tetragonal phase as well as those 
of the hexagonal phase. And beyond 0.050, the 

peaks of the hexagonal phase disappear 
completely, and only these of the tetragonal phase 
remains. In addition, all the compositions have a 
pure perovskite structure without the presence of 
a secondary phase. This indicates that the Zr and 
Fe are well incorporated into the BTO to form a 
homogeneous solid solution. 
To study the influence of Zr on the evolution of 
the phase structure of the BTFO, we have zoomed 
on the most intense peaks (101) and (104) of the 
two tetragonal and hexagonal phases respectively 
(Figure 1.b).  

 
(a) 

 
(b) 

Fig. 1. a. X-ray diffractogram of BZxTF powders for 
x = 0.000, 0.025, 0.050, 0.075, 0.100 b. Zoom on T 

(101) et H(104) peaks characteristic of tetragonal and 
hexagonal phase respectively. 

For x = 0.00 these two peaks are distinguished and 
when the rate of Zr increases, the intensity of the 
tetragonal peak (101) achieved a minimum at x = 
0.025 then decreases while the intensity of the 
hexagonal peak (104) increases and becomes of 
the same intensity as the tetragonal peak (101) at 
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x = 0.075 then disappears beyond this rate, thus 
indicating the presence only of the tetragonal 
phase. Therefore, the substitution of BTFO by Zr 
stabilizes the tetragonal phase for Zr rates greater 
than 0.075. We notice that the position of the two 
diffraction peaks (101) tetragonal and (104) 
hexagonal is shifted towards the small angles for x 
= 0.025 and 0.05 then towards the high angles for x 
= 0.075 and 0.100. The shift of the peak towards the 
small angles is may be due to the crystal distortion 
induced by the fact that the ionic radius of Zr4+ 
(0.72Å) is greater than that of Ti4+ (0.605Å). 
The values of the lattice parameters of the BaTiO3 
powders co-substituted with Zr and Fe, for the 
tetragonal and hexagonal phase, are grouped in 
Table.1. They are calculated using the "Unit Cell" 
software based on the values of the intensities and 
the positions of the peaks of each phase in XRD. 
The results are shown in Figure.2. These graphs 
show that the parameters a and c as well as c / a 
(tetragonality) decrease and reach a minimum at 
Zr = 0.05 then increase. 
We also note that the lattice parameters a and c of 
the hexagonal phase decrease with the increase in 
the rate of Zr up to x = 0.025 and then increase to 
0.05 (see Table 1).  
The increase in parameters and tetragonality is due 
to the presence of Zr4+ ions with an ionic radius 
 

(ri (Zr4+) = 0.72Å) greater than the ionic radius of 
titanium (ri (Ti4+) = 0.605 Å). We can also note 
that, unlike the effect of Fe on BaTiO3 [19], the Zr 
co-substitution disappears the hexagonal phase 
and stabilizes the tetragonal phase beyond 0.075, 
which leads to an increase in tetragonality at these 
levels of substitution. 

3.2. Raman results  
The Figure 3 shows the Raman spectra in the 
frequency region of 100-1000 cm-1 of BZxTF 
powders for x = 0.000, 0.025, 0.050, 0.075, 0.100. 
These spectra are adjusted using the peak fit 
software as shown in Figure 4 and all the 
parameters of the position of each band and the 
corresponding width at half height (FWHM) are 
reported in Table.2. 
From Figure 3, the BZxTF at x = 0.00, shows the 
existence of the characteristic bands of the 
hexagonal phase in particular that around 680 cm-1. 
By substituting the BTFO with the Zr at x = 0.025 
and 0.050, this band still exists but decreases in 
intensity and shifts towards the low frequencies 
(see Figures 3 and Table 2), thus indicating the 
enhancement of the hexagonal phase for these 
rates of Zr. Such phenomena of shifting of the 
Raman spectrum are attributed to the variation of 
chemical environments and of stresses [21]. 
 
 
 

Table 1. Unit cell parameters of the tetragonal and hexagonal phase of BZxTF powders for x = 0.000, 0.025, 
0.050, 0.075, 0.100. 

Zr content Unit cell parameters (Tétra.) Unit cell parameters (Hexa.) 

0.000 a=b=4.00668   c=4.03009 a=b=5.839   c=13.7607 
0.025 a=b=4.00510   c=4.01420 a=b=5.634   c=13.556 
0.050 a=b=4.00478   c=4.00960 a=b=5.682   c=13.610 
0.075 a=b=4.00604   c=4.0209  
0.100 a=b=4.00640   c=4.0258  

 
 

   

Fig. 2. . Evolution of a, c and c/a parameters of BZxTF powders for x = 0.000 to 0.100. 
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Fig. 3. Raman spectra of BaTi0.8-xZrxFe0.2O3 powders for x = 0.000, 0.025, 0.050, 0.075, 0.100 

 

 
Fig. 4. Peakfit ajustement for BZxTF ceramics for x= 0.025, 0.050, 0.075, 0.100. 

Table 2. Shift Raman and FWHM parameters of BZxTF ceramics for x=0.000, 0.025, 0.050, 0.075, 0.100. 

 Shift Raman (cm-1) FWHM 

bands x= 0.025 x= 0.05 x= 0.075 x=0.10 x=0.025 x=0.050 x=0.075 x=0.10 

A1 184 184 186 186 35 35 55 55 

B1+E(LO+TO) 306 310 304 304 45 50 35 35 

A1+ E(TO) 500 500 545 545 45 45 45 45 

A1g 639 650 640 640 65 55 45 45 

A1+E(LO) 709 709 716 716 45 55 45 45 

x= 0.025 x= 0.050

x= 0.075 x= 0.100
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The spectrum of BZxTF powder at x = 0.075 and 
0.100 were fitted with five main modes at 183, 
306, 500, 640 and 716 cm-1. Indeed, the band at 
306 cm-1 and the wider asymmetric bands at 505 
and 640 cm-1 correspond well to the tetragonal 
phase [20]. In addition, the peaks around 500 and 
640 cm-1 correspond to the phonon vibrations of 
the Ba-O bonds, while the peaks at 183 and 303 
cm-1 correspond to the phonon vibrations of the 
Ti-O bonds. It should be mentioned that the 
intensity of the peak around 500 cm-1 increases 
for x = 0.075 and 0.10 thus indicating a 
dominance of the tetragonal phase at these 
compounds. In addition, the positions of the 
bands and the width at mid-height (FWHM) at 
these substitution rates are the same, which 
confirms the stability of the tetragonal phase at these 
Zr substitution rates determined also by the XRD. 
The vibrations in the Raman patterns which have 
a splitting suggest that the structural disorder 
results from the distortion of the lattice. The 
splitting of the band at 716 cm-1 of the co-
substituted ceramics suggests the presence of a 
higher disorder compared to pure BaTiO3. The 
significant shift of the peak at 500 cm-1 towards a 
higher frequency (545 cm-1), with the increase in 
the rate of Zr, is expected due to the difference in 
ionic radius between Ti4+ and Zr4+, which results 
in the network distortion and widening of the 
energy band. The Raman spectrum of the two 
tetragonal and hexagonal phases for x less than 
0.05, relates to the existence of the two bands at 
505 cm-1 (tetragonal) and 680 cm-1 (hexagonal), 
hence the coexistence of these two phases at these 
rates of Zr. These results of the Raman spectroscopy 
study agree well with those of the XRD. 
The values of the grain size are grouped in Table 
3 and it is observed that it increases with Zr 
substitution and reach a maximum at 0.05, then 
decreases for the other rates of Zr. The increase in 
grain size for x<0.50 of Zr content is due to the 
coexistence of the two phases while the decrease 

in the latter for high levels of Zr is related to the 
effect of Zr which decreases grain size [21]. 
The relative density values of the BZxTF 
ceramics are grouped in Table 3. We note that for 
Zr levels less than 0.05, the density decreases with 
increasing Zr content. On the other hand, for the 
levels higher than x = 0.05 the density of the 
ceramics increases. The decrease in density can 
be attributed to the presence of grains of different 
shapes (coexistence of the two tetragonal and 
hexagonal phases) while the increase in density is 
probably due to the presence of grains of 
homogeneous shape linked to the phase 
tetragonal. 

3.3. Dielectric properties 

The dielectric constant as a function of 
temperature for BZxTF ceramics (x = 0.00, 0.025, 
0.050, 0.075 and 0.100) is shown in the Figure. 5. 
The dielectric permittivity evolution as a function 
of temperature for x = 0.00, shows an anomaly 
around 300°C attributed to the phase transition 
from the rhombohedral phase to the orthorhombic 
phase TR-O [23]. This transition presents a diffuse 
character and the value of the maximum of ɛ'r, max 
remains almost quasi-constant in a temperature 
interval of about 100°C (Figure 6. c and d). In 
addition, this maximum shifts towards high 
temperatures with increasing frequency, 
indicating a relaxation behavior. For the other 
substitution rates, the change in dielectric 
permittivity as a function of temperature is 
isotypic to that at x = 0.00 but the transition 
temperature depends on the rate of substitution in 
Zr. Another anomaly is present around Te =150 °C 
for x = 0.00, 0.025, and 0.075 of Zr contents 
which is related to the transition temperature from 
the ferroelectric phase to the paraelectric phase of 
pure BaTiO3 [18].  
Analysis of all these ceramics indicates that the 
dielectric permittivity at low frequencies is 
greater than that obtained at high frequencies. 
 

 
Table 3. Average grains size and density values of BZxTF ceramics for x=0.000, 0.025, 0.050, 0.075, 0.100. 

Zr content Average grains size (m) Density (%) 

0.000 1,478 89 
0.025 1,523 86 
0.050 1,64 78 
0.075 1,589 81 
0.100 1,492 83 
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Fig. 5. Micrographs SEM of BZxTF ceramics for x= 0.000, 0.025, 0.050, 0.075, 0.100. 

 

 
Fig. 6. Temperature dependence of dielectric permittivity of BZxTF ceramics for x=0.000, 0.025, 0.050, 0.075, 0.100. 

x= 0.00 x= 0.025 x= 0.05

x= 0.075 x= 0.100 
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The decrease in dielectric permittivity is due to 
the dipoles which cannot follow the alternation of 
the applied electric field which obtains higher 
frequencies, then the total polarization of the 
orientation will be less at the higher frequencies. 
The two anomalies TR-O and Te exhibit a 
relaxation phenomenon and diffusion behavior 
for all the ceramics co-substituted with Fe and Zr. 
It is known that the compositional disorder exists 
in the B site of the BaTiO3 ceramic with the co-
substitution of two ions of Fe3+ and Zr4+. This 
compositional disorder disrupts long-range order 
correlations, thus leading to the formation of polar 
nano-regions (PNRs) [24] and this relaxation 
behavior can be attributed to PNRs. In addition, 
the diffuse character may be attributed to cationic 
disorder and composition fluctuation induced by 
site substitutions of Ti by two ions of Fe and Zr [25]. 
The values of the temperatures Te and TR-O as well 
as the maximum dielectric permittivity ɛ’e,max 
and ɛ’R-O,max, corresponding to these temperatures 
respectively, for a frequency fixed at 5 kHz are 
grouped in Table 4. We notice that the temperature 
of Te anomaly moves towards low temperatures 
with the increase of Zr for x = 0.050 and 0.075 
and it is no longer observed for x = 0.025 and 
0.100 probably due to the widening of the peak of 
this anomaly. This peak broadening may be 
attributed to the merging of two types of 
transitions, and/or structural heterogeneity. The 
same shift in the transition temperature Te has 
been reported by A. Elbasset et al [22] for Zr 
substituted BaTiO3 ceramics. While the TR-O 
phase transition, it moves towards high 
temperatures for x = 0.025, 0.075, and 0.10 and 
towards low temperatures for x = 0.050. This 
abnormal evolution of the TR-O temperature as a 
function of the Zr rate is probably due to the 
presence of Fe3+ ions which substitute the Ti site 
with the Zr which disturbs the displacement of the 
phase transition with the substitution for the Zr. 
We also notice, from table 4, that the maximum of 
the dielectric permittivity of Te anomaly (ɛ'e,max) 
presents a maximum value at x = 0.05 then 
decreases for x = 0.075 of Zr. The same evolution 
of ɛ'max as a function of the Zr- BaTiO3 
substitution has been reported by A. Dixit et al 26. 
While the maximum dielectric permittivity ɛ’R-

O,max increases with the increase of Zr substitution 
and reaches a maximum of 7500 at x = 0.100. 
The evolution of the dielectric losses of 
BaTi0.80-xZr xFe0.20O3 (x = 0.00, 0.025, 0.050, 

0.075 and 0.100) ceramics as a function of 
temperature from the ambient at 450°C is shown 
in the Figure. 7. The graphs show different 
anomalies depending on the Zr substitution rate. 
For x = 0.00 and 0.025 we notice a slight increase 
in dielectric losses at 200°C followed by a 
significant increase with temperature until 
reaching a maximum value around the 
temperature of 450°C. The intensity of this 
maximum decreases with the frequency. And for 
x = 0.050 and 0.075, the dielectric losses are 
almost constant for low temperatures then reach a 
maximum around 400°C. This maximum moves 
towards the lower temperatures with frequency 
and also decreases in intensity. While at x = 0.010, 
the evolution of dielectric losses as a function of 
temperature in particular. Indeed, the latter 
increase with the temperature until reaching a 
maximum at 250°C for 5 KHz frequency, then 
they decrease.  
These maxima are characterized by a very 
dispersive pattern for all frequencies, moreover, 
they move towards high temperatures with 
increasing frequency. 
We also note that the value of the dielectric loss 
increases with the co-substitution of BTFO with Zr 
for the rates of x = 0.025 to 0.075. While for x= 
0.010 the loss angle is minimal, so this is the optimal 
rate of substitution in Zr to have the least dielectric 
loss with the greatest value of dielectric permittivity. 
The effect of Zr co-substitution on the 
conductivity of BTFO ceramics can be studied by 
measuring the alternating conductivity. Thus, the 
frequency-dependent electrical conductivity was 
calculated at different temperatures ranging from 
ambient to 450°C, for all co-substituted 
components of BZxTF (x = 0.00, 0.025, 0.050, 
0.075, and 0.100) as shown in the Figure. 7. 
It is clear from Figure 7 that the conductivity 
increases with frequency and temperature. A 
dispersion in conductivity was observed at lower 
frequencies for temperatures above 310°C for all 
samples co-substituted with Zr. While for 
temperatures below 310°C, the conductivity curves 
are merged indicating less mobility of defects. The 
plateau region is observed in the low-frequency 
region (frequency-independent conductivity, i.e. 
continuous conductivity σdc) and this frequency 
region increases with increasing temperature. This 
is observed for all the samples co-substituted with 
Zr. It is clear that the Zr substitution at 0.025 to 
0.075 levels, increases the alternating conductivity. 
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Table 4. Te, TR-O, ’e and ’R-O values at different Zr content.  

Zr content Te ’e,max TR-O,max ’R-O 
0.00 127 103 280 510 
0.025 --- --- 458 631 
0.05 110 410 296 1370 

0.075 109 310 321 1460 

0.10 --- --- 450 7492 

 
 
 

 

Fig. 7. Temperature dependence of dielectric loss of BZxTF ceramics for x=0.000, 0.025, 0.050, 0.075, 0.100. 
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While for x = 0.100 the dielectric conductivity 
decreases, this is due to the Zr ion co-substitution 
which is chemically more stable that reduces the 
electron jump between Ti4+ and Ti3+, thus increasing 
the resistivity of these materials [27]. 
The complex impedance spectroscopy is known 

to be a powerful tool for separating the effect of 
grain and grain boundaries [28, 29]. It is used to 
study the electric properties in the material [31, 
32]. To confirm the formation of barrier layers in 
the BZxTF ceramics, we analyzed the complex 
impedance using the Cole - Cole plot. Figure 8  

 

 
Fig. 8. Conductivity evolution as function of frequency at different measurement temperatures of BZxTF 

ceramics (x= a. 0.00, b. 0.025, c. 0.050, d. 0.075 et e. 0.100). 
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shows the variation of the imaginary part of the 
impedance (Z ") as a function of the real part (Z ') 
(Cole - Cole plots) at different temperatures of 
BZxTF sintered samples. These graphs show the 
presence of a semicircular arc. The radius of this 
arc formed by the intercept points on the real axis 
shift towards the origin as the temperature 
increases, indicating the decrease in the. resistive 
property of these materials [26]. The semicircular 
is fitted using the parallel combination of resistance-
capacitance (R-C) and (R-CPE) circuits connected 
in series as shown in the inset of Figure 9.b. The 
radii of all these ceramics decrease with the 

increase in the temperature, which indicates a 
negative thermal resistivity coefficient (NTCR) 
behavior of these materials, generally found in the 
case of semiconductors. The center of the arcs is 
above the x-axis for co-substituted ceramics, thus 
showing ideal Debye-type behavior. 
At x = 0.100, we can see the start of the 
appearance of a second arc at high temperature. 
The lower frequency arc corresponds to the grain 
boundary, while the higher frequency arc 
corresponds to a grain [28, 29]. This confirms the 
formation of barrier layers in this sample at high 
temperature [32]. 

 

Fig. 9. Cole-Cole diagram at different measurement temperatures of BZxTF ceramics (x= a. 0.00, b. 0.025, c. 
0.050, d. 0.075 et e. 0.100). 
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4. CONCLUSION 

The BZxTF ceramics were successfully 
synthesized by the solid-state method. The XRD 
results confirmed the coexistence of tetragonal 
and hexagonal phases for x ≤ 0.050. While at 
x=0.075 and 0.100, the hexagonal phase 
disappeared and only the tetragonal phase is 
present. The SEM results, of the pellets sintered 
at 1200°C for 6 h, showed a spherical and straight 
grain form for x = 0.000 to 0.075, and for x=0.100 
the grain form was mostly spheric. And the 
density of these pellets decreased with increasing 
Zr content for x ≤ 0.5, while above this content 
the density increased. The evolution of dielectric 
properties as a function of temperature showed 
the existence of two phases transition Te, TR-O, and 
the dielectric permittivity of Zr co-substituted 
BTF were improved compared with BTF 
ceramics. These phases' transition showed a 
relaxation phenomenon and a diffuse behavior 
which was very important for BZxTF ceramics at 
x= 0.050 and 0.075 for TR-O phase transition. At 
x= 0.100, the dielectric properties were improved. 
However, the dielectric permittivity was maximal 
and the dielectric loss was minimal at this rate of 
Zr. The electric properties study showed a 
decrease of conductivity for x= 0.025 to 0.075 of 
Zr content and an increase of this conductivity for 
x= 0.100. While the cole-cole measurement 
indicated a NTCR behavior of these materials and 
ideal Debye-type behavior. 
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