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Abstract—Nontoxic lead-free ceramics of Boron Sodium 

Gadolinate Niobate nanocomposites with the general 

formula (1-x) BNaGdO3 x-BNaNbO3 were synthesized 

following hydrothermal method followed by solid state 

sintering with Poly Vinyl Alcohol (PVA) used as the 

binder. PXRD and SEM analysis revealed that the 

composite holds a Morphotropic Phase Boundary (MPB) 

involving the coexistence of rhombohedral and 

monoclinic phases for the composition with x=0.55. The 

phase constituents, microstructures and the thermal 

properties viz., thermal diffusivity, effusivity, specific heat 

capacity and thermal conductivity are determined and 

reported. The variation of the thermal properties with 

the induction of MPB structure was analyzed. This 

analysis gives much insight into the actual mechanism of 

phonon vibration mediated heat conduction in solids. 
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Gadolinate Niobate (BNGN), PXRD, SEM, 
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I. INTRODUCTION 

 

Ferroelectric materials produce spontaneous 

polarizations that are sensitive to many external effects 

such as electric field, mechanical deformations, 

temperature and chemical/biological conditions. This 

has resulted in their use in various sensing applications 

like gas sensors, chemical sensors, piezoresistive 

sensors of mechano-thermal signals, photo detectors, 

ionizing radiation detectors, biosensors, pyroelectric 

and piezoelectric sensors etc. [1-5]. The development 

of nanotechnology has revolutionized the field of 

ferroelectric sensors with development of nanoscale 

ferroelectrics with excellent properties such as 

photovoltaic sensitivity, non-linear optical activity, 

pyroelectricity, direct and inverse piezoelectricity etc. 

This exceptional combination of different properties 

enables them to find fascinating applications in Field 

Effect Transistors, 

Non-volatile secondary memories, Capacitors, 

Photovoltaic cells, Piezoelectric energy harvesters and 

Micro positioning systems [6-10]. This has resulted in 

the emergence of ferroelectric nano sensors due to 

better performance of Nanostructured sensors compared 

to their bulk counterparts [11-13]. Two prominent class 

of ferroelectric materials are pyroelectric and 

piezoelectric materials that produce spontaneous 

polarization in response to an external change of 

temperature and pressure (or mechanical stress) 

respectively. Development of nanostructured 

pyroelectric and piezoelectric materials has given new 

possibilities in the field of pyroelectric sensors and 

piezoelectric transduction materials [14, 15].  

Pyroelectric Infra-Red (PIR) detectors are popular due 

to their room temperature performance and wide 

spectral response. This performance at ambient 

temperatures gives them the privileges of low power 

consumption, broad wavelength response, high 

stability and sensitivity [16, 17]. Piezoelectric actuators 

and sensors form micro-electro-mechanical systems 

with a number of advantages that include instant 

response, very large output force, low power dissipation, 

solid body and related convenience for design. The major 

drawbacks associated with these sensors are 

hysteresis, creep and vibration sensitivity. However, 
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among these, creep can be ignored since short lasting 

durations only are involved and vibration sensitivity 

can be reduced by damping controls. Hysteresis 

effects can be reduced to negligible levels by refining 

the synthesis methods. Hysteresis effect is found to 

cause around 15% error that rises to around 35% at 

high frequencies in the case of bulk materials [18, 19]. 

Crystal asymmetry and spontaneous polarization form 

the foundation of ferroelectricity, pyroelectricity and 

piezoelectricity. All ferroelectrics are pyroelectric 

with their natural electric polarization being 

reversible. There are 21 non-centrosymmetric classes, 

among which 20 are piezoelectric, and among this 10 

are simultaneously pyroelectric as well. Some of the 

pyroelectrics that possess natural spontaneous 

polarization are ferroelectric. Thus, ferroelectrics form 

a subclass of pyroelectrics which are in fact a subclass 

of piezoelectric materials. 

Recent trends in research on pyroelectric and 

piezoelectric materials mainly focus on two aspects. 

The first one is improvement in properties by 

synthesizing nanostructured materials and composites 

formed from two chemically different compounds 

leading to the same property. The second one is the 

development of non-hazardous environment friendly 

materials, supporting sustainable development theory; 

however, in materials with spontaneous polarization 

able development. During the formation of 

composites, generally properties follow a mean field 

and composite formation is associated with several 

effects, particularly phase change that can lead to 

polarization catastrophe, resulting in tremendous 

enhancement of properties that strongly depend on 

polarization. The latter finding is very important in the 

current perspective of developing green materials for 

sustainable development. Correspondingly industries 

based on such materials have shown very high growth 

during the last decade.  

This work presents and discusses synthesis and 

characterization of environment friendly, non-

hazardous nanoceramic materials of Boron Sodium 

Gadolinate Niobate (BNGN) from perovskite 

structured, phase pure Boron Sodium Gadolinate 

(BNG) and Boron Sodium Niobate (BNN) with 

potentially high dielectric, pyroelectric and 

piezoelectric properties. The work involves the trial to 

enhance the properties by scaling the materials down 

to nanometer ranges, and introduction of a 

composition dependent phase change through 

composite formation. In perovskite materials, for the 

enhancement of spontaneous polarization and 

polarization dependent properties, the relative ion sizes 

of the cubic structures are quite stringent. The ionic 

radius of Gd3+, Nb5+, B3+ and Na+ are 0.94A0, 0.74 A0, 

0.27 A0, 0.99 A0 and their unit cell dimensions a, b, c, d 

is 1.078 A0, 0.88 A0, 0.41 A0, 1.13 A0 respectively [20, 

21]. This indicates that exchange of Gd3+ and Nb5+ will 

result in drastic changes in unit cell dimensions and 

hence the polarizability of the composite material. 

None of the elements present in BNGN composites are 

found to have human toxicity or environmental 

hazardless. Gadolinium is a ductile rare earth element 

that show excellent ferromagnetic properties. In its 

stable form of occurrence in earth in the form of 

chelated Gadolinium (III) salts, no toxicity has been 

reported and due to its good paramagnetic properties 

chelated organo-metallic Gadolinium (III) complexes 

are used as intravenously administered gadolinium-

based MRI contrast agents in medical magnetic 

resonance imaging [22]. Niobium is a rare, soft, 

malleable and ductile transition metal with 

resemblance to Tantalum in its physical and chemical 

properties. Niobium is generally inert to acids, and 

even to aqua - regia at room temperature. Niobium is 

nontoxic with no cases of human poisoning being 

reported. On exposure to very high concentrations 

of Niobium nitride or Niobium pentoxide, of the order 

of 40mg / m3, it found to cause scarring of lungs in 

laboratory animals. Further, no negative 

environmental effects have been reported for Niobium. 

In the case of other elements involved in the 

composites, like Sodium and Boron, also no toxicity 

or adverse environmental effects have been reported, 

illustrating that novel BNGN nanocomposites are 

environment friendly. 

The motive of this investigation is to synthesize 

nanoparticles of BNG and BNN, and then BNGN 

nanocomposites following a comparatively easy 

sintering method that could offer controlled texture 

growth to a large extent and ascertain uniform particle 

size distribution. We have analyzed the crystal 

structure variations with composition change, and 

identified the threshold composition with phase 

coexistence that offer maximum spontaneous 

polarization. Their structural, dielectric, thermal, 

pyroelectric and piezoelectric properties have been 

investigated and estimated the piezoelectric figures of 

merits to identify the possibility of using these 
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composites as green materials for piezoelectric and 

pyroelectric transducer applications. Hydrothermal 

synthesis is followed to synthesize phase pure BNG 

and BNN nanoceramics, and BNGN nanocomposites 

are synthesized following high temperature sintering. 

Pelletized BNGN nano powders have been obtained 

by mixing pure BNG and BNN in desired weight ratios 

for experimentation. 
 

II. EXPERIMENTAL TECHNIQUES 
 

Procedures followed for the synthesis and processing 

of pure BNG and BNN nanoceramics and different 

BNGN composites are described in detail below, 

followed by various characterization methods and 

measurements conducted on the samples. 

2.1 Synthesis of Nano powders of pure BNG and 

BNN 

Nano powders of Boron Sodium Gadolinate (BNG) 

and Boron Sodium Niobate (BNN) were synthesized 

following conventional hydrothermal route. The 

reagents used for the synthesis were Boric anhydride 

(B2O3, Sigma Aldrich, 99.9% pure) as Boron precursor, 

Sodium hydroxide (NaOH) to provide the alkaline 

reaction media, Gadolinium oxide (Gd2O3, Aldrich, 

99.9% pure) and Niobium oxide (Nb2O5, Aldrich, 

99.9% pure) as the precursors for Gadolinium and 

Niobium respectively. A highly alkaline medium (9M-

12M) was always preferred for hydrothermal synthesis 

since it offered uniform particle size distribution and 

mature formation of the nanoparticles [23]. For the 

synthesis of BNG a powder mixture of Gadolinium 

oxide and Boric anhydride, maintaining a 2:1 ratio 

between B and Gd, was charged to a 12M solution of 

NaOH in double distilled water under magnetic stirring 

and stirred vigorously for 3 hours to obtain a pale-yellow 

solution. The reaction mixture was then transferred to a 

Teflon lined autoclave and treated hydrothermally for 5 

days at 1750C and at an ambient pressure of 1.5 bars. 

BNN nano powders were also synthesized following 

an identical procedure. A ratio 2:1 of Boron to 

Niobium was maintained in the reaction mixture and 

hydrothermal treatment was carried out under the 

same conditions used for BNG. A high initial pH of 

the order of 10 - 12 for the reaction mixture has a 

crucial role in the formation of perovskite 

nanostructures, as a low initial pH generally resulted 

in the formation of metal oxide nanoparticles instead 

of complex perovskite nanoparticles [24]. 

After the reaction time the autoclave was naturally 

cooled inside the furnace and the precipitated 

nanoparticles were collected by centrifugation and 

washed several times by dispersing in double distilled 

water and dried overnight at an ambient temperature 

of 750C. The nano powders of BNN and BNG obtained 

in this way were then calcined at 6000C to remove any 

volatile impurities present. 

2.2 Preparation of BNGN Nanocomposites with 

MPB 

The fine perovskite nano powders of BNN and BNG 

in desired weight ratios were mixed, ground and 

pelletized using Poly Vinyl Alcohol (PVA) used as the 

binder to obtain ceramic ceramic nanocomposites with 

the general formula (1-x) BNaGdO3 – x-BNaNbO3. In 

order to induce Morphotropic phase boundary, x was 

varied from 0 to 1, taking values 0.0, 0.20, 0.25, 0.33, 

0.55, 0.66, 0.75, 0.80 and 1.0, where samples with 

x=0.0 and 1.0 correspond to pure BNG and BNN 

respectively. Thin ceramic pellets of BNGN 

nanoparticles having 9 mm diameter and thickness 

below 0.5mm were prepared and then calcined at 600 
0C. The samples were then subjected to solid state 

sintering at 1000 0C for a duration of 12 hours. 

2.3 Characterization of the samples 

Powder XRD analysis of all the composites were 

conducted using a Bruker D8 Advance X-ray 

diffractometer, using Copper K-α radiation of 

wavelength 1.5406 A0. Powder XRD enables one to 

confirm the nano nature of the composites and to 

identify the crystalline phases in them. The angle 2ϴ 

was varied from 30 to 700 at a step size of 0.10 with 

time per step being 100 seconds. The crystallite sizes 

of the composites were determined using the Debye 

Scherer formula. Crystal density was evaluated from 

XRD using standard formulae and a comparison of 

this density with experimental values were carried out 

to analyze the porosity of the samples. The lattice 

constants (a, b, c) and the unit cell volume 

(V) were evaluated from the XRD data using the 

MAUD program and the results of the calculations 

were used to identify valuable information about the 

variation of the phase with composition and the 

occurrence of MPB, if any. 

The microstructure and surface morphology of the 

composites were recorded using a Scanning electron 

microscope (JEOL 6390 LV). 

2.4 Sample Density Measurements 

As ceramic – ceramic composites have been processed 
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following solid-state sintering, there are strong 

chances for the occurrence of pores in the sample. 

These will be reflected as extraordinary deviations of 

the experimental density from corresponding 

theoretical values. A crucial consequence of porosity 

of ceramics is that it causes deviations from expected 

properties, particularly dielectric and piezoelectric 

properties [25]. We have measured the densities of all 

the samples following Archimedes method, and 

compared them with corresponding theoretical 

densities, obtained from crystallographic data drawn 

from XRD. The relative porosity of various 

composites is also investigated by evaluating the 

percentage porosity using the relation, 
 

 

 

An extreme low porosity, as small as possible, is 

always required for further treatments like electric 

poling and the measurements of thermal, dielectric, 

pyroelectric and piezoelectric properties. 

2.5 Measurement of Thermal Properties 

Thermal properties of BNGN ceramics, thermal 

diffusivity, thermal effusivity, thermal conductivity 

and specific heat capacity, have been determined 

following a photothermal technique, with a 

pyroelectric detector used as the thermal detector [30]. 

In this method intense light from a laser source is 

intensity modulated using a mechanical chopper and 

made to impinge on the surface of the sample under 

measurement. When the sample has high reflectivity, 

an extremely thin coating of fine carbon black may be 

provided on the surface of the sample. The sample 

absorbs a part of the incident energy and undergoes a 

non-radiative de - excitation, resulting in a periodic 

heating of the sample. This causes periodic 

temperature variations in the sample which could be 

directly detected using the sensitive pyroelectric 

transducer to which the sample is attached using a heat 

sinking, electrically resistant Greece. The application 

of heat sinking Greece to attach the pyroelectric 

detector to the sample has two advantages: the 

compound supports heat transfer from the sample to 

the detector fluently, and it suppresses the transfer of 

any pyroelectrically or piezoelectrically induced 

voltage to the detector and the backing medium, 

reducing possibility for any experimental errors. A 120 

mW He-Cd laser with wavelength 442nm was used as 

the heating light source. A Nickel- Chromium alloy 

coated PVDF film was used as the pyroelectric 

detector. Due to the high electrical resistance, but high 

thermal conductivity of Nickel-Chromium alloys the 

thermal waves propagating from the sample will be 

coupled to the detector, whereas the unwanted noise emf 

originating from vibration and thermal agitation will be 

omitted. These make the PPE experimental set up a 

versatile one, particularly for piezoelectric and 

pyroelectric materials used in this work. 

The sample-detector assembly was mounted on a 

thermally thick backing. The modulation frequency of 

light was kept above 60 Hz to ensure that the detector, 

the sample and the backing were thermally thick 

during measurements. The output signals as amplitude 

and phase were recorded with a dual-phase lock-in 

amplifier (Make: Stanford Research Systems, Model: 

SR830). Measurement of amplitude and phase of the 

output signal enabled us to determine the thermal 

diffusivity (α) and thermal effusivity (e), from which 

the thermal conductivity (k) and specific heat capacity 

(C) of the samples could be obtained. 
 

III. RESULTS 
 

Results of investigations, regarding the change in 

crystal structure induced by change of composition 

leading to MPB, and the outcome of measurement of 

various properties are presented and discussed in this 

session. Generally, in the case of composite materials 

the dielectric, pyroelectric, piezoelectric and thermal 

properties follow a mean field approximation or the so 

called effective medium theory. It is possible to predict 

and calculate the properties of various composites 

using the relevant equations following effective 

medium theory which is somewhat similar to 

determination of mass number of elements with 

isotopes as the weighted average of mass of various 

isotopes in terms of their relative abundance. For 

instance, the equations to evaluate the specific heat 

capacity, according to effective medium theory, is 

given below [31, 32]. 
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Ceff = ϕfCf + (1- ϕf) Cm --------------(2) 

 

where ϕ and C represent the volume fraction and 

specific heat capacity and the subscripts, m, f, eff 

respectively represent the relevant parameters of the 

matrix, filler and composite respectively. The 

assumptions and approximations of the effective 

medium theory are well documented in the cited 

references. 

In spite of the above predictions of the effective 

medium theory, the results on BNGN nanocomposites 

do not follow these with regard to their properties and 

there are some other effects that influence their 

properties. These are also presented and discussed in 

this session. 

3.1 Bulk density of samples and porosity 

As these ceramic-ceramic composites are processed 

following solid-state sintering, there is strong chance 

for the occurrence of pores in the sample which will be 

immediately reflected as extraordinary deviation of 

the experimental density from the theoretical values. 

A very crucial consequence of porosity of the ceramics 

is that it causes severe changes to their properties, 

particularly the dielectric and piezoelectric properties 

[33]. So, it is inevitable that density measurements are 

conducted and a good agreement between theoretical 

density, evaluated using effective medium theory, and 

experimental density, obtained from Archimedes 

method are in good agreement. 

Figure 1 shows the variations of theoretical and 

experimental densities of various BNGN 

compositions. The theoretical densities of the 

composites are determined using the rule of mixtures 

as, 

ρeff = ϕf ρf + (1- ϕf) ρm---------------------(3) 

 

where ρ is the density. The densities of phase pure 

BNG and BNN, evaluated from XRD data, are found 

to be 3.352 g/cc and 4.003g/cc respectively. Using 

these values of density, the mass densities of the 

composites are determined using Equation (3). The 

densities of various BNGN ceramics are also 

determined following Archimedes method, which is 

reported as the experimental density. As can be seen 

in Figure 1 the theoretical and experimental densities 

are in good agreement. 

 
Fig. 1: Variations of mass density (theoretical and 

experimental) with concentration of BNN 

in BNGN ceramics 

 

 
Fig. 2: Variation of porosity with concentration of 

BNN in BNGN ceramics 

 

The porosity of BNGN nanocomposites, evaluated 

from the corresponding densities, are found to be less 

than 1%, as is evident from Figure 2. Thus, we infer 

that the composites have achieved density as per their 

original requirement and the porosities in the samples 

are very small to cause any change of properties. 

3.2 Structure and Morphology 

Figure 3 shows the Powder XRD spectrum of (1-x) 

B0.5Na0.5GdO3 

- x- B0.5Na0.5NbO3 composites with increasing 

concentration of BNN composition (labelled in the 

inset as x), so that x=0 and 1 respectively represent the 

spectra of pure BNG and BNN. The JCPDS matching 

of pure BNG and BNN have been performed and the 

labelling of peaks in terms of Miller indices have been 
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done. The crystallite size of the composites is 

evaluated from the XRD peaks using Debye Scherrer 

formula and are found to be around 68.21nm, 

48.65nm, 61.76 nm, 37.02 nm, 28.94nm, 47.58nm, 

55.52nm, 49.98nm and 64.87nm 

respectively for the compositions with x=0, 0.20, 0.25, 

0.33, 0.55, 0.66, 0.75, 0.80 and 1.00. This confirms 

that the composites formed are nano ceramics, and 

further it can be noticed that the crystallite sizes of all 

the composites, on an average, are less than that of 

pure BNN and BNG ceramics. This indicates that 

BNN and BNG with perovskite structure and general 

formulae B0.5Na0.5NbO3 and B0.5Na0.5GdO3 

respectively are diffused in to each other to form 

composite perovskite structures with general formula 

(1-x) B0.5Na0.5GdO3 - x- B0.5Na0.5NbO3. 

 

 

Fig. 3: Powder XRD patterns of hydrothermally synthesized BNGN (1-x) B0.5Na0.5GdO3- x 

B0.5Na0.5NbO3 with x=0 (pure BNG), 0.20, 0.25, 0.33, 0.55, 0.66, 0.75, 0.80 and 1.00 (pure BNN), all sintered 

at 10000C for 12 hours. 
 

All BNGN compositions exhibit perovskite structure 

with no secondary phase formation being observed. 

Pure BNG nanoceramics (JCPDS 431014) crystallizes 

in rhombohedral structure with lattice constants a= 

10.742 A0
, b=10.742 A0 and c=10.751 A0 as obtained 

from analysis using MAUD program. Whereas pure 

nanoceramics of BNN is identified to have a 

monoclinic structure with 2m space group (JCPDS 

331207) and the lattice parameters from MAUD 

program are found to be a=8.563 A0 b=10.754 A0 and 

c=13.561 A0. The XRD analysis reveals that the 

BNGN composites show a transition from 

rhombohedral to monoclinic lattice structure with 

increasing concentration of BNN. The rhombohedral 

structure of BNGN composites is characterized by a 

single sharp (222) peak at 2ϴ = 28.8040 and 

another (440) peak at 2ϴ = 47.7510, whereas the 

Monoclinic structure is characterized by (111) and 

(400) peak splitting between 2ϴ of 32.520 and 33.340 

and a (200) and (440) peak splitting between 2ϴ 

values of 46.420 and 47.750. The former one begins to 

sharpen and the latter one is considerable in the case 

of composition with x=0.55. It can also be seen from 

the figure that the (222) peak and the (400) peak shift 

towards the higher angle range as the concentration 

of BNN is increased. The peak splitting of 

(111) / (400) peak and (200) / (440) peak indicate the 

coexistence of rhombohedral and monoclinic phases 

in the composites implying the existence of a 

morphotropic phase boundary in these composites 

[34]. 

Results supporting the above analysis of XRD 

measurements are obtained from microstructural 

analysis by SEM. Figure 4 shows the SEM 
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micrographs of phase pure BNG (Fig. 4(a)), BNN 

(Fig.4(i)) and BNGN composites with x = 0.20, 

0.25, 0.33, 0.55, 0.66, 0.75, 0.80 respectively from 

Fig. 4(b) to Fig.  4(h), all sintered at 10000C for 12 

hours. Figures in the inset represent the images with 

ten times higher resolution. From the images 4(a) and 

4(i) it can be seen that pure BNG particles possess 

nearly hexagonal morphology where as that of BNN is 

almost cubic. Further, BNG and BNN particles show 

only single phases whereas two distinct phases of 

varying extent of growth can readily be seen in all 

composite BNGN particles. These are being further 

shown in the enlarged insets in Fig. 4(a) to 4(i) and are 

further confirmed from EDS analysis. EDS analysis 

reveal that the light grey phase is perovskite 

B0.5Na0.5NbO3 whereas the pale silver white phase 

corresponds to B0.5Na0.5GdO3 perovskite structure. 

The miscibility of the two major phases can distinctly 

be seen from composition with x=0.25 (Fig. 4(c)) 

onwards. From this composition onwards it can also 

be seen that a massive needle like structure starts 

growing that become vivid in composition with 

x=0.33 (Fig. 4(d)). The needle structure become the 

prominent phase in Fig. 4 (e) and 4(f) where they have 

diameters of the order of a few hundreds of 

nanometers and length extending up to a few 

micrometers. The needle structure persists to the 

composition with x=0.8 (Fig 4(h)) and even in pure 

BNN, though not absolutely vivid. This further 

confirms that the compositions involve the 

coexistence of rhombohedral and monoclinic phases 

in varying extents and this coexistence is at its 

maximum for the composition with x=0.55, indicating 

the existence of a morphotropic phase boundary at this 

composition [35]. 

 

 

Fig. 4. SEM images of hydrothermally synthesized BNGN nanoceramics (1-x) B0.5Na0.5GdO3- x 

B0.5Na0.5NbO3 with x=0 (pure BNG), 0.20, 0.25, 0.33, 0.50, 0.66, 0.75, 0.80 and 1.00 (pure BNN), all sintered 

at 10000C for a duration of 12 hours. Images with ten times higher resolution are shown in the inset. 

 

3.3 Thermal Properties 

The thermal diffusivity, thermal effusivity, specific 

heat capacity and thermal conductivity of all the 

BNGN composites were determined using the 

indigenously built photo pyroelectric experimental set 

up.  The PPE amplitude and phase of the samples 

enable a direct determination of thermal diffusivity 

and thermal effusivity. The variation of PPE amplitude 

and phase of various BNGN nanocomposites were 

recorded using a dual phase lock-in amplifier as a 

function of modulating frequency. The variations of 

PPE amplitude and phase of pure BNG, BNN and some 

of the representative BNGN composites are shown in 

Figures 5 and 6 respectively. Similar variations have 
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been obtained for PPE amplitude and phase for other 

BNGN composites. 

 
Fig. 5: Frequency dependence of photopyroelectric 

amplitudes with modulation frequency at room 

temperature for the Samples shown in the inset. 

 

While conducting measurement of thermal parameters 

of solids that have piezoelectric and /or pyroelectric 

properties following photopyroelectric method, there 

is a chance for enhancement of the PPE amplitude 

signal due to piezoelectric or pyroelectric or both the 

effects [37]. This problem arises from the piezoelectric 

properties of the pyroelectric detector as well, which 

causes an additional signal arising from the pressure 

that the samples insert on the pyroelectric detector. 

Since the all the BNGN composites are found to be 

strongly pyroelectric and the PVDF detector is found 

to have considerable piezoelectric response there is a 

chance for large noise generation upon the pyroelectric 

voltage signal due to piezoelectric contribution of the 

detector and pyroelectric contribution of the samples. 

Under such a circumstance the linear relationship 

between frequency and PPE amplitude and phase in 

the thermally thick region of the samples will be lost. 

In the experimental set up this problem is overcome by 

using a nickel chromium alloy coated PVDF film as 

the detector which offer high electrical resistance at 

the surface of the detector to which the sample is 

attached. The sample is attached to the detector using 

a non–electrically conducting coating of a heat sinking 

grease. This coupling fluid layer of Silicone grease 

guarantee thermal coupling between the sample and 

detector, at the same time prevent any voltage 

developed at the sample due to pyroelectric properties 

of the sample to reach the detector. Further, the fluid 

nature of grease makes the mechanical coupling small 

enough to prevent the thermal strain induced in the 

sample by the thermal wave being transmitted to the 

detector and hence a purely pyroelectric voltage is 

recorded. However, when the grease freezes at low 

temperature it become very stiff and transmit the 

thermal strain to the detector causing noise generation. 

All the measurements in this work are performed at 

room temperature only. It may be mentioned that at 

temperature lower than about 230K, grease solidifies 

and accurate determination of thermal parameters 

require further modification for the experimental 

setup. 

Fig. 6: Frequency dependence of photopyroelectric 

phases with modulation frequency at room 

temperature for the Samples shown in the inset. 

 

 
Fig. 7: Variations of thermal diffusivity, thermal 

effusivity, thermal conductivity and specific heat 

capacity for BNGN samples with fractional 

composition of BNN (x) 

 

The thermal diffusivity, thermal effusivity, thermal 

conductivity and specific heat capacity of all the 
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samples have been determined from the PPE 

amplitude and phase [34]. The variations of all these 

with percentage composition of BNN are shown in 

Figure 7. It can be noted that thermal diffusivity and 

effusivity shows a steep raise from x = 0.33 to x=0.55, 

the MPB composition and fall thereafter. The thermal 

conductivity and specific heat capacity also follow a 

similar trend though the values do not show a steep 

variation closer to MPB, instead the composition 

closer to MPB on both sides also have values of 

conductivity and specific heat capacity comparable to 

that of the MPB composition. It can also be noticed 

from Figure 5.15 that phase pure BNG and BNN have 

thermal properties that are comparable and composites 

with very low composition of either BNG or BNN 

have values of thermal properties that more or less 

follow a mean field approximation. However, the 

thermal properties show a quite extraordinary 

behavior once the composition is closer to MPB. 

 

IV. DISCUSSION OF RESULTS 

 

It is seen that in BNGN ceramics the theoretical 

densities, evaluated following the mean field 

approximation, and experimental densities, 

determined following Archimedes method, are in good 

agreement. This indicate that the ceramics are non-

porous and the porosity has no effect on the control of 

mechanical, dielectric, pyroelectric or piezoelectric 

properties. There are a number of factors that affect the 

porosity of a ceramic material. This includes presence 

of pore forming agents, mechanical properties, 

miscibility of constituents, sintering temperatures, 

ceramic additives, metallic additives and coatings etc. 

In the case of BNGN composites the constituents are 

highly miscible and the only factor that has a 

determining role in the porosity of samples is the 

sintering temperature. Since sintering was carried out 

at 10000C for a considerably longer duration, no 

porosity is expected in the composites. This is further 

confirmed by evaluating the percentage porosity using 

the relation (1). The percentage porosity of all the 

composites is less than 1%, as is evident from Figure 

2. 

In order to confirm the existence of rhombohedral to 

monoclinic MPB in BNGN composites, as evident 

from PXRD analysis, the lattice parameters of all the 

composites are evaluated using MAUD program and 

indices corresponding to monoclinic and 

rhombohedral structures have been evaluated. The 

values of lattice parameters of the compositions are 

tabulated in Table 1, along with the variation of lattice 

parameters with BNN content in the composites. This 

variation of lattice parameters with percentage 

concentration of BNN is plotted in Figure 8. As is 

evident from the Table and the Figure the lattice 

constants for compositions with x up to 0.2 correspond 

to rhombohedral structure whereas the lattice starts to 

deviate from rhombohedral structure for compositions 

with x > 0.33. 
 

 
Fig. 8: Variation of lattice parameters with 

percentage concentration of BNN 

 

The lattice parameters have a trend to retain monoclinic 

structure for all compositions above x=0.33, including 

phase pure BNN. However, the monoclinic structure 

parameter c/a is found to be maximum in the case of 

composition with x=0.55 where the rhombohedral 

structure factor b/a is 1.091, which deviates from 1 

drastically for all compositions below and above this. 

This further confirms the coexistence of rhombohedral 

and monoclinic phases in the composition with x=0.55 

and hence account for the MPB structure. It is also 

noticed that the unit cell volume falls considerably 

towards the MPB structure with the composition 

holding MPB structure having minimum unit cell 

volume. It is anticipated that the occurrence of 

monoclinic and rhombohedral phases together in this 

composition make it susceptible to large orientation 

polarization resulting in the enhancement of polarization 

dependent electrical properties, suggesting it as 

promising material for transducer applications [35]. 

For compositions with x up to 0.25 the rhombohedral 
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strain constant shows perfect matching and is 

evidently equal to 1. However, as the composition 

parameter x exceed 0.25 there occures a gradual 

deviation from rhombohedral geometry as the 

rhombohedral strain constant (b/a) increases above 1, 

indicating the development of lattice parameters b and 

c different from a. A corresponding increase in the 

monoclinic strain parameters c/b and c/a are also 

evident, which correspond to the deviation from 

rhombohedral geometry, with the monoclinic strain 

factor found to peak to a threshold high value at 

composition with x = 0.55, where c appears to have an 

increase of 300% compared to the composition with x = 

0 or pure BNN. In the case of compositions with x < 

0.55 the strain constants b/a, c/a and c/b are more or 

less equal to 1, indicating a rhombohedral phase with 

slight deviation corresponding to an increase in 

concentration of BNN. This deviation is maximum in 

the case of composition with x = 0.55, where the phase 

is predominantly monoclinic with a standard 

monoclinic unit cell. For concentration above x = 0.55, 

the monoclinic phase is retained, but the unit cell 

changes from standard monoclinic unit cell to tilted 

oblique rhombic prism unit cell of the monoclinic 

phase. Thus, clearly the composition with x = 0.55 

correspond to the phase of coexistence of rhombohedral 

and monoclinic phases. 

 

Table 1: Lattice parameters of BNGN composites for different concentrations of BNN 

 

         X                                                                             Lattice Parameters 

 

(%) a (A0) b (A0) c (A0) V (A0 3) b/a c/b c/a 

0 10.742±0.008 10.742±0.007 10.751±0.005 1240.56 1.000 1.001 1.001 

20 10.642±0.005 10.642±0.005 10.947±0.024 1239.75 1.000 1.029 1.029 

25 9.549±0.004 9.632±0.024 12.552±0.014 1154.48 1.009 1.303 1.314 

33 6.565±0.022 7.643±0.021 15.623±0.022 783.904 1.164 2.044 2.38 

55 5.942±0.006 6.483±0.022 18.628±0.017 717.588 1.091 2.873 3.135 

66 6.549±0.011 7.253±0.022 16.331±0.022 775.721 1.108 2.252 2.494 

75 7.549±0.006 8.642±0.025 16.622±0.012 1084.39 1.145 1.923 2.202 

80 8.543±0.024 9.642±0.016 15.541±0.007 1280.14 1.129 1.612 1.819 

100 7.563±0.022 8.754±0.011 18.862±0.012 1248.79 1.158 2.155 2.494 

 

The phase coexistence has a number of consequences 

and resultant impacts on the spontaneous polarization 

and thermal properties of the crystal. In pure 

rhombohedral phase there are eight ferroelectric 

domains and there are five ferroelectric domains in 

pure monoclinic phase [38, 39]. In the case of 

composition with MPB, however, there occur a sharp 

increase in the number of polarizable ferroelectric 

domains from a maximum of eight or five to 13, with 

a large number of these 13 ferroelectric domains being 

easily polarizable. It is found that in monoclinic phase 

the polarization vector has rotational symmetry [40, 

41] in a symmetry plane, allowing it to have 

unrestricted rotation of polarization vector in an 

applied external electric field. This rotation of 

polarization vector in monoclinic phase is 

theoretically predicted by Fu, Cohen and Bellaiche [42 

- 45] and is experimentally confirmed by B Noheda et 

al [46]. This freedom of rotation of monoclinic phase 

can largely contribute to the spontaneous polarization 

of the crystal. 

The thermal properties such as thermal diffusivity, 

effusivity, specific heat capacity and thermal 

conductivity depend mainly on lattice vibrations in the 

solid. More precisely, lattice vibrations (phonons) 

are responsible for the characteristic properties of 

solids such as thermal properties, electrical 

conductivity, optical and dielectric properties, 

diffusion mechanism, phase changes etc. In the case of 

nanostructures, the interaction of phonons and hence 

thermal properties are critically controlled by 

dimensional confinement of phonon modes, similar to 

confinement of electrons in a quantum well. The 

dimensional confinement of phonons results in 

restrictions in phase space for phonon wave vectors, 

due to which carrier-phonon interactions in 

nanostructures are modified by phonon confinement. 

The specific heat capacity of a solid is given by, 
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Cv = 
∂E

∂T
--------------------------------------------(4) 

 

where E is the average internal energy of the solid. 

Both lattice vibrations and thermal motion of electrons 

contribute to specific heat capacity, with the electronic 

specific heat being negligible at room temperature. 

Under such an assumption the equipartition theorem 

predicts the specific heat capacity of a solid to be 

constant, given by the Dulong-Petit law as, 
 

Cv = 3NKB---------------------------------------------------------------------(5) 
 

However, at low temperatures the specific heat 

capacity decreases with temperature. Thermal 

conductivity is a measure of the ease of flow of heat in 

a solid. In metals heat conduction is via electrons 

whereas it is entirely via phonons in insulators. The 

thermal conductivity is given by, 
 

K = 
1

3
 CVfl --------------------------------------(6) 

 

Where, 𝐶𝑉 is the specific heat, f is the phonon velocity 

and l are the men free path, with f and l being average 

quantities over all occupied modes and Brillouin 

zones. 

While analyzing thermal properties of BNGN 

composites, we notice that these increase with 

concentration of BNN and found to be maximum for 

the composition with MPB (x = 0.55), after which it 

falls. It is also confirmed that the monoclinic distortion 

is maximum in the case of composition with MPB 

where the crystal itself is assumed to be under internal 

distortion. It has been observed that lattice distortion 

results in a decrease in phonon-phonon and phonon-

defect collision rates, resulting in an increase in 

phonon mean free path [47]. Evidently in view of 

equation (5.14) the thermal conductivity of the BNGN 

composites then increases with crystal distortion, 

whereas at the same time an increase of specific heat 

capacity with distortion is due to larger contribution of 

phonon modes due to their softening [48]. The thermal 

diffusivity (D) and effusivity (e) are related to the 

conductivity through the following equations [49], 
 

D = 
K

ρC
  -------------------------------------------(7) 

and,  

e = √KCρ ----------------------------------------(8) 
 

where ρ is the crystal density and c are the specific heat 

capacity. In view of the above two equations, it is clear 

that an increase in K results in a proportionate increase 

in diffusivity and effectivity. 

V. CONCLUSIONS 

 

We arrive at the following conclusions from the work 

presented in this paper: 

1) Novel, environment-friendly perovskite 

nanoceramics of Boron Sodium Gadolinate 

(B0.5Na0.5GdO3) and Boron Sodium Niobate 

(B0.5Na0.5NbO3) are successfully synthesized 

following a comparatively cost-effective 

method. 

2) A morphotropic phase boundary is induced by 

synthesizing solid solutions of BNGN 

nanoceramics, with general formula (1-x) 

B0.5Na0.5GdO3 – xB0.5Na0.5NbO3, for a 

value of x = 0.55. 

3) The phase constituents, microstructures, 

dielectric and piezoelectric properties of the 

composites are determined and reported. 

4) For the composition with MPB, there occur the 

coexistence of rhombohedral and monoclinic 

phases. This MPB is characterized by an 

extraordinary rise in the c/a lattice parameter 

ratio of the crystal and a needle like structure 

formation. 

5) The thermal properties of all the BNGN 

nanocomposites are reported and discussed. 
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