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Some borate based systems doped with sodium, zinc and lead are chosen to study gamma ray 

mass attenuation properties. Different parameters like mass attenuation, half value layer and 

mean free path have been analyzed at different photon energies. The values of molar volume 

have been estimated from density values to get idea regarding the compactness of the network 

structure. XCOM computer software has been employed to estimate mass attenuation 

coefficient at various energies. Further the values of HVL for the studied systems are compared 

with standard radiation shielding materials like concrete. 

Keywords: Glasses, Density, Shielding, Mean free path, Half value layer 

PACS:. 81.05.Kf, 65.40.De, 28.41.Qb, 72.15.Lh, 87.57.Q- 

 

1. Introduction  

  

 Now days, the use of nuclear energy and radiation is necessary in modern society such 

as nuclear power plants and radiotherapy. Handling radiation sources with safe is essential. 

The knowledge of gamma-ray interaction parameters such as mass attenuation coefficient, 

effective atomic number, electron density, total interaction cross-section, half value layer, 

mean free path, etc. is very important in the designing of radiation shielding materials.[1] 

 It is worth mentioning that, radioactive sources are hazard to environment and the 

intensity of radioactive materials varies in proportionality to the factors like time, distance and 

nature of shielding material. The glasses containing heavy metals are the promising candidates 

in the field of radiation shielding materials. Samir et.al [2] have studied experimentally the 

attenuation properties of lead zinc borate glasses at energies at 662 KeV, 1173 KeV, 1332 KeV 

and 2641 KeV by using Co-60. In his findings the authors have concluded that addition of 

heavy metal like PbO helps in improving the shielding properties of the glasses. Generally 

borate (B2O3) and silicates (SiO2) are used as the glass formers. SiO2 window glass silica finds 

many applications and is also used as reflector in electrical appliances.[3] These borate and 

silicate glasses when doped with heavy metals find applications in radiation shielding 

materials.[4-5] 

 V.P.Singh et. al [6] have studied the systems lead bismuth borate, lead borate and 

bismuth borate for gamma ray exposure build up factors. Again improved shielding properties 

of these materials were concluded by the authors H.Singh et al [7] in the study of radiation 

http://etn.siats.co.uk/
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shielding properties of lead borate and zinc glasses. Further it was   concluded by many authors 

that   increasing the content of PbO in glasses improve its hardness. It was observed by many 

authors [7] that the glasses containing heavy-metal oxide like barium, lead and bismuth can be 

used as alternate to conventional shielding materials due to their high effective atomic number 

and strong absorption coefficient. [8] However one of the most important type of radiation for 

which shielding is needed in a nuclear reactor are initially neutron and gamma-ray coming-out 

from the core and then gamma-ray produced by neutron interaction with the material external 

to the reactor core [9-10].Therefore any type of material can be used for radiation shielding 

once it has capability to absorb the incident radiation to a certain level. In the area shielding 

material and propose same research works with different glass as new shielding material [11]. 

 In the light of above discussion the author in the present paper has shown interest in the 

borate glass system containing oxides of boron, zinc and lead. The density and molar volume 

values were used to get the idea regarding rigidity of the network structure. Mass attenuation 

coefficient of the glass systems have been studied in the energy range from 1KeV to 100 GeV. 

Further the values of mean free path and half value layer are estimated and analyzed. 

 

2. Computational Technique 

 

(I) Linear attenuation coefficients 

 

The mass attenuation coefficients of the selected heavy metal oxide glasses were 

calculated using the formula as given below  

 

𝜇𝑚 = ∑ 𝑤
𝑖(
𝜇
𝜌⁄ )

𝑛
𝑖                      (1) 

Where wi is the weight and  is the mass attenuation coefficient of the sample. The  values 

can be taken from XCOM program or user-friendly Win Xcom software. The linear attenuation 

coefficient (in cm−1) is multiplication of  value and density of the glass. 

 

(II) Mean Free Path and Half Value Layer 

 

The mean free path (MFP) is reciprocal of linear attenuation coefficient. Mean free path 

(MFP) and half valve layer (HVL) can be found using the following relations 

 

MFP () =1/                       (2) 

  

HVL = 0.693/                       (3)                                                                      

The molar volume Vg was evaluated using the relation 

 

Vg=M/                                                                                                 (4) 

Here  is the density and M is the molar mass  

The Computational Technique has proven to be one of the most accurate methods for the 

computation of the electronic structure of solids [12-15]. 

 

3. Results and discussion  

 

The chemical composition, molar volume and density of samples S1, S2 and S3 have 

been taken from literature [2,16-17] are listed  in the Table 1.  The density increases with 

increase in heavy metal in the glass system. The density values are helpful in estimating the 

molar volume of glass samples given in Table 1.The molar volume, which gives idea as the 
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volume occupied by unit mass of the samples. And hence it can be used as a parameter to 

identify nature of compactness or openness of the glass structure [2].  

 

 
Table 1: Chemical composition, density (), molar volume (Vm) 

 

 

It is evident from Table 1 that a composition 20Na2O10ZnO70B2O3 corresponds to the 

maximum open structure. At low mole fractions the role of metal oxide is of network modifier 

and at higher mole fractions the role changes to network former. [10,11] Further mass 

attenuation coefficients are given in table 2. 

A large attenuation coefficient means that the beam is quickly "attenuated" as it passes 

through the medium, and a small attenuation coefficient means that the medium is relatively 

transparent to the beam. The theoretical value of the mass attenuation has been calculated using 

WinXcom program and given in table 2.  

 

 
Table 2: Mass attenuation coefficients  of glass sample 

 

 

The concepts of half-value layers (HVL) are the simplest methods for determining the 

effectiveness of the shielding materials. One half-value layer is defined as the amount of 

shielding material required to reduce the radiation intensity to one-half of the unshielded value.  

The figure 2; show the comparison of HVL value of ordinary concrete (composition 

listed in table 3) and glass sample S3. 

 
 Table 3 Chemical compositions of concretes 

 

oncrete 

Weight Fraction 

Density 

(gcm-3) 

H B C O Na Mg Al Si S K Ca Cr Fe Ba 

Sample 

Name 
PbO Na2O ZnO B2O3 

Density 

(gcm-3) 

Molar Volume 

(cm3mol-1) 
Reference 

S1 0 20 10 70 2.53 28.77 [2] 

S2 10 20 0 70 2.9 27.33 [16] 

S3 20 0 10 70 3.67 23.78 [17] 

 Mass Attenuation Coefficient (cm2/g) 

Sampl
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Figure 1:  Plot of HVL for various samples as a function of photon energy. 
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Figure 2 Plot of HVL  for sample S3 and ordinary concrete as a function of photon energy. 

 

The values of mean free path are listed in table 4 for the studied samples. 

 
Table 4 : Theoretical result of mean free path  

 

 
 Mean Free Path 

Energy S1 S2 S3 

1.00E-03 
0.00013 

 

9.32E-05 
 

6.57E-05 
 

1.00E-02 
0.014295 

 

0.00929 
 

0.003849 
 

1.00E-01 
2.143476 

 

0.231118 
 

0.114632 
 

1.00E+00 
6.385411 

 

5.357793 
 

4.14733 
 

1.00E+01 
18.54795 

 

12.52097 
 

8.292135 
 

1.00E+02 
19.75297 

 

9.591866 
 

5.484693 
 

1.00E+03 
16.57262 

 

7.905263 
 

4.490434 
 

1.00E+04 
15.87377 

 

7.595321 
 

4.317534 
 

1.00E+05 15.7598 7.547113 4.291693 

H
V

L
 (

cm
)

Energy (MeV)

Ordinary
Concrete

S3
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5. Conclusion  

 

It can be concluded from the result that in all the studied glass systems S3 has minimum 

HVL value and low mean free path. In light of this analysis shown that the glass S3 is suitable 

for radiation shielding because of high mass attenuation and low HVL value. 

 

References  

[1] C Bootjomchai, J. Laopaiboon, C.Yenchai, R.Laopaiboon.  Radiation Physics and 

Chemistry 81(7) (2012) 785. 

[2] AN. Kannappan, S. Thirumaran, R. Palani, ARPN Journal of Engineering and Applied 

Sciences 4(1) (2009) 27. 

[3] N. A.A.Al-Tememee, K.J. Al-Ani Salwan, Y.S. Al-M. Dhefaf, Int. J. Nanoelectronics 

and Materials 6 (2013) 9. 

[4]  A. L. Conner, H. F. Atwater, E. H. Plassmann, J. H. McCrary, Physical Review A, 1, 

(1970), 539. 

[5]  E.R Atta, Kh.M Zakaria, A.M Madbouly, International Journal of Recent Scientific 

Research, 6(5) (2015) 4263. 

 

[6]  V.P Singh, N.M.Badiger, J.Kaewkhao, Journal of Non-Crystalline Solids, 404 

(2014)167. 

[7]  H. Singh, K. Singh, L. Gerward, K.Singh, H. S. Sahota and R. Nathuram, Nuclear 

Instruments and Methods in Physics  Research B 207 (2003) 257. 

[8]  N. Singh, K. J. Singh, K. Singh and H. Singh, Nuclear Instruments and Methods in 

Physics Research Section B: Beam Interactions with Materials and Atoms 225(3) 

(2004) 305. 

[9]  A.Khanna, S.S.Bhatti, K.J.Singh, K.S.Thind, Nuclear Instruments and Methods in 

Physics Research Section B: Beam Interactions with Materials and Atoms 114(3) 

(1996) 217. 

[10]  N.S.Hussain, M.A.Lopes and J.D. Santos, Materials Chemistry and Physics 88(1) 2004 

5. 

[11]  A.G.Mostafa, H.A Saudi, M.Y. Hassan, S.M Salem, S.S Mohammad, American Journal 

of Modern Physics 4(4) (2015)149. 

[12]  A.H. Reshak, O.V. Parasyuk, A.O. Fedorchuk, H. Kamarudin, S. Auluck and J. Chysky, 

J. Phys. Chem. B, 117(48) (2013) 15220. 

[13]  A.H. Reshak, Xuean Chen, S. Auluck, H. Kamarudin, Jan Chysky, A. Wojciechowski 

and I.V. Kityk, J. Phys. Chem. B, 117(45) (2013) 14141. 

[14] A.H. Reshak, H. Kamarudin, I.V. Kityk and S. Auluck, J. Phys. Chem. B, 116(45) 

(2012) 13338. 

[15] A.H. Reshak, H. Kamarudin and S. Auluck, J. Phys. Chem. B, 116(15) (2012) 4677. 

 [16]  P.Limkitjaroenporn, W. Chewpraditkul, J. Kaewkhao, S.Tusharoen, Energy Research 

Journal  2(1), (2011) 29. 

[17] S.Y El-Kameesy,S.A El-Ghany, M.A.E-H.Azooz,Y.A.A.El-Gammam, World Journal 

of condensed matter Physics, 3 (2013) 198.   

 

 

© 2017 The Authors. Published by SIATS (http://etn.siats.co.uk/). This article is an open access 

article distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/4.0/).   

http://etn.siats.co.uk/
http://creativecommons.org/licenses/by/4.0/


Exp. Theo. NANOTECHNOLOGY 3 (2017) 129 – 136 

                                                                                                                              

 

Experimental and Theoretical 

NANOTECHNOLOGY 
http://etn.siats.co.uk/ 

 

 

Modelling of Silicon Based Electrostatic Energy Harvester 

for Cardiac Implants 
 

Suhaib Ahmed1,* , Sakshi Koul2, Vipan Kakkar3  
 

1,3Department of Electronics and Communication Engineering, Shri Mata Vaishno Devi University, 

Katra, J&K - 182 320, India. 

 2 Department of Electronics and Communication Engineering, National Institute of Technology, 

Srinagar, Hazratbal, J&K – 190 006, India. 

*) E-mail: sabatt@outlook.com 

 

Received 19 march. 2016; Revised 22 march 2016; Accepted 1 May 2017 
 

 

The concept of Energy Harvesting using the ability of heart to develop an acceptable amount 

of power for its natural operation (up to 10W) could address the power source requirements of 

leadless pacemakers. This paper presents a new structural geometry of Silicon based 

Electrostatic Energy Harvester which uses angled electrodes unlike the traditional harvesters 

for these pacemakers. It is observed that this topology provides a greater change of capacitance 

with respect to displacement compared to conventional topologies as it combines both In-Plane 

Gap and In-Plane Area Overlap capacitances. This harvester can thus be used as an alternate to 

the conventional battery sources used and act as a constant voltage source for various 

components of the pacemaker. 

Keywords: Energy harvesting, biomechanics, electrostatic, electrode, pacemaker 

PACS: 84.32.Tt, 87.80.-y, 87.85.G-, 87.85.Qr, 87.85.Tu  

 

 

1. Introduction  

 

 The output mechanical energy of the heart is in the order of ~1W. As the overall 

efficiency of the heart is about 20- 25%, this corresponds to an overall energy consumption of 

several Watts [1]. Therefore, it might be possible to scavenge tens of microwatts from the 

heartbeat by an energy harvester without affecting the natural functioning of the heart [2]. 

Hence, the goal of achieving self-powered electronic devices or battery less devices has gained 

attention and a lot of efforts have been initiated in this field. Energy harvesting is thus available 

as an option in powering of large number of devices and systems including the medical 

implants. Pacemaker is one such active implant device that needs continuous supply of power 

because the heart has to generate pulses all the time. Furthermore, knowing the fact that a 

significant amount of energy is produced in the human body, it motivates the development of 

an element or system that could extract a part of it. This generated energy is available at various 

locations in the body and can take different forms such as dissipated heat, inertia, muscle 

contraction, joint movement, heel strike, etc. 

http://etn.siats.co.uk/
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Vibrations are an effective source of energy present in the human body and we can use 

these vibrations for harvesting energy by converting the vibrations to electrical power. This 

idea of harvesting electrical energy from the body vibrations such as heartbeats, is gaining 

commendable interdisciplinary research interest. An analysis and comparison of three different 

types of vibration energy harvesting techniques: Electrostatic; Piezoelectric and, 

Electromagnetic Energy Harvesting for pacemakers has been presented in [3]. It can be 

concluded from the survey that Electrostatic based Transduction method of energy harvesting 

is most suitable for cardiac implants. The advantage of this technique is that it can be easily 

realizable as MEMS. Moreover, the output levels obtained satisfy the power requirements. One 

such research has been presented in [4] wherein a capacitance detection based biosensor has 

been proposed which is Electrostatic in nature. The most essential feature of implants is that 

they should have small size that can be satisfied by using Electrostatic Transducer structure. 

 

 

2. Standard Topologies of Electrostatic Transduction 

 

The electrostatic transduction mechanism uses a variable capacitor whose capacitance 

is changed as a function of the mechanical displacement denoted by 𝑥. In order to achieve 

maximum amount of harvested energy, the capacitance variation with respect to displacement 

needs to be as large as possible. There are various topologies for the MEMS electrostatic 

devices that differ in actuation direction. These standard topologies of the electrostatic 

transducers [5-7] and their capacitances are discussed below: 

 

2.1 In-Plane Overlap 

 

It is basically an inter-digitated comb structure with variable overlap of fingers and 

movement in plane as shown in Fig 1. This develops a capacitance variation by vibrating in 

plane of the device. For limiting the minimum dielectric gap in the inter-digitated fingers, the 

mechanical stops can be used.  

 

                    

go1

ho1+x

x

Ft

 
 

Figure.1: (a)  In-Plane Overlap Converter (b) In-Plane Overlap Comb structure 

Here 𝑔𝑜1is the initial gap between fingers, ℎ𝑜1is the initial overlap of the fingers, 𝐹𝑡   is 

the height of the electrode elements, 𝑥 is the displacement, and Ԑ is the permittivity of the 

dielectric material between the electrodes of the capacitor. The capacitances 𝐶1 and 𝐶2 change 

with the movement of the mobile part of the structure. As can be seen, 𝐶1 and 𝐶2 appear to be 

in parallel hence are added up, i.e. 𝐶 = 𝐶1 + 𝐶2 where, 𝐶 = 2𝐶1 = 2𝐶2.  
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We know, 

Capactiance = Ԑ 
Area of electrodes

distance between electrodes
  (1) 

Here,  

Area of the electrode =  𝐹𝑡 [ℎ𝑜1 + 𝑥]  (2) 

Hence, capacitance variation obtained can be given by the relation, 

𝐶 =  
2Ԑ 𝐹𝑡 [ℎ𝑜1+𝑥]

𝑔𝑜1
  (3) 

 

2.2 In-Plane Gap Closing 
 

This represents an inter-digitated comb structure with variable gap between fingers and 

movement in plane as shown in Fig. 2. 

 

      
 

Figure. 2 : (a) In-Plane Gap Closing Converter (b) In-Plane Gap Closing Comb structure 

Here 𝑔𝑜2 is the initial gap between the fingers, ℎ𝑜2 is the initial overlap of the fingers 

and 𝑆𝑜2 is the minimum gap at 𝑥0. Since the two capacitances 𝐶1 and 𝐶2 appear to be in parallel 

combination, so applying the rule for total capacitance of two capacitances in parallel we get: 

C = C1 + C2   (4) 

 where, 

𝐶1 =
Ԑ 𝐹𝑡ℎ𝑜2

2𝑔𝑜2+𝑥
 and 𝐶2 =

Ԑ 𝐹𝑡ℎ𝑜2

𝑔𝑜2−𝑥
  (5) 

and,  

𝑔𝑜2 = 𝑥𝑜 + 𝑆𝑜2 (6) 

Substituting these values, we get 

     

𝐶 = Ԑ𝐹𝑡ℎ𝑜2 [
1

2𝑔𝑜2 + 𝑥
+

1

𝑔𝑜2 − 𝑥
] (7) 

Simplifying it further, we get the final capacitance as, 
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𝐶 =
Ԑ 𝐹𝑡ℎ𝑜2[3(𝑥𝑜 + 𝑆𝑜2)]

(𝑥𝑜 + 𝑆𝑜2 − 𝑥)(2(𝑥𝑜 + 𝑆𝑜2) + 𝑥)
 (8) 

2.3 Out-of-Plane Gap Closing 

This topology shown in Fig. 3 represents a planar structure with variable air gaps 

between plates and perpendicular motion to the plane. The capacitance variation is obtained 

here by varying the gap between the fingers.  

       

x

g(x)=go3 - x C1

ho3

Relative 

Motion

Ft

 
 

Figure. 3 : (a) Out-of-Plane Gap Closing Converter (b) Out-of-Plane Gap Closing structure 

        

In this converter type, the motion of the mobile part of the structure is out of plane. The 

mobile electrode moves above the fixed electrode, this induces a variation of the gap between 

the electret and the mobile electrode. If 𝑔𝑜3 is the initial gap between the two electrodes and 

ℎ𝑜3 is the initial overlap of the fingers, then 

Area of the electrode =  𝐹𝑡 [ℎ𝑜3] (9) 

𝐶 =
Ԑ ℎ𝑜3𝐹𝑡

(𝑔𝑜3 − 𝑥)
 (10) 

 

3. Proposed Topology and Implementation 

 

We can categorize the above discussed three standard cases either as Area-Sensitive or 

as Gap-Sensitive. Area-Sensitive topology includes the In-Plane Overlap topology where as 

the Gap-Sensitive topology includes the In-Plane Gap Closing and the Out-of-Plane Gap 

Closing topologies. In the Area-Sensitive topology, the capacitance variation is obtained by 

variation of area of overlap between the two electrodes of the capacitor structure where as the 

gap between the electrodes remains constant throughout. In the Gap-Sensitive topology, the 

capacitance variation is obtained by the change in the gap between the electrodes of the 

capacitor structure where as the area of overlap of the two capacitor plates or electrodes remains 

the same. In order to maximize the obtainable capacitance variation, we can think of a more 

advanced geometry that includes the sensitivity of both area and gap. 

A new geometry for the fingers (electrode elements) of the harvester structure which is 

made of Silicon (Si), in which an angular component ′𝐴′ in the electrode geometry introduced, 

has been proposed in this paper as shown in the Fig 4. By doing so we are able to obtain both 

the area and gap based capacitance variations. 
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Figure. 4: Architecture of the Proposed Comb Structure based Electrostatic Converter 

 

Various design parameters considered in the proposed topology are x which is the 

displacement of the mobile part of the inter-digitated comb structure; g(x,A )the gap between 

the fingers as a function of angle A and displacement x; h(x,A) is the overlap between the 

fingers as a function of angle A and displacement x. 

 

3.1 Capacitances Calculations 

 

Various dimensions of the proposed structure are shown in Fig. 5. The vibration source 

causes a displacement of the mobile part of the comb structure that is denoted by x. Now this 

displacement x causes the variation of capacitance by varying the area of overlap of the two 

electrodes as well as the gap between them. 

First of all considering the variations due to the changes in the area of overlap of the 

two electrodes: 

x

FtFt

h1

P
H

h1

 
 

Figure. 5: Variations due to the changes in the area of overlap of the two electrodes 

Area of the overlapping parts of the electrodes =  Ft  ∗  H = (
h1

cos A
 ) ∗ Ft (11) 

Where, h1 is the initial overlap length of the mobile and the fixed part of the struture. 

Therefore, Capacitance is given by the expression: 

𝐶1 =
2Ԑ(ℎ1 + 𝑥 𝑐𝑜𝑠𝐴⁄ )𝐹𝑡

(𝑔𝑜 − 𝑥)
 (12) 
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               We have to consider the variations caused in the capacitance due to the changes in 

the gaps between some of the other parts of the two electrodes. The variations of capacitance 

obtained here are denoted by C2 and can be represented as in Fig. 6.  

 
Ft

g
FtFt

g

g

 
 

Figure. 6: Variations due to the changes in the horizontal gap between the two electrodes. 

Here we have 

𝑔 = 𝑔𝑜 − 𝑥 (13) 

Area of the overlapping parts of the electrodes =  Ft  ∗  Ft (14) 

 And,  

𝐶2 =  
3Ԑ(𝐹𝑡

2)

(𝑔𝑜 − 𝑥)
  (15) 

 

             Next, considering only the changes in the gap between slanting faces of the electrodes 

as shown in Fig. 7 

 
Figure. 7: Variations due to the changes in the slanting gap between the two electrodes 

Area of the overlapping parts of the electrodes = Ft  ∗  H2 = (
B2

cos A
 ) ∗ Ft  (16) 

𝐶3 =
2Ԑ𝐵2(𝐹𝑡)

𝑐𝑜𝑠 𝐴 (𝑔𝑜 − 𝑥)
 

(17) 

 



Theo. Exp. NANOTECHOLOGY 2 (2017) 129 – 136 135 

4. Results and Discussion 

An energy source for leadless cardiac pacemaker should preferably be a perpetual 

power supply rather than a traditional battery with limited longevity. In order to achieve the 

conversion of these mechanical forces into electrical energy, the Electrostatic based 

transduction has been selected in the proposed design. An electrostatic transducer is basically 

a capacitor which capacitance is changed by mechanical forces, and from which energy is 

extracted by appropriate charge-discharge cycles. This method of transduction of energy has 

wide range of tuning capabilities and a large part of the incoming mechanical energy can be 

converted into electrical energy. The requirements for this are an efficient design of the 

transducer and power management circuit. Several topologies of electrostatic based energy 

harvesters that can be used to satisfy this need have been discussed, modeled and compared 

with the proposed topology using the SIMULINK package of MATLAB. The simulation 

parameters are given in Table 1.  

 

Table 1: Design parameters of the proposed energy harvester. 
 

Parameters Value 

Permittivity (Ԑ) 11.7x8.854x10-12 F/m 

Angle (A) 0.203 rad 

Height of electrode (Ft) 50 μm 

Initial Gap between electrodes (go) 25 μm 

Initial Overlap of Fingers (h1) 20 μm 

 

The graph in Fig. 8 shows that the capacitance variation of the proposed topology with 

respect to displacement is greater as compared to standard topologies and hence a greater extent 

of energy can be harvested for cardiac implant. 
 

          

Figure. 8: Variation of Capacitance obtained with respect to Displacement of various 

topologies 
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5. Conclusion 

A new design for the electrode elements of an Electrostatic Energy Harvester is 

presented. This design is an improvement to the standard topologies of the Electrostatic Energy 

Harvester. This configuration provides relatively very large capacitance variation with respect 

to the displacement of the electrode elements of the harvester and is particularly suitable for 

leadless pacemaker geometric requirements as the dimensions of the electrode elements are in 

accordance with the leadless cardiac implant requirements. 
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The objective of this work is to investigate numerically the single phase natural convective heat 

transfer in a cavity with baffle utilizing Al2O3-water nano fluid. The study is carried out 

numerically for a range of baffle heights, h=0.2, 0.5 and 0.8. Results are presented in the form 

of streamline and isotherm plots. The results show that heat transfer decreases considerably 

with increasing partition height. For the two baffle cavity, as the height of baffle increases, 

separation in the vortices is seen and there is only conduction heat transfer between two baffles. 

Compared to the top-attached cavity, for the top-attached cavity, streamlines and isotherms are 

symmetric to the central line. For the two baffle cavity, all the plots are symmetric to the central 

line. 

Keywords: Nanofluid; Natural convection; Cavity. 

PACS: 81.07.Nb; 47.55.P-; 42.50.Pq.  

 

1. INTRODUCTION 

Natural convection in cavities is an example of the confined fluid in many technical 

applications such as electronic industry, cooling systems for nuclear reactors, heat exchangers, 

solar energy collectors, transportation, drying technologies, chemical processing equipment 

and etc. A numerous number of experimental and theoretical studies have been done to 

investigate the flow in cavities. The term of nanofluid which is introduced by Choi [1], refers 

to a mixture of solid–liquid that solid nanoparticles are dispersed in a fluid. Although a lot of 

studies have been carried out to investigate the natural convection in cavities [2-5], most of 

them have considered cavity without partitions. Anilkumar and Jilani [6] studied heat transfer 

enhancement of nano fluid in a finned cavity investigated for various pertinent parameters like 

volume fraction, fin height, Rayleigh numbers and aspect ratio of the cavity. The results 

showed that the presence of nano particles in the fluid alters the structure of the fluid flow. 

http://etn.siats.co.uk/
mailto:amin.habibzadeh@yahoo.com
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Moreover, as Rayleigh number increases, natural convection overcomes and the temperature 

variation is restricted over a gradually diminishing region around the fin. It is also noticed that 

the heat affected zone becomes larger with the increasing fin height. Habibzadeh et al. [7] 

investigated the natural convection heat transfer of a partitioned square cavity filled with 

Al2O3-water nanofluid. According to the results, the partition height and Rayleigh number 

increasing leads to the decrease of the heat transfer rate and increase of the average Nusselt 

number, respectively. Also it is proved that the average Nusselt number is maximum when the 

partition is placed at the center. Sayehvand et al. [8] studied the natural convection heat transfer 

in a partitioned square cavity using computational fluid dynamics. They showed that Rayleigh 

number and height of the partition are important factors that extremely affect the streamlines 

and isotherms and for a fixed amount of the partition height, Nusselt number increases as the 

Rayleigh number goes up. The aim of this study is to study a cavity containing baffle in 3 

conditions: baffle attached to the bottom wall, baffle attached to the top wall, 2 baffles attached 

to the top and bottom walls.  

 

2. Physical model and governing equation 

Fig. 1 displays the schematic diagram considered in this study which is a two dimensional 

cavity containing insulated baffles. The horizontal walls of the cavity are assumed to be 

insulated while the left and right vertical walls are maintained at a uniform temperature (Th) 

and (Tc), respectively as the heated and cooled walls. 

 
Figure1. Schematic diagram of the cavity 

 

The cavity is filled with nanofluid which is composed of Aluminum oxide nano particles in 

water. The nanofluid is Newtonian, incompressible, and laminar and is assumed to have 

uniform shape and size. Also, it is assumed that the base fluid and the nanoparticles are in 

thermal equilibrium and no slip occurs between them. Constant thermophysical properties are 

considered for the nanofluid, except for the density variation, which is determined based on the 

Boussinesq approximation.  

Table 1. Thermophysical properties of base fluid and nanoparticles. 

 

Property Water Al2O3 

ρ (kg/m3) 997.1 3970 

Cp (J/kgK) 4179 765 

k (W/mK) 0.613 40 

αx107 (m2/s) 1.47 131.7 
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βTx106 (1/K) 210 24 

 

Under the above assumptions, the steady-state two-dimensional dimensionless government 

equations are: 
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where α is the thermal diffusivity of the nanofluid that is expressed by : 
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The effective dynamic viscosity of the nanofluid is given by Brinkmann's model: 
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The effective density of a fluid containing suspended particles is given by: 

 1nf f s       

The thermal expansion coefficient of the nanofluid can be determined by: 

      1
nf f s

        

The specific heat capacity of nanofluid is: 

      1p p p
nf f s

c c c        

The effective thermal conductivity of a fluid for the two-component spherical particle 

suspension can be determined by Maxwell-Garnett's approximation model: 
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For validation, the results of the numerical results for average Nusselt number in a square cavity 

are compared with the results of other researches. The comparison is shown in Table 2 which 

shows a very good agreement.  
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Table2. Comparison between present work and other published data  

 104 105  106  

Present work  2.241  4.526  8.919  

de Vahl Davis [9]  2.243  4.519  8.8  

House et a.l [10]  2.254  4.561  8.923  

Merrikh and Lage [11]  2.244  4.536  8.86  

 

RESULTS AND DISCUSSION 

1- The cavity with an attached baffle to the bottom wall 

Figure 2 shows the isotherms and streamlines of the cavity with a baffle attached to its bottom 

wall. The baffle is located at d=0.3 and height of the baffle is considered to be 0.2, 0.5 and 0.8 

and Rayleigh number is Ra=105.  

 

h=0.2 h=0.5 h=0.8 

   

   

Figure2.  The effect of the variation of baffle height attached to the bottom wall. Isotherms 

and Streamlines for d=0.3, Ra=105,   10% 

According to the figures, it is found that the effect of the baffle with h=0.2 is mostly changing 

the local temperature distribution and the other parts of the cavity have got no effects. This 

phenomenon can be explained in this way that the initial vortex has not changed considerably 

with the presence of the baffle with h=0.2 and baffle has just affected the local velocity. In the 

middle parts of the cavity, as the conduction heat transfer is predominant the lines are horizontal 

but in the areas next to hot and cold areas, the lines are vertical which shows the predominance 

of the convective heat transfer. When the distance between the top and bottom decreases with 

the increase of the baffle height, the congestion of the isothermal lines is observed in this 



Theo. Exp. NANOTECHOLOGY 2 (2017) 137 – 143 141 

distance. The congestion of the isotherms is a sign of better heat transfer in this area. With the 

baffle height increasing, the low temperature area next to the cold wall and the high temperature 

area next to hot wall increase because the natural direction of the flow will be confined for the 

presence of the baffle. In the lower heights, because of the higher convective heat transfer flow, 

better distribution of isothermal lines is observed. The graphs make it clear that by reaching 

h=0.8, the separation of the hot area and cold area is appeared. 

The streamline show that lower height of the baffle has not caused great effect on the fluid 

flow. The two holes-which are the center of the flow circulation- display this fact that some of 

the fluid particles could not remove heat from hot wall and transfer it to the cold wall. As the 

height of the baffle goes up, these small holes become more. The presence of the baffle is a 

barrier in front of the heat and flow transfer. Therefore, according to graphs, it is noticed that 

with the rising of baffle height, streamlines in the hot side move to upper part of the cavity 

because the high baffle does not allow the heat to be transferred in the lower parts of the hot 

wall which leads to the separation of the flow to hot and cold areas. The graphs apparently 

show that in h=0.2 and 0.5, big vortices are formed which cover hot and cold areas but in h=0.8, 

as there is not enough space for heat transfer, except some, most of the vortices are formed in 

hot or cold areas. Moreover, increase in the baffle height causes the reduction of the streamline 

strength.  

2- Cavity with an attached baffle to top side 

 Figure 3 depicts the cavity in which an insulated baffle is attached to its top wall. Because of 

the symmetry characteristic, the results are similar to the cavity with an attached baffle to the 

bottom side. 

h=0.2 h=0.5 h=0.8 

   

   

Figure3.  The effect of the variation of baffle height attached to the top wall. Isotherms and 

Streamlines for d=0.3, Ra=105,   10% 
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3- Cavity with two baffles attached to top and bottom sides 

Figure 4 shows the isothermal and streamlines for the cavity with two baffles which have been 

placed with the same distance d=0.3 from the hot and cold walls. Like other studied cavities, 

baffles with h=0.2 have not influenced the cavity flow a lot. For h=0.5, isothermals have curves 

in the top left and bottom right parts but they are horizontal between the two baffles. It is 

happened as convection heat transfer is higher in top left and bottom right part of square but 

between the two baffles because of the separation, heat transfer is weak. According to the 

streamlines, it is clear that great amount of the flow is in the space between the baffles and 

insulated walls. The initial big vortices that have been formed for lower baffle heights, tend to 

separate in the center of the cavity and compared with the previous studied case, the power of 

the stream is decreased as the height of baffle increases. For the maximum studied height, in 

the vortical areas, the isothermal lines are disappeared but for the confined fluid between the 

two baffles, these lines are seen as bulk. This fact happens because the circulation of the fluid 

in the vortical areas makes the temperature difference lower whereas is higher for the confined 

fluid. It is also seen that in the distance between baffles and the top and bottom walls, the lines 

are compressed and vertical but are horizontal between the two baffles. These patterns show 

this fact that the confined fluid prevents the heat transfer from the hot wall to the cold wall and 

conductive heat transfer is just considered in the central part of the cavity. For this height, the 

streamlines show complete separation of the flow and the compression of the streamlines is the 

sign of the predominance of conductive heat transfer. 

 

h=0.2 h=0.5 h=0.8 

   

   

Figure4.  The effect of the variation of baffle height attached to the top and bottom wall. 

Isotherms and Streamlines for d=0.3, Ra=105,   10% 
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CONCLUSION 

A numerical study has been performed to investigate the effect of baffle height on the natural 

convection in a cavity having isothermal vertical walls and adiabatic horizontal walls filled 

with Al2O3-water based nanofluid. The main conclusions of the present analysis are as follows. 

The results show that heat transfer decreases considerably with increasing partition height. In 

the lower heights, the baffle is mostly changing the local temperature distribution and fluid 

flow and the other parts of the cavity have got no effects. Moreover, because of the higher 

convective heat transfer flow, better distribution of the isothermal lines is observed. 

Furthermore, increase in the baffle height causes the reduction of the streamline strength. 
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We report the processing of single walled carbon nanotubes (SWCNTs) reinforced TiNi 

intermetallic matrix nanocomposites from Ti/Ni and SWCNTs powders using spark plasma 

sintering (SPS) at temperatures from 1000 °C to 1200 °C. The SWCNTs are doped into the 

TiNi matrix from 0.0 to 1.0 wt%. The effect of SWCNTs reinforcement contents on the relative 

density, phases, microstructure and microhardness of TiNi  intermetallics matrix 

andCNTs/TiC/TiNi nanocomposites are studied. The experimental results show that the TiNi 

sintered at T= 1200 °C reinforced with 0.8 wt% SWCNTs has the highest Vicker’s 

microhardness and relative density, which were HV 5.29 GPa and 96%, respectively . That can 

be explained by the precipitation of TiC and Ti2Ni in the matrix.This study explores the 

possibility of developing novel TiNi matrix nanocomposites with shape memory effect and 

biocompatibility. 

Keywords:  Intermetallic-matrix composites (IMCs), SWCNTs-reinforcement, Structural properties, 

Spark plasma Sintering, Nanocomposites, Mechanical properties 
PACS: 73.30.+y, 73.40.Ns, 73.40.-c. 
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1. Introduction  

 

TiNi shape memory alloys have exceptional properties, such as the shape memory effect, 

pseudoelasticity and biocompatibility, which enable them to be widely used in numerous 

applications [1]. Recent research works have shown that TiNi alloys exhibit better wear 

resistance than many conventional tribological materials due to their pseudoelasticity [2, 3]. 

Their rapid work hardening, good corrosion and fatigue resistance may also be beneficial [4]. 

Besides its equiatomic concentration, itis well known for its shape memory effect (SME). Due 

to its unique physical and mechanical properties at room temperature ductility, damping effect, 

corrosion resistance and biocompatibility, TiNi shape memory alloys can be used for 

biomedical applications [5, 6]. Porous TiNi-shapememory alloy has, for example, been 

considered as a promising biomedical material for orthopedics and bone implant surgeries in 

recent years [7]. 

A pulse current pressure sintering equipment was used for the consolidation at various 

sintering temperatures of TiNi alloy powder prepared by mechanical alloying [8]. A bulk Ni–

Timaterial with refined microstructure was obtained by spark plasma sintering (SPS) starting 

from amorphous mechanically alloyed NiTi powders [9].It has also been made to develop TiNi 

matrix composites to further increase the wear resistance. The reinforcing phases include TiC 

[10], TiN [11] and precipitated Ti2Ni [12], it is considered that the hard reinforcing phases can 

be used to sustain external load, while the TiNi matrix may accommodate deformation, absorb 

impact energy and retain hard particles.   

Carbon nanotubes (CNTs) are considered to be the most effective reinforcement in metal–

matrix composites for structural applications [13], [14], [15], [16], [17], [18], [19], 

[20] and [21] due to their extraordinary mechanical, thermal, and electrical properties and high 

aspect ratios. In the past, 1 vol% CNTs/TiNi composites with enhanced compressive properties 

and wear resistance have been fabricated by hot-press sintering [22]. The tensile properties of 

these CNT/TiNi composites have also been reported [23]. However, the strengthening effects 

of CNTs and any further effects on the shape memory of the composite have not been 

examined. Additionally, the five volume ratio of the CNTs has resulted in insufficient strain 

for measuring the shape memory effect of the CNTs/NiTi composites. 

In this paper, we describe the preparation of CNTs-reinforced TiNi matrix composites 

through a powder metallurgical process using CNTs, and Ni and Ti elemental powders. Spark 

plasma sintering (SPS), which requires a very short time to sinter metal and ceramic powders, 

was applied to consolidate the CNTs/TiNi composite powder at elevated temperaturesat 1000 

and 1200 °C with and without addition from 0.4 to 1.0 wt% of (SWCNTs). The microstructure 

of each composite was observed, the density was determined, and its mechanical properties 

were studied. The chemical compositions (at.%) of the unreinforced specimen and matrix are 

designed as 50% Ti–50% Ni. Carbon nanotubes (CNTs) reinforced TiNi matrix 

nanocomposites were synthesized by spark plasma sintering (SPS) employing elemental 

powders. The phase structure, morphology and transformation behaviors were studied. 

Attempts have also been made to develop CNTs-TiNi matrix nanocomposites to further 

application in biomedical and shape memory effect. The effect of the CNTs on the mechanical 

properties and density of the nanocomposites was investigated.  
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2. Experimental procedure 

 

As starting materials, commercially available powders of Ti (<45 micrometer, 99.7% 

purity), Ni (<10 micrometer, 99.9% purity, high purity Aldrich, Germany) were used with sizes 

of around 40 micrometer, respectively. The Ti, Ni and single-walled carbon nanotubes 

(SWCNTs with diameter < 2 nm) powders were mixed in a stoichiometric molar ratio of 1:1 

with addition of SWCNTs in the range  of  0.4 to 1.0 wt % by ball milling, and then dried in a 

vacuum. Fig.1 presented the starting sintering powder. 

The mixtures were loosely compacted into a graphite die of 20 mm in diameter and sintered 

in vacuum (1 Pa) at various temperatures (1000–1200 °C) using an SPS apparatus (Tycho lab 

SINTER, FCT-HP-D5, FCT, Germany) (Fig.2, Table 1).  

 

Table 1: Synthesis paramaters of the sintered Nanocomposite TiNi/CNTs  

Samples T 

(oC) 

T 

(min) 

Heating 

rate 

(oC/min) 

P 

(MPa) 

50Ti-50Ni    

with wt% 

SWCNTs 

d=1nm 

Current (A) 

SPS1 1200 20 100 60 00 3000 

SPS2 1200 20 100 60 0.8 3000 

SPS3 1000 20 100 60 0.4 3000 

SPS4 1100 20 100 60 0.0 3000 

 

 

 

 

 

 

 

Titanium powder Nickel powder Carbon nanotubes powder 
 

Figure. 1. Starting powders before sintering. 
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Figure. 2. TYCHO SINTER, SPS-1050, Sumitomo Coal Mining Co. Ltd., Rostock, 

GERMANY. 
 

A constant heating rate of 100 oC/min was employed, while the applied pressure was 60 

MPa. The on/off time ratio of the pulsed current was set to 12/2 in each run. The maximum 

current reached approximately 3000 A during sintering. The soaking time at high temperatures 

was within 10 min. The mixed powders used for sintering were obtained from ball milling and 

heterogeneous coacervation methods. The unreinforced sample and a composite with an 

SWCNT weight fraction of SWCNTs were fabricated by SPSat 1000, 1100 and 1200 °C under 

a pressure of 60 MPa and total cycle of 20 min.  The sintered sample was polished and the 

density was determined. 

The phase identification and the preferred orientation of the TiNi reinforced SWCNTs 

crystalline grains were evaluated by X-ray diffraction analysis by Bruker (Type D4, GmbH) 

using Cu Kα radiation in the angular range of 2h = 20–80 degrees at a step rate of 0.020 s to 

identify the crystalline phases of the sintered samples at room temperature. The morphology of 

the elemental powders’ particles and the microstructure of the sintered specimens were 

determined with a scanning electron microscope (FESEMTscan Vega, GmbH). The optical and 

FESEM micrographs were used to determine the porosity of the sintered specimens by MIP 

Microstructural Analysis Processing Software. The product was cut along the cylindrical axis 

by Archimedes’ method using water immersion. The microhardness at the top surface and the 
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lateral surface were measured by a diamond Vickers hardness tester. The indentation loads, 

ranging from 10 to 500 N, were applied for 20 s for each measurement. 

3. Results and discussion  

3.1. XRD analysis of powders and sintered TiNi-SWCNTs nanocomposites 

 

Figure 3, 4, and 5 shows the XRD spectrum of the pure TiNi and the reinforced 

nanocomposite by SWCNTs. It can be seen that the main phase is the TiNi phase, and 

precipitated TiC, Ti2Ni phases co-exist in the three samples. XRD patterns of the TiNi, and the 

nanocomposites are shown in Fig. 5. The Ti2Ni phase was formed during the sintering process 

in all of the samples because it is a thermodynamically favorable phase at the sintering 

temperature compared with TiNi phase [17]:  

Ni+Ti→NiTi, ΔG=-176.7 kJ/mol at 1173K                                                                            (1) 

Ni+2Ti→Ti2Ni, ΔG=-251.4 kJ/mol at 1173K                                                                         (2) 

Ti +C→TiC, ΔG = -171.18 kJ/molat 1173K                                                                           (3)                  
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Figure. 3. XRD spectra of unreinforced TiNi sintered at T=1200°C (SPS1) 

http://www.sciencedirect.com/science/article/pii/S092583881401946X#f0020
http://www.sciencedirect.com/science/article/pii/S092583881401946X#b0085
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Figure. 4. XRD spectra of reinforced TiNi-CNTs nanocomposites produced at T=1200°C 

reinforced with 0.8 wt% SWCNTs (SPS2) 
 

XRD spectrum of the nanocomposite, indicates that the reaction between the Ti powders and 

SWCNTs did happen during the sintering process. This reaction has been previously observed 

[24], and it is considered that disordered carbons on wall defects and the open ends of the 

SWCNTs serve as carbon sources for interfacial reaction. The sintered samples consisted 

mainly of TiNi matrix, as major phases, and some secondary phases, such as TiC and Ti2Ni, 

appeared depending on the sintering temperature. X-ray diffraction patterns of sample (0.8 

Wt% CNTs-TiNi matrix nanocomposites) sintered at 60 MPa pressure were enhanced because 

they were reinforced with three phases, TiC, Ti2Ni and SWCNTs with higher intensity is shown 

in Fig. 3, 4 and 5. Fig. 3 shows the SWCNTs content as a function of sintering temperature, 

which was reduced to 5 wt% when sintered at 1200 °C for 10 min at 60 MPa pressure because 

it reacted with Ti to produce TiC new reinforcement. 
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Figure. 5.  XRD spectra of TiNi-CNTs nanocomposites produced at T=1000°C reinforced with 

0.4 wt% SWCNTs (SPS3) 

 

3.2. FESEM microstructural observation of sintered CNTs-TiNi nanocomposites 

 

The worn surfaces and wear debris are compared in Figure 5. The Microstructuraland EDS 

analysis displays elemental analyses of the various regions of the sintered samples,TiNi, and 

the CNTs/TiC/TiNi nanocomposites in chemical composition (at.%) (Fig. 6, 7 and 8). It can be 

seen that, with the addition of CNTs reinforcements, the contents of Ti, Ni and O in the sintered 

samples decrease. According to the above results, it can be concluded that the wickers hardness 

has been improved by adding SWCNTs.  
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Figure. 6.  Micrographs from the worn surfaces of unreinforced TiNi produced at T=1200°C 
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Figure. 7. FESEM micrographs from the worn surfaces of TiNi-CNTs nanocomposites 

produced at T=1200°C reinforced with 0.8 wt% SWCNTs  
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Figure. 8.  FESEM micrographs from the worn surfaces of TiNi-CNTs nanocomposites 

produced at T=1000°C reinforced with 0.4 wt% SWCNTs  
 

Figure. 7 shows the microstructure and the EDS spectra of the TiNi, and the CNTs/TiC/TiNi 

nanocomposites. EDS spectra was used to determine the elemental composition of the different 

regions in the sample and are presented by the red specta. The SEM micrographs in Fig. 7 

shows a dark phase that corresponds to the TiNi matrix phase, and a lighter phase that 

corresponds to Ti2Ni which exists mainly at the grain boundary, TiC is represented by the 

agglomerat in cubique polycristal form in addition to unreacted CNTs [16].  

 

 

. 

3.3. Relative density and microstructure 

 

The variation of the relativedensity of sintred TiNi and TiNi–CNTs nanocomposites with 

SWCNTs reinforcement is shown in Fig. 9. The theoritical density of the composite used for 

obtaining relative density was calculated using a rule of mixture using the densities of two of 

the constituant phase (ρTiNi = 6.55 g cm2 , ρSWCNTs = 2.25 g cm2) with the given SPS processing 

paramaters, the TiNi sample exibited best densification with relative density greater than 98%, 

with the simlar prossessing parameters and variation of temperature CNTs–TiNi 

nanocomposites.  

http://www.sciencedirect.com/science/article/pii/S092583881401946X#b0080


Theo. Exp. NANOTECHOLOGY 2 (2017) 137 – 151 

 

148 

1 2 3

94

95

96

97

98
R

e
la

ti
v
e

 d
e

n
s
it
y
 (

%
 )

 

SPS
 

Figure. 9. Relative densities of the TiNi–CNTs nanocomposites as a function of SWCNTs 

reinforcement content (SPS1) (SPS2) (SPS3) 

 

The relative density decresed with incressing wt% CNTs reinforcement. The TiNi–SWCNTs 

nanocomposites 0.8 wt% CNTs at T=1200 °C exibited relative density of about 95%. Clearly, 

the CNTs reinforcement makes the densification of CNTs–TiNi nanocomposites more difficult. 

This seems to be the direct consequence of higher melting point of SWCNTs (T=3160 °C) 

compared to that of TiNi (T=3000 °C). XRD analysis indicated formation of new intermediate 

phase TiNi2 from the action between Ti and Ni, while the intensities of SWCNTs peaks 

remained unchanged.  

Depending on the final density to be achieved, the SPS operating condition were properly 

chosen, that is, 750 °C, 5 MPa for 5 min, to obtain a relative density of 75 %, 800 °C, 25 MPa 

for 5 min, for samples 87 % dense, and 850 °C, 50 MPa for 5 min, for zero porosity compacts. 

The 13% porosity sample exhibited a round microstructure with high ductility, while the 25% 

porous product displayed much lower stress flow as compared to that of the 13 % porosity 

[24].Also, the easy sledding of their walls when attached by weak van der Waals force of 

coaleced MWCNTs can probablydecrease the relative density. 

 

3.4. Microhardness  

 

Fig. 10 presents the variation of Vickers microhardness of CNTs-TiNi nanocomposites 

with CNTs reinforcement content. The microhardness of the composites increased almost 

linearly with increasing SWCNTs reinforcement content. The hardness of SWCNTs (28–30 

GPa) isnearly 7–8 times the previously reported values of hardness of TiNi (4 GPa). For the 

nearly single phase TiNi -SPS sintered in this investigation, the microhardness was found to be 

5.96 GPa (measured with indentation load of 10 N), which is higher than the previously 

reported hardness values for monolithic [22]. While the higher hardness of the TiNi sample 
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could be due to minor amounts of SWCNTs phase in the TiNi sample, it could also be due to 

indentation size effects. It was reported that the hardness decreases with increasing load and 

asymptotvalue of 2 GPa at higher loads. The microhardness intherange of about 2.5–3.5 GPa  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure. 10. Vickers microhardness of TiNi–CNTs nanocomposites as a function of SWCNTs 

reinforcement content (SPS1) (SPS2) (SPS3) 

 

was found for lower loads (10 N). The TiNi–SWCNTs nanocomposites reinforced with 0.8 

wt% of SWCNTs exhibited the highest hardness of about 5.5–6.5 GPa. A slight increase in 

average hardness have been obtained from TiNi matrix nanocomposites prepared by sintering 

0.8 wt % single-walled carbon nanotubes (SWCNTs) with Ti and Ni elemental powders. It is 

considered that in situ,TiC and the remaining SWCNTs act as reinforcements and plays a major 

role in the improvement. Finnaly, the unreacted SWCNTs (Fig.6) coalesced to MWCNTs 

function of the temperature and process the highest hardness. It is believed that a large 

recoverable strain will lead to a low maximum contact pressure, and the deformation recovery 

can also diminish plastic deformation and retard crack propagation, thus minimizing the surface 

damage [18]. The formation of TiC is functionof the tempetature and CNTs reinforcement as 

carbon source. Also, the improvement of compressive mechanical and tribo nanocomposite, 

properties will be tested. The memory effect and bionanocomposite compitability will also be 

performed in the near future. 

 

3. Conclusion 

 

Dense CNTs–TiNi nanocomposites with varying weight fraction of coated CNTs were 

fabricated successfully by SPS in the range of 1000, 1100, and 1200 °C under a pressure of 60 

MPa for 20 min in pure Ar atmosphere protection. The TiNi with 0.8 wt% SWCNTs had the 
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highest Vicker’s microhardness and relative density, which were HV 5.29 GPa and 96%, 

respectively. This increased with the addition of CNTs. Although TiC was formed by reaction 

of CNT and Ti, unreacted CNTs could be found. Mechanical properties of TiNi were enhanced 

by unreacted CNTs. 
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A single crystallographic phase of the Ba2YbSbO6 perovskite was synthesized by the solid-state 

reaction method. From the refinement of the XRD pattern it was obtained that this sintered material 

crystallizes in a rhombohedral complex perovskite, R-3 (#148) space group. SEM images showed 

the sub-micrometric character of its granular surface. Measurements of susceptibility as a function 

of temperature evidenced the antiferromagnetic behavior of this material below the Néel 

temperature TN=118 K and a paramagnetic feature above this critical temperature. The magnetic 

parameters were obtained from the fitting of susceptibility in the paramagnetic regime with the 

Curie-Weiss equation. From theoretically calculated Density of States and band structure the 

semiconductor characteristic of the material was determined and the energy gap was predicted for 

the up and down spin orientations of the electron gas close to the Fermi level. The energy gap 

value was experimentally corroborated from diffuse reflectance spectra with the Kubelka-Munk 

fit of the experimental result. Measurements of dielectric constant as a function of applied 

frequencies at room temperature reveal a decreasing behavior. 

Keywords: Perovskite, characterization, electronic structure. 

PACS: 61.66.Fn; 68.37.Hk; 75.50.Ee; 77.22.-d; 71.20.Ps. 

 

1. Introduction 

 

 In the last years the complex perovskites with generic formula A2BB'O6 [1-3] have been 

subject of enhanced scientific studies because the wide range of applications that these materials 

present on an industrial scale. Double perovskites belonging to the series Ba2LnB'O6 
(Ln=lanthanide and Y3+ 

and B'=Nb5+, Ta5+, Sb5+) are of interest due to their potential use as 

substrates for high-Tc superconductors [4,5] and their likely high chemical compatibility with the 

structurally analogous, oxygen deficient double perovskites, Ba2LnSnO6, which is a series of 

interest for use as solid state electrolytes due to their high ionic conductivity [6,7]. Substitution of 

http://etn.siats.co.uk/
mailto:jroar@unal.edu.co
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Nb5+, Ta5+, Sb5+ 
could provide a method of controlling the oxygen stoichiometry of these 

compounds, potentially minimizing the problems caused by reduction of Ba2LnSnO6 that is 

thought to be a consequence of the large level of oxygen vacancies in these compounds [6]. Phase 

transitions in perovskites have long been of interest to solid-state chemists [8]. Previous studies 

[9, 10], using laboratory X-ray and medium resolution neutron diffraction, reported that the 

structures in the series Ba2LnSbO6 change from R-3 rhombohedral (tilt system a-a-a-) to Fm-3m 

cubic (a0a0a0) symmetry with decreasing size of the Ln3+ 
cation. That the symmetry increases as 

the ionic radius of the lanthanide decreases, this is consistent with the increase of the tolerance 

factor, which in double perovskites is given by 𝜏 =
𝑟𝐴+𝑟0

√2(
𝑟𝐵+𝑟𝐵′

2
+𝑟0)

, where rA, rB, rB’ and ro are the 

ionic radii of the A, B, B’, and O ions, respectively [11]. An increase in the tolerance factor 

indicates that the volume of the BO6 octahedron is better matched to the size of the AO12 
polyhedron reducing the need for the octahedral tilting to accommodate this A-site cation. Since 

octahedral tilting is responsible for the lowering of the symmetry from cubic, the symmetry tends 

to increase, as the B-type cation gets smaller. The aim of this work is to carry out a detailed ab 

initio theoretical study of the Ba2YbSbO6 material, which belongs to this interesting complex 

perovskite family, and establish a correlation with experimental results of crystalline structure, 

electric behavior, magnetic response and energy gap. The understanding of these properties is 

essential in order to elaborate a comprehensive scheme of the potential application of the rare earth 

Sb-based double perovskites.  

 

2. Experimental procedure 

 

The Ba2YbSbO6 samples were produced by the solid-state reaction method, from oxide 

powders of Yb2O3, Sb2O5 and Ba2CO3 (Aldrich 99.9%), which were stoichiometrically mixed 

according to the chemical formula Ba2YbSbO6. Then, the resultant mixture was grinded and 

pressed to form a pellet of 9.0 mm diameter and annealed at 1000 ºC for 30 h. The samples were 

then remacerated, repelletized and sintered at 1100 ºC for 40 h and 1200 ºC for 40 h. The crystalline 

structure was studied from X-ray diffraction (XRD) by means of a PW1710 diffractometer 

(CuK=1.54064 Å). Rietveld refinement of the experimental data was performed through the 

GSAS code [12]. Morphological surface studies were carried out by means scanning electron 

microscopy (SEM) experiments by the utilization of a VEGA 3 electronic microscope. Field 

cooling measurements of the magnetic susceptibility as a function of temperature were studied by 

using a MPMS Quantum Design SQUID. Diffuse reflectance experiments were performed by 

using a VARIAN Cary 5000 UV-Vis-NIR spectrophotometer, which has an integration sphere 

with a PMT/Pbs detector. The value of the relative dielectric constant was established by using an 

Agilent HP4194A-350 frequency analyzer. 

 

3. Calculation method 

 

The electronic and band structures were predicted from the application of the Full-Potential 

Linear Augmented Plane Wave method (FP-LAPW) within the framework of the Kohn-Sham 

Density Functional Theory (DFT) [13].  The exchange and correlation effects were treated by 

using the Generalized Gradient Approximation (GGA) [14]. This potential considers the difference 

between the electronic densities for the two distinct spin orientations from the beginning. The self-
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consistent process was developed by the numeric package Wien2k [13]. Taking the experimental 

unit cell data as input (with a formula unit), the structure studied in this work were fully relaxed 

with respect to their lattice parameters and the internal degrees of freedom compatible with the 

space group symmetry of the crystal structure. The resulting energies versus volume functions 

have been fitted to the equation of state due to Murnaghan [15] in order to obtain de minimum 

energy value, the bulk modulus, its pressure derivative and the equilibrium lattice parameters and 

associated volume. The muffin-tin radii used for Ba2YbSbO6 were 2.20, 2.50, 2.12 and 1.82 Bohr 

for Ba, Yb, Sb and O respectively, angular momentum up to l = 10 inside the muffin-tin sphere, a 

maximum vector in the reciprocal space of Gmáx =12.0. Energy convergence tests were performed 

and RMT*Kmax=7.0 was selected for calculations. A mesh of 1000 points in the first Brillouin zone 

(equivalent to a maximum of 250 k points in the irreducible Brillouin zone) was used. Finally, the 

convergence criterion for the self-consistent calculation was 0.0001 Ry for the total energies and 

1.0 mRy/u.a. in the internal forces. Spin polarization was included in the calculations. 

 

4. Results and discussion 

 

The refined experimental pattern of XRD result for Ba2YbSbO6 is shown in figure 1. The 

black line represents the experimental data and red line corresponds to the simulated pattern by 

means of the GSAS code. Base line is the difference between theoretical and experimental results. 

Refinement parameters of figure 1 were x2=7.613, R(F2)=6.04%. The Rietveld refinement permitted 

to establish that this material adopts a rhombohedral perovskite structure, which belongs to the R-

3 (#148) space group. The lattice parameter obtained from the refinement is a=5,9104 Å with 

trigonal angle α=59,9993o. These results are 99.0% in agreement with the theoretical values 

obtained from the Structure Prediction Diagnostic Software SPuDS [16], which predicts a=5,9672 

Å and α=59.6389o. 

 

The found structure corresponds to the a−a−a− tilt system in the Glazer notation. The 

crystallization of Ba2YbSbO6 in the R-3 (#148) space group can be corroborated taking into 

account that the XRD pattern corresponding to this symmetry involves reflections, signaling odd-

odd-odd reflections, which is characterized by cationic ordering and simple octahedral tilting. 

 
Figure. 1: Characteristic XRD pattern for the Ba2YbSbO6 double perovskite.  Symbols represent 

experimental diffraction data, continuous lines are the simulated patterns and base line is the 

difference between experimental and calculated values. 
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In the study and description of crystallographic structures the concept of positions is 

fundamental [17]. Then, the so called Wyckoff positions for this structure were experimentally 

determined to be Ba=2c, Yb=1a, Sb=1b and O=6f. In this notation, a, b, c and f are the Wyckoff 

letters that determine all the points x for which the site-symmetry groups are conjugate subgroups 

of the R-3 [18]. These letters constitute just a coding frame for the Wyckoff positions, starting with 

a at the bottom position and continuing in alphabetical order [17]. The number of equivalent points 

per unit cell, which accompanies the letter of Wyckoff, is known as multiplicity of the Wyckoff 

position. In the case of the R-3 (#148) space group, the Wyckoff letter a has a unique possible 

coordinate (0,0,0) and therefore its multiplicity is 1. In the same way, b has (½,½,½). On the other 

hand, c has multiplicity 2, because this position may have coordinates (x,x,x) and (-x,-x,-x). For 

this Wyckoff position we have obtained (¼,¼,¼). At last, f has multiplicity 6, with possible 

coordinates (x,y,z); (z,x,y); (y,z,x); (-x,-y,-z); (-z,-x,-y) and (-y,-z,-x). In our case the position (-

0.2256, -0.2997, 0.2628) was obtained. 

 

The tolerance factor calculated from the experimental data is =0.9335, which is in 

accordance with expected values for the trigonal perovskite structures [16]. From the refinement 

analysis the octahedral distribution in the structure of the Ba2YbSbO6 material was constructed 

showed in figure 2. In this figure a marked difference between the orientation of the Yb-O6 and Sb-

O6 octahedra is perceived. This octahedral disorientation is due to differences in the ionic radii of 

the cations Yb3+ and Sb5+, as well as to the differences between the links of the two cations in their 

octahedral coordination with the oxygen anions. 

 

 

 

Figure. 2: Structure of the Ba2YbSbO6 for the R-3 space group in the planes (a) ab and (b) ac. 
 

An important observation about the structural distortion is related to the tilt angle of the 

octahedra, which is obtained to be Yb=17.965o for Yb-O6 and Sb=-16.887o for Sb-O6, for a total 

deviation of 34.852o between their directions.  
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SEM image of the material shown in figure 3 reveals a qualitative approximation to the 

surface microstructure. In picture 3a evidences the formation of clusters of polyhedral grains and 

interstitial particulate grains. By applying the intercept technique in picture 3b, it is clear that the 

grains could end up having a few tenths of a micron, form groups, which have appearance of 

clusters over 2 μm.  

 

Figure. 3. SEM images of Ba2YbSbO6 for magnifications (a) 32500x and (b) 65000x.  
 

From measurements of magnetic susceptibility as a function of temperature the magnetic 

response of the Ba2YbSbO6 complex perovskite was examined. As observed in figure 4, the 

magnetic behavior of this material has a paramagnetic signature at high temperatures.  

 

Figure. 4. Magnetic susceptibility as a function of temperature measured for the Ba2YbSbO6 

material.  
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Magnetic parameters were obtained from the Curie-Weiss equation 𝜒 = 𝜒0 + (
𝐶

𝑇+𝑇𝑁
), 

where 𝐶 =
𝑁𝜇𝑒𝑓𝑓

2

3𝐾𝐵
= 2,327 emu.K/mol.Oe is the Curie constant, N is Avogadros’s number, eff is the 

effective magnetic moment (eff=PeffB), Peff represent the effective Bohr magneton number, B is 

the Bohr magneton, KB is the Boltzmann constant and 0=0,00439 emu/mol.Oe is the temperature 

independent susceptibility term. From the Curie constant C the effective magnetic moments for 

Ba2YbSbO6 material was calculated to be 4,31 B.  This value is 95% in agreement with the 

theoretical expected moment obtained from the Hund’s rules for the Yb3+ isolated cation as 

𝑔√𝐽(𝐽 + 1)=4,54 B [19]. The Néel temperature TN=118 K was obtained from the Curie-Weiss fitting 

of the experimental data. We notice that the anomaly observed in figure for T=118 K is directly 

related with the critical temperature of magnetic ordering. 

 

Because the antiferromagnetic behavior obtained from the fitting of the experimental data 

to the Curie-Weiss equation, three different antiferromagnetic configurations (AFM1, AFM2 and 

AFM3) were analyzed in order to study the electronic structure of the Yb and Sb sub-lattices, as 

shown in figure 5. The minimum energy configuration was obtained by the optimization of the 

atomic positions and the cell parameter settings for each magnetic configuration, using variable 

cell relax calculation based on the experimental lattice parameters. Since the AFM1 is the most 

stable configuration wherein the antiferromagnetic coupling exists between (001) crystallographic 

planes of Ba2YbSbO6 hereinafter, only this configuration was considered for the density of states 

calculations. 
 

 
 

 

 

 

Figure. 5. Antiferromagnetic configurations considered for the study of the electronic structure in 

the  Ba2YbSbO6  perovskite material.  
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Figure 6 shows the band structure (a) and Total Density of States (b) for the Ba2YbSbO6 

complex perovskite for both down and up spin polarizations. It is observed en the picture that 

this material behaves as semiconductor of indirect gap through the Fermi level (energy gap 

Eg=2.3 eV) for the spin down polarization and conductor with for the other. It is important to 

elucidate that the scales are not similar for 6a and 6b pictures. In other words, for the spin down 

orientation the valence band is majority due to the Yb orbital contributions close to the Fermi 

level. On the other hand, for the up spin polarization, the valence and conductor band are 

continuous across the Fermi level but also due to the Yb orbital contributions. In the conduction 

band a set of available states are sited in the energy value 2.25 eV and corresponds to O 

contributions.  

 

 

Figure. 6. Band structure (a) and Total Density of States (b) for down and up spin 

polarizations.  
 

Figure 7a exemplifies the partial Density of States calculated for the Yb, Sb, Ba and O 

separate ions. On the other hand, figure 7b exemplifies the contribution of several Yb and O 

orbital to the Density of States close the fermi level. From these pictures it is clear that close to 

the Fermi level the Yb-4f orbital are responsible for the conductor behavior for the spin up 

orientation and the semiconductor character for the spin down polarization. O-2p orbital has an 

incipient contribution in the valence band but a relative contribution in the localized states of 

the conduction band. Magnetic moment of mixed charge density was calculated from the 

asymmetry of the Yb-4f states close the Fermi level.  
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Figure. 7. Partial Density of States for (a) the Yb, Sb, Ba and O ions, and (b) Yb and O 

orbital. Fermi level is identified in E=0 eV. 
 

 

Total magnetic moment in cell was determined to be 5.0 B for Ba2YbSbO6. This result 

is 14% higher than the experimentally obtained. However, an important element to be taken 

into account has to do with the clutter of Yb and Sb cations in the structure of the double 

perovskite, which can not only distorted octahedra but also modify the magnetic response of 

the material. The integer theoretical value of the effective magnetic moment and the conductor 

characteristics of the band structure for the spin up states and semiconductor for the others 

suggest a tendency of this material to a half-metallic behavior [20].  

 

Results of diffuse reflectance experiments are shown in figure 8a. In the picture, 

reflectance values experimentally acquired with a step of 1 nm over the 300–2500 nm range 

are schematized. From the absorption of UV-Vis-NIR radiation it was observed that the 

molecules of the Ba2YbSbO6 material cause the weak excitation of electrons from the ground 

state to exited state. The radiated energy, the quantum characteristics energy dependent from 

the electronic configuration was calculated. As presented in figure 8b, from the adjustment to 

the Kubelka–Munk equation the energy gap of the Ba2YbSbO6 was determined to be 3.62 eV, 

which is relatively greater than that predicted by the band structure calculations. DFT 

calculations predict the Ba2YbSbO6 perovskite behaving as a semiconductor with Eg=2.3 eV 

while the diffuse reflectance results suggest a behavior of the material as a weak semiconductor 

with Eg=3.62 eV. This difference occurs because in the DFT calculations, the exchange and 

correlation potential by Perdew, Burke and Ernzerhof [14] gives a very good approximation 

for the valence and conduction density of states, but is not very accurate for determining the 

energy gap in semiconductors due to self-interaction errors [21-22], for which it would be more 

interesting to use a potential specifically designed for this purpose, that uses local functional 

without Hartree-Fock exchange [23-24]. Thus, considering the uncertainty inherent in 

calculating the exact value of the Fermi level, from the results presented in figures 7b (DOS) 

and 8b (experimental energy gap), it is clear that the material behaves as a semiconductor. Our 
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experimental value of the band gap is comparable with that reported for oxygen-deficient 

SrTiO3 (Eg=3.2 eV) [25]. 
 

 

Figure. 8. (a) Diffuse reflectance results for the Ba2YbSbO6 material. (b) Kubelka–Munk 

fitting. 

In order to elucidate the dielectric characteristics of this compound, measurements of 

the dielectric constant as a function of frequency performed. The corresponding results are 

shown in Figure 9. As shown in the drawing, at low frequencies (=100 Hz) the value of the 

dielectric constant =333, which is very close to the value reported for strontium titanate 

SrTiO3 [26]. The value of the dielectric constant decreases dramatically with increasing 

frequency between 100 Hz and 300 Hz. Above =400 Hz, the dielectric constant decreases 

smoothly to the value =14 at =10 kHz. This result is consistent with reports, according to 

which, in semiconductor materials the value of the dielectric constant at low frequencies is 

maximum [27]. 

 

 
 

 

Figure. 9. Dielectric constant measured as a function of applied frequency for the 

Ba2YbSbO6 complex perovskite. 
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In the d-band SrTiO3, the feature of large gap semiconductor is due to the broadening 

of the energy levels of the Ti-O octahedron and to the coexistence of free and delocalized 

excitations. In Ba2YbSbO6 double perovskite there are two types of octahedrons, Yb-O and Sb-

O, but it is clear in figures 6 and 7 that the delocalized states in the valence band are only due 

to the d-Sb orbitals. On the other hand, as observed in the inset of figure 1, there is a noticeable 

difference between the orientations of the Yb-O6 and Sb-O6 octahedral. This crystallographic 

feature can substantially modify the energy levels in the Sb-O6 octahedra giving rise to a 

semiconductor behavior, which is dominant over the apparent conductor nature of the Yb spin-

up valence electrons. 

 
 

5. Conclusion  

 

The synthesis of the Ba2YbSbO6 new material by the solid-state reaction recipe was 

performed. Characterization of the crystalline structure through the X-ray diffraction technique 

and Rietveld refinement of the experimental data by using the GSAS code reveal this material 

crystallizes in a rhombohedral perovskite-like structure with cell parameter a=5.9104(1) Å and 

tilt angle α=59.9993(0)o. Measurements of diffuse reflectance permitted to determine the weak 

semiconductor character of this material with an energy gap of 3.62 eV.  By means experiments 

of magnetic susceptibility as a function of temperature the paramagnetic response of the 

Ba2YbSbO6 was analyzed. The fit to the Curie equation gives an effective magnetic moment 

of 4.31 B, which is close to the expected value from the Hund’s rules. The crystalline and band 

structures were calculated by using the Density Functional Theory. Structural results obtained 

by considering a rhombohedral perovskite belonging to the R-3 space group are 98% in 

accordance with the experimental values. Close to the Fermi level, the band structure evidences 

strongly tendency to a half-metallicity behavior with semiconductor feature for the down spin 

orientation and conductor for the other. The mean value of the band gap is slightly smaller than 

the experimental value because the theoretical calculation was performed for the fundamental 

state, T=0 K, while the experimental measurement was performed at room temperature. The 

theoretical effective magnetic moment calculated from DFT, which is majority due to the Yb3+ 

isolated cation, is obtained to be 5.0 B. 
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