


 

 

Editorial Board 

Editor-in-Chief 
Mohammed Omar, Clemson University, USA 
Associate Editors 
Adel Mohamed, University of Quebec at Chicoutimi, Canada 
Sudesna Roy, Boston University, USA 
Vijay Kumar Srivastava, Indian Institute of Technology, BHU, India 
Editorial Assistant 
Lily Green, Canadian Center of Science and Education, Canada 

Editorial Board Members 

Alex Neves Junior, Brazil 
An-Ya Lo, Taiwan 
Ashwith Chilvery, USA 
Binod Dhakal, USA 
Biplab K. Roy, USA 
Blanca Teresa Perez-Maceda, Spain 
Bo Peng, USA 
Carlos Henrique Gomes Martins, Brazil 
Chiajen Hsu, USA 
Chinwuba Ned Arum, Nigeria 
Dimitris Karamichos, USA 
Enrico Franceschi, Italy 
Florian Puch, Germany 
Geetha Priyadarshini Badhirappan, India 
Gholam Ali Koohmareh, Iran  
Honggang Zhou, USA 
Huan Zhou, China 
Ibrahim Qazi, Pakistan 
Ioannis Rabias, Greece 
Jianguo Zhou, USA 
Jianyin Chen, Canada 
Jianzhong Ma, China 
Jingwei Zhao, Australia 
Jin-Hyuk BAE, France 
Kai Yan, USA 
Kin Mun Wong, Germany 
Kun Cheng, USA 
Kwek-Tze Tan, USA 
Linyun Liang, USA 
Mahamad Ahamad Mohiddon, Italy 
Mamdouh El-Bakry, Egypt 

Mohammad Dinari, Iran 
Mohan Prasad Manoharan, USA 
Mohd Mustafa Al Bakri Abdullah, Malaysia 
Mohsen Purahmad, USA 
Mosaad Mohamad Sadawy, Egypt 
Nadir Ayrilmis, Turkey 
Niranjan Patra, Czech Republic 
Nouari Saheb, Saudi Arabia 
Paulo Nobre Balbis dos Reis, Portugal 
Qibing Chang, China 
Raja Rizwan Hussain, Saudi Arabia 
Reza Bihamta, Canada 
Rosa María Lozano, Spain 
Rui Liu, USA 
Shudipto Konika Dishari, USA 
Talib Albyati, Iraq 
Ujwal Patil, USA 
Vamsi K. Devarapalli, USA 
Victor M. Ovando-Medina, Mexico 
Vijay Kumar Sharma, Turkey 
Vishwas N. Bedekar, USA 
Weiwei Jian, USA 
William Harrison, UK 
Xiaodong Ma, Australia 
Xiaojun Zhang, USA 
Yan Huo, USA 
Yang Lu, USA 

Yong-Cheng Lin, China 
Yu Qiu, China 
Yun Wang, USA 



www.ccsenet.org/jmsr Journal of Materials Science Research Vol. 3, No. 3; 2014 

Contents
CdO Nanoparticles by Thermal Decomposition of a Cadmium-Hexamethylenetetramine Complex 1
Divine Mbom Yufanyi, Josepha Foba Tendo, Agwara Moise Ondoh & Joseph Ketcha Mbadcam 
Effect of Hemp’S Soluble Components on the Physical Properties of Hemp Concrete 12
Rosanne Walker & Sara Pavía 
100 MeV Si7+ Ion Irradiation Induced Modifications in Electrical Characteristics of Si Photo Detector: 
An In-Situ Reliability Study 

24

M Vinay Kumar, Shammi Verma, V Shobha, B Jayashree, D Kanjilal, Ramani & S Krishnaveni 
A Fiber-Reinforced Architectural Concrete for the Newly Designed Façade of the Poseidon Building in 
Frankfurt am Main 

33

Henrik L. Funke, Sandra Gelbrich, Andreas Ehrlich & Lothar Kroll 
Effect of Metal-Plate Connector on Tension Properties of Metal-Plate Connected Dahurian Larch 
Lumber Joints 

40

Wei Guo, Shasha Song, Zehui Jiang, Ge Wang, Zhengjun Sun, Xuehua Wang, Feng Yang, Hong Chen, 
Sheldon Q. Shi & Benhua Fei 
Conductivity Studies and Characterizations of PVA-Orthophosphoric Electrolytes 48
Lawal Sa’adu, M. A. Hashim & Masbudi bin Baharuddin 
Reviewer Acknowledgements for Journal of Materials Science Research, Vol. 3, No. 3 49
Lily Green 



Journal of Materials Science Research; Vol. 3, No. 3; 2014 
ISSN 1927-0585   E-ISSN 1927-0593 

Published by Canadian Center of Science and Education 

1

CdO Nanoparticles by Thermal Decomposition of a Cadmium- 
Hexamethylenetetramine Complex 

Divine Mbom Yufanyi1, Josepha Foba Tendo1, Agwara Moise Ondoh2 & Joseph Ketcha Mbadcam2

1 Department of Chemistry, Faculty of Science, University of Buea, Buea, Cameroon 
2 Department of Inorganic Chemistry, Faculty of Science, University of Yaounde I, Yaounde, Cameroon 
Correspondence: Josepha Foba Tendo, Department of Chemistry, Faculty of Science, University of Buea, P.O. 
Box 63, Buea, Cameroon. Tel: 237-7322-7719. E-mail: jnfoba@yahoo.com 

Received: March 10, 2014   Accepted: March 24, 2014   Online Published: April 17, 2014 
doi:10.5539/jmsr.v3n3p1          URL: http://dx.doi.org/10.5539/jmsr.v3n3p1 

Abstract 
CdO nanoparticles have been prepared by the thermal decomposition of a precursor complex. A simple and cost 
effective room temperature synthetic technique allows the preparation of the precursor complex from 
hexamethylenetetramine and cadmium nitrate in ethanol. The precursor, characterized by elemental analysis, 
mass spectrometry, Fourier transform infrared spectroscopy (FTIR), and thermal gravimetric analysis, had the 
composition [{Cd(HMTA)(NO3)2(H2O)2}n]. It was calcined at 500 ºC for 2 h, and the cadmium oxide 
nanoparticles obtained was characterized by X-ray diffraction (XRD), scanning electron microscopy, high 
resolution transmission electron microscopy (HRTEM), Nitrogen adsorption and physisorption, and Selected 
Area Electron Diffraction (SAED). XRD shows that the CdO obtained is pure and crystalline. The particles 
obtained had a cubic morphology and are mesoporous.  
Keywords: cadmium oxide, hexamethylenetetramine, nanoparticles, thermal decomposition 
1. Introduction 
Over the past few decades, nanomaterials, including metal oxide nanoparticles, have received enormous 
scientific attention because of their interesting novel and improved physico-chemical and biological properties as 
a result of size reduction to the nano-regime (Devan, Patil, Lin, & Ma, 2012). Their unique physical properties 
that are size- and shape-dependent, render them applicable in many fields such as optics, magnetism, catalysis, 
electricity, energy production and storage, environmental remediation, antimicrobial agents and drug delivery 
(Mao, Park, Zhang, Zhou, & Wong, 2007; S. Wang, Z. Wang, & Zha, 2009; Jolivet et al., 2010). Among the 
different metal oxide nanoparticles, CdO is an important n-type semiconductor with a cubic structure, which 
belongs to the II–VI group, with a direct band gap of 2.5 eV and an indirect band gap of 1.98 eV (Tadjarodi & 
Imani, 2011b). The difference in band gap is attributed to intrinsic cadmium and oxygen vacancies. Due to its 
ionic nature coupled with its wide band gap, low electrical resistivity and high transmission in the visible region, 
CdO nanoparticles have been found to be a suitable candidate for application in various fields such as optical, 
photovoltaic cells, gas sensors, solar cells and front panel displays (Ye, Zhong, Zheng, R. Li, & Y. Li, 2007; 
Ghoshal et al., 2009; Tadjarodi & Imani, 2011b; Giribabu, Suresh, Manigandan, Stephen, & Narayanan, 2013; 
Kalpanadevi, Sinduja, & Manimekalai, 2013).  
Given that the physico-chemical properties of CdO do not only depend on its chemical composition but also on 
size, shape and surface structure, the preparation of CdO nanoparticles of well-defined morphology and size is of 
interest. Synthesis techniques and conditions can considerably affect the properties of CdO nanoparticles. 
Several synthetic methods (physical, chemical and mechanical), including; hydrothermal method (Ye et al., 2007; 
Yang et al., 2010; Zhang, Wang, Lin, & Huang, 2010), template assisted method (Prakash, Arunkumar, Sathya 
Raj, & Jayaprakash, 2013), solvothermal methods (Ghoshal, Biswas, Nambissan, Majumdar, & De, 2009; 
Saghatforoush, Sanati, Mehdizadeh, & Hasanzadeh, 2012; Kaviyarasu, Manikandan, Paulraj, Mohamed, & 
Kennedy, 2014), mechano-chemical method (Tadjarodi & Imani, 2011a, 2011b), thermal decomposition (Shi, C. 
Wang, H. Wang, & Zhang, 2006; Gujar et al., 2008; Askarinejad & Morsali, 2009; Kumar et al., 2012), 
photosynthetic method (Andeani & Mohsenzadeh, 2013) and sonochemical method (Ramazani & Morsali, 2011; 
Safarifard & Morsali, 2012) have been employed to prepare CdO nanostructures. These different synthetic 
procedures have resulted in CdO nanoparticles of varying morphology such as nanowires (Ghoshal et al., 2009; 
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Yang et al., 2010), nanoplatelets (Giribabu et al., 2013), nanodisks (Shi et al., 2006), nanofibers (Ye et al., 2007), 
and nanorods (Barakat, Al-Deyab, & Kim, 2012; Kaviyarasu et al., 2014). Most of the synthetic techniques 
require expensive equipment, extra purification steps and long reaction times. For practical applications, the 
synthesis should be based on readily available, non-toxic and cheap precursors, as well as simple synthetic 
procedures without the necessity for additional purification steps.  
The synthesis of CdO nanoparticles by thermal decomposition of organo-cadmium compounds or cadmium 
complexes has also been reported (Ramazani & Morsali, 2011; Ranjbar & Morsali, 2011; Safarifard & Morsali, 
2012; Kalpanadevi, Sinduja, & Manimekalai, 2013; Payehghadr & Moasali, 2013). By proper choice of the 
precursor and the calcination conditions, this could be a simple and cost-effective technique for the preparation 
of oxide particles with controlled morphologies. However, the robustness and the reproducibility of the method 
is still a matter of concern. 
Hexamethylenetetramine (HMTA) is a cheap and readily available heterocyclic organic compound with a 
cage-like structure. It is highly soluble in water and polar organic solvents. HMTA is a versatile ligand that can 
serve as a terminal monodentate or as bi-, tri-, and tetradentate bridging ligand (Kirillov, 2011). Apart from 
coordinative bonds, HMTA can also (depending on the synthesis conditions and the solvent used) be involved in 
the formation of hydrogen bonds (Ndifon et al., 2009). The kinetics of the thermal decomposition of some 
HMTA-transition metal complexes, leading to the formation of metal oxides (Mn, Ni, Zn, Cd) or metal 
nanoparticles in a carbon matrix (Ni, Co; Ni-Mo and Co-Mo carbides), have already been reported (Chouzier, 
Afanasiev, Vrinat, Cseri, & Roy-Auberger, 2006; Singh et al., 2007; Afanasiev et al., 2008; Chouzier et al., 2011; 
Kumar et al., 2012).  
In this paper we report the synthesis and characterization (morphology and surface area) of CdO nanoparticles 
obtained by thermal decomposition of a Cd-HMTA precursor. The precursor was synthesized from simple, cheap, 
and relatively safer reagents. The synthetic process for both the precursor and the oxide nanoparticles is 
ecofriendly. 
2. Method 
2.1 Chemicals 
Cd(NO3)2·6H2O, hexamethylenetetramine and ethanol were obtained from Sigma Aldrich. The chemicals were 
of analytical grade and were used without further purification. 
2.2 Synthesis of the Cd-HMTA Precursor 
The precursor was synthesized by modifying a procedure previously reported for a cadmium-HMTA polymeric 
complex (Kumar et al., 2012).  
HMTA (4 mmol, 0.5608 g) was dissolved in 15 mL of ethanol (sonication for 20 min at room temperature). 
Cadmium nitrate (2 mmol) in 10 mL of ethanol was added drop wise under magnetic stirring. The mixture was 
stirred for a further 2 h. The white precipitate formed was filtered, washed several times with ethanol and dried 
in a desiccator over silica gel. 
2.3 Synthesis of CdO Nanoparticle 
A sample of the dry precursor (0.5 g) was ground, placed in a ceramic crucible and calcined at 500 °C 
(CdO-500). The crucible was placed in the furnace, heated to the desired calcination temperature, and calcination 
in air continued for 2 h. The sample was allowed to cool down to room temperature in the furnace. The 
reddish-brown powder obtained could easily be re-dispersed in water and ethanol.   
2.4 Characterization Techniques 
Elemental analysis (C, H, N) of the precursor was carried out on a Flash 2000 Thermo Scientific analyzer. Mass 
spectrometry of the precursor complex was performed on a Micro-Mass LCT Premier mass spectrometer (Waters 
Corporation, USA). FT-IR spectra were recorded from 4000 to 400 cm-1 on a PerkinElmer Spectrum Two 
universal attenuated total reflectance Fourier transform infrared (UATR-FT-IR) spectrometer. Thermogravimetric 
analysis (TGA) was obtained using a Pyris 6 PerkinElmer TGA 4000 thermal analyzer. The TGA analysis was 
conducted between 30 and 900 °C under nitrogen atmosphere at a flow rate of 20 mL/min and a temperature 
ramp of 10 °C/min. The XRD diffractogram of CdO was recorded on a Bruker D8 Advance X-ray diffractometer 
using a Cu K  radiation source (  = 0.15406 nm, 40 kV and 40 mA). Scans were taken over the 2  range from 
10o to 100o in steps of 0.01o at room temperature in open quartz sample holders. The phase was identified with 
the help of the BrukerDIFFRACplus evaluation software in combination with the ICDD powder diffraction data 
base (International Centre for Diffraction Data). SEM images and EDX spectra were obtained on a JEOL 
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JSM-7600F field-emission scanning electron microscope. Transmission electron microscopy (TEM) was 
performed on a JEOL JEM-2100F microscope using a maximum acceleration voltage of 200 kV from the field 
emission gun. The particle size distribution was determined from the TEM image using the ImageJ software. 
N2-physisorption experiment for the determination of the total surface area and the average pore diameter was 
conducted on a Micromeritics ASAP 2020 instrument. Prior to the measurement, the sample was degassed at 200 
˚C for 6 h. 
3. Results and Discussion 
The white and crystalline Cd-HMTA precursor was obtained from Cd(NO3)2·6H2O and HMTA in ethanol at 
ambient conditions in one step. Light-brown CdO nanoparticles were obtained by calcination of the precursor at 
500 ºC.  
The elemental composition of the precursor (Table 1) corresponds closely to the empirical formula CdC6H16N6O8,
which matches the structural formula Cd(HMTA)(NO3)2(H2O)2.

Table 1. Elemental analysis of the Cd-HMTA precursor compared to the values calculated for the empirical 
formula CdC6H16N6O8

Complex Colour % Yield Elemental Analyses: % Found 
(% Calculated)

% Cd % C % H % N 
Cd(HMTA)(NO3)2(H2O)2 white 94 

(27.24) 
18.04 

(17.46) 
4.07 

(3.91) 
20.02 

(20.37)

The high resolution mass spectrum (MS) of the complex shows a molecular ion (M+-H) peak at m/z = 411.9 
which corresponds to the structural formula derived from elemental analysis. Small peaks above m/z = 411.9 
(473, 485, and 489) which correspond to the addition of water or nitrate fragments to the precursor, were also 
observed on the spectrum. 

Table 2. Relevant FTIR bands of HMTA and the Cd-HMTA precursor 

HMTA [{Cd(HMTA)(NO3)2(H2O)2}n] Band Assignments 

-
2955 

3480 
2950 

(OH) (coordinated water) 
(CH2) stretch 

- 1785 Cd-NO3

1457 1432 (CH2) scissor (HMTA) 
1370 1380 

1298 
1241 

(CH2) wag (HMTA) 
(CH2) twist (HMTA) 
(CH2) rock (HMTA) 

1235 1228 (CH2) twist (HMTA) 
1000 998 (CN) stretch (HMTA) 
811 
670 

-

819 
682 
505 

(CN) stretch (HMTA) 
N-C-N bend (HMTA) 

Cd-O stretch 

Relevant infrared bands of HMTA and the precursor complex are listed in Table 2. The broad band at 3480 cm-1

in the FTIR spectrum of Cd-HMTA (Figure 1) is attributed to (OH) of coordinated water (Hee Ng, Guan Teoh, 
Moris, & Yang Yap, 2004; Ndifon et al., 2009). The band at 1235 cm-1, assigned to the C-N stretching vibration 
of the free HMTA ligand is split into 1241 and 1228 cm-1 in the Cd-HMTA precursor suggesting that HMTA is 
coordinated to the cadmium ion (Ndifon et al., 2009). Strong prominent peaks at 811 and 1000 cm-1 due to the 
C-N stretching vibration of HMTA (Jensen, 2002) are shifted to 819 and 998 cm-1, respectively in the Cd-HMTA 
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precursor complex. The weak band observed at 1785 cm-1 shows the coordination of a monodentate nitrate ion, 
Cd-NO3 (Ndifon et al., 2009). The coordination of water molecules is also indicated by the IR bands in the 
region 400–600 cm-1, assigned to Cd-H2O (Ndifon et al., 2009). The elemental, mass spectrum and FTIR 
analytical results indicate that the complex is probably polymeric with formula [{Cd(HMTA)(NO3)2(H2O)2}n].  

Figure 1. a) FTIR spectra of HMTA and Cd-HMTA precursor complex; b) Expansion of FTIR spectrum in region 
1200–1300 cm-1 to show split of band 

The thermal decomposition curve of the Cd-HMTA precursor is shown in Figure 2 while the relevant 
decomposition data are summarized in Table 3. 

Table 3. Thermal decomposition data for Cd-HMTA precursor 

Step Temperature Range (ºC) % Mass Loss 

1 150–190 6.8 
2 200–400 41.4 
3 400–630 18.7 
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Figure 2. Thermogravimetric analysis of Cd-HMTA precursor complex 

The precursor Cd(HMTA)(NO3)2(H2O)2 is composed of 27.25% Cd, 8.72% H2O, 33.95% HMTA and 30.07% 
NO3

-. The TG curve (Figure 2) shows that the precursor decomposes in three major steps within the temperature 
range 30–830 °C. However, the derivative TG indicates that the pattern is complex; in the range 200–400 °C 
there are two overlapping decomposition steps and not one (indicated by a strong narrow peak and a weak 
shallow peak). 
The first decomposition step between 150–190 °C which is distinctive (mass loss of 6.8%), can be attributed 
predominantly to the loss of water (calc. 8.7%). This discrepancy suggests that water may not be lost as 
molecular water. The major mass loss of 41.4% takes place in the range 200–400 °C. This could be assigned to 
the decomposition of HMTA and part of the nitrate in the form of various gases (Afanasiev et al., 2008). This 
assignment is supported by the observation that in this range, the derivative TG indicates that there are two 
overlapping decomposition steps and not one. The coordination of HMTA to Cd tends to weaken the Cd-NO3

-

bond, suggesting that the bonding environment of the nitrates is not identical and thus will decompose at 
different temperatures. We propose that the extensively H-bonded nitrates decompose at slightly lower 
temperatures than the covalently bonded ones. Over the range 400–630 ºC we have another distinctive 
decomposition step with a mass loss of 18.7% which can be assigned to the decomposition of the remaining 
nitrate. A stable mass is obtained at 630 °C with 32.1% residue (calc. 31.3%), which is predominantly CdO due 
to the oxidative nature of the environment (presence of water vapour). 
The calcination temperature was chosen as 500 °C from the derivative TG plot which indicates that 550 °C is the 
optimum temperature. This temperature is lower than that indicated by the TG (630 °C). This is probably due to 
the use of a fast heating rate (10 °C per minute) which permits a base-line drift further away from equilibrium 
conditions because a short time is required for each determination.  
The XRD pattern of CdO obtained is shown in Figure 3. The sharp and well defined peaks indicate the 
crystalline nature of CdO. The strong diffraction peaks in the XRD spectrum of CdO occurring at 2  values of 
33.00, 38.29, 55.27, 65.87, 69.24, and 81.95 are indexed as the (111), (200), (220), (311), (222), and (400) 
crystal planes and correspond to the cubic structure of CdO (JCPDS card No. 65-2908). No other impurity peaks 
were detected indicating that the obtained CdO was phase pure. The average particle size of CdO was calculated 
using Debye-Scherrer equation (Equation 1) (Klug & Alexander, 1974):  

D = k / Sin                                      (1) 
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Where D is the average particle size,  is the X-ray wavelength,  is the corrected width of the XRD peak at half 
height,  is the shape factor which is approximated as 0.89, and  is the Bragg diffraction angle. The calculated 
average particle size of cadmium oxide nanoparticles was found to be 30.9 nm.  

Figure 3. XRD pattern of CdO nanoparticles 

The morphology and structural features of CdO nanoparticles were determined by SEM, TEM and SAED. The 
SEM image (Figure 4a) indicates that the Cd-HMTA precursor has a spike-shaped morphology, while the CdO 
nanoparticles have rod-like morphology. The EDX spectrum of the precursor (Figure 4c) indicates that it 
contains only Cd, C, H, N, and O, while that of CdO (Figure 4d) indicates pure CdO is obtained. The Cu 
impurity found in the EDX of CdO is due to the sample holder. 
The HRTEM image (Figure 5a) of CdO shows particles with a cubic shape. The larger particles present are due 
to aggregation or the overlapping of small particles. The average particle diameter of 22.7 nm for CdO was 
determined after a log normal fitting of the data obtained from the TEM image. The resulting histogram and 
average particle size are shown in Figure 6a. The average particle size from HRTEM is consistent with values 
obtained by XRD. The SAED image of CdO (Figure 5b) shows bright spots which indicate that the CdO 
nanoparticles are polycrystalline in nature. 
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Figure 4. SEM images of (a) Cd-HMTA precursor and (b) CdO; EDX images of (c) Cd-HMTA precursor and (d) 
CdO 

Figure 5. (a) TEM image and (b) SAED image of CdO nanoparticle 
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Figure 6. (a) Particle size distribution and (b) N2 adsorption/desorption isotherm for CdO nanoparticles 

For comparison, some CdO particle morphologies and sizes found in the literature that are obtained by the 
thermal decomposition of different precursors are listed in Table 4. The results indicate that cubic nanoparticles 
with sizes in the range 10–70 nm obtained from the Cd-HMTA precursor of this study compares favorably with 
those obtained from other starting materials. It can also be observed from Table 4 that our starting materials are 
the simplest, most readily available, and very cost-effective. 

Table 4. Particle sizes (HRTEM) of CdO prepared by the thermal decomposition of various precursors at 
different calcination temperatures  

Precursor Calcination Particle Size 
(HRTEM) (nm)

Morphology Ref. 

Time 
(h) 

Temperature 
(ºC) 

Cd(CH3COO)2·2H2O + 
CO(NH2)2

2 500 46 Spherical (Tadjarodi et al., 
2013) 

Cd(Cin)2·(N2H4)2 0.45 500 31 Cubic (Kalpanadevi et 
al., 2013) 

Cd(CH3COO)2·2H2O + 
PEG-400 + NaOH 

1 400 15–36 / (Liu et al., 2011) 

[Cd(L)2(H2O)2] 4 650 / Agglomerated 
particles 

(Safarifard & 
Morsali, 2012) 

Cis-[dmphen-CdI2] 2 400 50 Spherical (Aldwayyan et al., 
2013) 

[{Cd(HMTA)(NO3)2(H2O)2}n] 2 500 10–70 Cubic This work 

Cin = Cinnamic acid; PEG = polyethylene glycol; L = 1H-1,2,4-triazole-3-carboxylate; dmphen = 
2,9-dimethyl-1,10-phenanthroline 

The surface area and average pore size distribution (PSD) of CdO nanoparticles were determined by N2
physisorption. The nitrogen adsorption–desorption isotherms (Figure 6b) of CdO can be classified as type IV 
with H3 hysteresis loop (according to the IUPAC classification) (Greg & Sing, 1982). The isotherm type and 
hysteresis loop observed here indicates that CdO nanoparticles possess slit mesoporous structure (Greg & Sing, 
1982). The BET surface area (according to Brunauer, Emmett and Teller) of CdO was found to be 58.4 m2/g and 
the pore volume 0.059 cm3/g. The Barrett-Joyner-Halenda (BJH) desorption pore size distribution of 4.7 nm 
indicates a mesoporous structure for the CdO nanoparticles with high surface contact sites. 
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4. Conclusion 
Pure, crystalline and cubic CdO nanoparticles have been synthesized by the thermal decomposition of a 
Cd-HTMA precursor. The TG curve indicates the precursor decomposes in three steps but the derivative TG 
suggests the second decomposition step is composed of two overlapping steps instead of one. This renders the 
decomposition pattern more complex. The metal oxide nanoparticles were confirmed by XRD and calculated to 
have average size 30.9 nm. The morphology of the oxide nanoparticles (cubic) is different from that of the 
precursor (spikelike) and they have sizes in the range 10–70 nm. The average size of 22.7 nm for the 
nanoparticles is lower or compares favorably with those obtained by the decomposition of more expensive or 
less readily available starting materials. The CdO nanoparticles obtained is mesoporous, has a surface area of 
58.4 m2/g and an average pore diameter of 4.7 nm. The low-temperature synthetic technique is simple and cost 
effective and it can be extended to the synthesis of other metal oxide nanoparticles. 
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Abstract  
Lime hemp concrete is a sustainable building material made with hemp shiv and lime. In this research, pozzolans 
are added to the lime binder. Hemp shiv contains water soluble constituents including pectic polysaccharides 
which can dissolve in the mixing water. Sugars and pectins are known to retard clinker hydration in portland 
cement. This research studies whether the hemp soluble components impact lime-pozzolan paste reactions thus 
affecting the properties of hemp concrete with lime-pozzolan binder. Physical tests and microstructural analyses 
were undertaken to determine how the water soluble hemp constituents influence the hydration reactions 
responsible for setting and hardening of lime-pozzolan pastes. The effect of hemp particles on a lime-pozzolan 
binder was also investigated using microstructural analysis. 
Physical testing evidenced that the hemp’s soluble constituents do not alter ultimate strength however, they delay 
pozzolanic reaction retarding setting and early strength development. The microstructural analysis of 
lime-pozzolan pastes agreed with the above, evidencing that the hemp delays the formation of hydrates, in 
particular calcium silica hydrates. The halt of the pozzolanic reaction by the hemp particles was clear at the 
hemp interface, where few hydrates were evident. This suggests that the properties of the hemp particles 
including their high suction (which removes water at the interface) and their high porosity (which assists CO2
diffusion) contribute to the halt of the pozzolanic reaction.  
Keywords: lime-hemp concrete, pectin, pozzolanic reaction, hydration, setting, strength 
1. Introduction 
Lime hemp concrete is a sustainable, carbon negative building material that can replace high embodied energy 
materials in certain applications thus making construction more sustainable. Lime hemp composites have been 
used in France since the 1990s and are gaining popularity in Europe. They are made with hemp shiv, which is 
the woody interior of the hemp stalk, and a lime-based binder. Commercial binders currently available and 
binders designed on site by building practitioners typically include hydraulic lime, portland cement (PC) and 
additions. The purpose of the hydraulic lime and PC is to improve early age properties such as setting and 
strength development. This paper is part of a research programme which aims at formulating a binder using 
calcium lime and pozzolans. It is intended that the pozzolans will eliminate the need for hydraulic lime and PC 
so that the material can have a lower environmental impact.  
Pozzolans are materials with an amorphous siliceous or siliceous and aluminous content that react with 
portlandite (CH=Ca(OH)2) in the presence of water to form hydrates (similar to cement hydration) thereby 
accelerating the slow hardening (carbonation) of calcium limes by imparting a hydraulic set. They have been 
used to enhance the properties of composites since antiquity. Previous research by the authors indicated two 
suitable pozzolans for use in lime hemp composites: Ground Granulated Blastfurnace Slag (GGBS) and 
metakaolin; on account of their fast setting and high reactivity (Walker & Pavía, 2010; Walker & Pavía, 2011). 
In this paper, Rice Husk Ash (RHA) was also included in several tests to study the effect of the pectins on a fully 
siliceous pozzolan. 
1.1 Effect of Organic Compounds on Material Properties 
The amount and type of hydrates produced upon binder hydration, and the time at which they appear, impact the 
physical properties of cement and lime composites, including setting and early strength development. Sugars and 
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of the paste should be due to the formation of CSH. A previous study which compared reactivity of a number of 
pozzolans found that pozzolans with the highest Al2O3 content set the fastest (Walker & Pavía, 2010; Walker & 
Pavía, 2011), therefore, it is likely that aluminates also contribute to setting.  
2. Materials and Methods
2.1 Materials 
A hydrated commercial lime (CL90s) complying with EN 459-1 was used. As aforementioned, two pozzolans, 
metakaolin and GGBS, were identified as having potential for use in the lime hemp composite on account of 
their fast setting times and high reactivity (Walker & Pavía, 2010; Walker & Pavía, 2011). The programme of 
research concentrates on these two pozzolans however RHA was included in several tests to study the effect of 
the pectins on a fully siliceous pozzolan. The pozzolan composition, rate of amorphousness and surface area are 
included in Table 1.  
The chemical composition was determined by XRF using a Quant’X EDX Spectrometer and UniQuant analysis 
package. The mineralogy and rate of amorphousness were analysed by X-Ray diffraction (XRD), using a Phillips 
PW1720 XRD with a PW1050/80 goniometer and a PW3313/20 Cu k-alpha anode tube at 40 kV and 20 mA. 
The specific surface area was measured using a Quantachrome Nova 4200e and the BET method, a model 
isotherm based on adsorption of gas on a surface. Industrial hemp shiv was supplied by La Chanvrière De L'aube 
in central France.  

Table 1. Properties of the pozzolan  

Pozzolan SiO2 Al2O3 CaO Fe2O3 SO3 K2O MgO Rate of 
Amorph-ousness

Surface
area m2/g Mineral composition 

GGBS 34.1 13.9 39.3 0.4 2.4 0.3 8.6 Totally 2.65 no crystalline fraction 
Metakaolin 

51.4 45.3 - 0.5 - 2.1 0.6 Mostly 18.30 

quartz, tohdite, 
aluminum oxide, 
wollastonite and 
paragonite. 

RHA 93.8 1.9 0.7 0.3 - 1.4 0.5 Mostly 13.70 quartz and crystobalite 

As shown in Table 1, the chemical and mineral composition, rate of amorphouseness and surface area of 
pozzolans (Walker & Pavía, 2010; Walker & Pavía, 2011). 

2.2 Setting Time 
It is not possible to determine the setting time of composites such as hemp concrete using the Vicat test as the 
organic aggregate impedes needle penetration and absorbs water; hastening the drying of the paste and giving 
inaccurate results. Therefore, the hemp aggregate was replaced by hemp water; and the effect of hemp on setting 
determined by comparing the Vicat test results of pastes made with water and hemp water. Mixing was in 
accordance with EN 459-2 except for the addition of the pozzolan (added after 1 minute and the mixing stopped 
for 30 seconds). 
The hemp water was prepared by soaking the shiv for 45 minutes so that it releases its water soluble constituents 
including pectins. The concentration of soluble hemp compounds in the mixing water present in the lime hemp 
concrete during curing was not established. Longer soaking times would yield a higher concentration of soluble 
compounds, however it was felt that long soaking times in a water excess were not representative of the actual 
conditions in hemp concrete, thus soaking the shiv for 45 minutes was deemed an adequate solution. The 
influence of varying amounts of soluble hemp compounds on setting was measured by varying the hemp water 
content (0, 25, 50 and 100%).  
2.3 Water Content for Setting 
Consistency in the water content is of paramount importance as it affects the kinetics of the binder reactions and 
the final properties of the material: a small water increase significantly delays setting of lime-pozzolan pastes 
(Walker & Pavía, 2010). A standard consistency for the lime-pozzolan pastes was achieved by adding the 
amount of water necessary to produce a paste with a 165 mm initial flow diameter. The water required in order 
to produce such paste was measured according to EN 459-2. The quantity of water required by different 
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pozzolans to produce a paste of the same standard consistency (necessary for the Vicat test) varies: GGBS has a 
much lower water demand than lime while, in contrast, lime and metakaolin have a similar water demand 
(Walker & Pavía, 2011). For the lime- GGBS pastes, the binder: water ratio of 1:0.69 and 1:0.64 for the 30% and 
37.5 % (Figure 2) GGBS content respectively. As hydrated lime and metakaolin have a similar water demand, 
the water content of the lime- metakaolin pastes was determined at 37.5% pozzolan content and fixed at a 
lime+pozzolan:water ratio of 1:0.93 (by weight) for both pozzolan contents. 
2.4 Compressive and Flexural Strength  
Strength was measured at 30% pozzolan content with the water content adjusted to produce a 165 mm initial 
flow diameter. The prisms were demoulded after 1 day and stored in a curing room at 20°C±3°C and RH 
60%±10%. The unconfined compressive strength was measured according to EN196-1 and EN 459-2 at 28 days. 
Flexural strength tests were conducted according to EN196-1 and EN 459-2 using the center-point loading 
method. Here, the prisms were placed on fixed supports with the longitudinal axis normal to the applied load. 
After breaking the prism, the following equation was used to determine the flexural strength: 

Rf = (1.5 × Ff × l)/b3                                  (1) 
Rf  flexural strength (N/mm2)
Ff load applied to the middle of the prism at fracture (N) 
b side of the square section of the prism (mm) 
l distance between the supports (mm) 
The values reported are the mean of 6 compressive and 3 flexural strength tests.
2.5 Analysis of Hydration Products With Scanning Electron Microscopy (SEM)  
SEM and XRD were used to determine whether water soluble constituents of hemp were responsible for a 
difference in the nature and/or amount of hydrates. The microstructure of the binder and the formation of 
hydrates were investigated using a Tescan MIRA Field Emission SEM. The samples were fractured and covered 
with a gold coating in an 'Emscope SC500' plasma coating unit. Lime- pozzolan pastes (30% pozzolan by 
weight) were investigated at 1, 3, 7 and 28 days. Pastes with 2% hemp content (untreated and washed hemp in 
which the hemp was immersed in water for 24 hours and then dried prior to mixing) were investigated at 28 
days. 15 random areas were analyzed in each sample. 
XRD was undertaken on the lime- pozzolan pastes, at different ages up to 6 months, using a Phillips PW1720 
XRD with a PW1050/80 goniometer and a PW3313/20 Cu k-alpha anode tube at 40 kV and 20 mA.  
2.6 Testing Regime 
The testing regime of the different pastes is as set out in Table 2. 

Table 2. Matrix of testing

Property Test Pozzolan Pozzolan 
Content 

Additions Figure 

Setting Vicat Test Lime, GGBS, 
metakaolin, RHA 

37% Hemp water Section 3.1, 
Figure 2 

Setting Vicat Test GGBS, metakaolin 30% Hemp water 
(0-100%) 

Section 3.1, 
Figure 3 

Compressive strength EN196-1 
EN459-2 

Lime, GGBS, 
metakaolin 

30% Hemp water Section 3.2, 
Figure 4, 5 

Flexural strength EN196-1 
EN459-2 

Lime, GGBS, 
metakaolin 

30% Hemp water Section 3.3, 
Figure 6 

Microstructural analysis SEM GGBS, metakaolin, 
RHA

30% Hemp water Section 3.4, 
Figure 7, 8 

Microstructural analysis SEM GGBS, metakaolin, 
RHA

30% Hemp particles Section 3.4, 
Figure 9, 10 

As shown in Table 2, the testing undertaken in this research. 
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3. Results and Discussion 
3.1 Effect of Water-Soluble Hemp Components on Setting Time  
The pozzolanic reaction is significantly controlled by the pozzolan’s active silica and alumina content 
(Massazza, 2007). The pozzolans have a different composition ranging from the clinker-bearing GGBS to the 
alumina-rich metakaolin and the silica-rich RHA. As aforementioned, RHA was introduced in order to ascertain 
the effect of the hemp on an almost fully siliceous pozzolan. A 100% calcium lime paste was included as a 
control sample.  
The results show that hemp’s soluble constituents do not alter the setting time of lime: both the lime and the 
lime/hemp-water pastes display a similar set, with the final set at 110 hours and a maximum deviation of 9 hours 
(Figure 2). This indicates that the hemp does not alter mechanical processes such as flocculation, drying and 
early carbonation responsible for the initial hardening of lime. In contrast, the hemp water retards the setting of 
lime- pozzolan pastes. RHA is retarded the most followed by GGBS and metakaolin: 39, 23 and 10 hours 
respectively for a setting equivalent to a depth of penetration of the Vicat needle of 25 mm (Figure 2). Therefore, 
the hemp delays pozzolanic reaction and the amount of retardation is partially determined by the chemical 
composition of the pozzolan.  

Figure 2. Setting time of lime (L) and lime- pozzolan pastes, with and without hemp water. G-GGBS; 
M-metakaolin; R-RHA; H-hemp water. All 37.5% pozzolan content by weight 

It could be argued that the retardation of the set is due to the water soluble hemp constituents retaining water in 
the binder rather than delaying pozzolanic reaction. However, the samples were continuously weighed during 
drying, and the similar drying rates of all samples (with and without hemp water) indicate that there is no water 
retention triggered by the water soluble hemp constituents. Therefore the set retardation is due to the soluble 
hemp constituents interfering with the lime-pozzolan reactions responsible for setting.  
The setting of the most siliceous pozzolan (RHA) is retarded the most; the initial set starts late (at approximately 
80 hours). In contrast, the setting of the alumina-rich pozzolan paste (metakaolin) is delayed the least, despite the 
fact that it contains more soluble hemp compounds due to its greater water demand (section 2.3). This suggests 
that the hydration of silica is retarded to a greater extent than that of alumina and agrees with previous authors 
stating that retardation by pectins is greater for low C3A cement (Peschard, Govin, Grosseau, Guilhot & 
Guyonnet, 2004).  
In order to assess the influence of increasing amounts of soluble hemp compounds on setting, the Vicat test was 
repeated with varying hemp water concentrations (ranging from 0% to 100%) for the GGBS and metakaolin 
pozzolans. It is evident from the results (Figure 3) that increasing hemp water content increases the delay in 
setting. This was true in all cases except for the metakaolin paste with hemp water content over 50% and this 
may be due to the presence of a surplus of soluble hemp constituents on account of the higher water content in 
the lime- metakaolin pastes. It was also evidenced that a small amount of hemp water (25%) significantly delays 
setting. 
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Figure 3. Influence of increasing soluble hemp compounds on the setting of lime- pozzolan pastes. G-GGBS; M- 
metakaolin; W=100% water; H1/4=25% hemp water and 75% water; H1/2=50% hemp water; H=100% hemp 

water. All 30% pozzolan by weight 

3.2 Effect of Water-Soluble Hemp Components on Compressive Strength  
The impact of the soluble constituents of hemp on compressive strength was investigated in samples of 30% 
pozzolan content (by weight) made with water and hemp water, at 5, 7, 14 and 28 days (Figure 4). The lime 
samples at 5 days were still soft and compressive strength was therefore only investigated at 7, 14 and 28 days. 
The low coefficients of variation (Table 3) indicate that the results are reliable. 
The results indicate that the hemp does not affect the strength development of lime pastes however, it delays the 
strength development of lime-pozzolan pastes (Figure 4); in particular that of the metakaolin. The pozzolanic 
reaction contributes to strength development and it is evident that the hemp water delays this reaction. This 
agrees with the setting results indicating that hemp delays pozzolanic reaction. It differs from the setting results 
in that metakaolin is delayed further than GGBS. However, as strength development is largely attributed to the 
formation of silica hydrates, it is clear that the hemp water is delaying their formation. 
The magnitude of strength reduction gradually decreases over time and, at 28 days, the pozzolan pastes made 
with water and hemp water show similar strength. Therefore, the soluble hemp constituents undermine early 
strength but do not significantly affect ultimate strength.  

Figure 4. Influence of hemp soluble components on the compressive strength development of lime and lime- 
pozzolan pastes. G-GGBS; M-metakaolin; L-lime; H-hemp water. All 30% pozzolan content 
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Table 3. Coefficient of variation of the compressive strength results in Figure 4 

specimen  G GH M MH L LH 

5 days 5.04 11.69 16.71 6.58   
7 days 8.2 9.2 5.44 10.93 5.68 17.3 
14 days 9.68 6.45 7.44 2.38 6.35 12.04

In order to confirm that the soluble hemp components produce a delay in compressive strength development, the 
compresive strength test was repeated using aluminium sulphate as an additive. Aluminium sulphate precipitates 
pectins and should therefore reduce the effect of pectin on the lime-pozzolan reaction. The results (Figure 5) 
show that aluminium sulphate has no impact on the strength development of pastes made with water but 
improves the strength of pastes made with hemp water (in particular that of the metakaolin paste whose strength 
was lowered the most). This further confirms that the soluble hemp components (in particular pectin) cause a 
delay in compressive strength development. 

Figure 5. Influence of soluble hemp components on the early compressive strength of lime- pozzolan pastes with 
and without aluminium sulphate additive at 7 days. G-GGBS; M-metakaolin; L-lime; H-hemp water; 

A-aluminium sulphate 

3.3 Effect of Water-Soluble Hemp Components on Flexural Strength 

Figure 6. Flexural strength development of pastes over time. G-GGBS; M-metakaolin; L-lime; H-hemp water. 
All 30% pozzolan content 
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4. Conclusion 
The water-soluble hemp components delay hydration. As a result, they retard the setting and early strength 
development of lime-pozzolan pastes however, they do not affect their ultimate strength. In contrast, the soluble 
hemp compounds do not impact the setting, hardening and initial strength development of calcium lime pastes. 
The results also revealed that the water-soluble hemp components delay the formation of silica hydrates further 
than alumina hydrates.  
It was noted that a small amount of hemp water significantly halts hydration. The effect of hemp water does not 
increase linearly with concentration; at high hemp water contents, increasing concentration has a smaller effect. 
This is likely on account of a surplus of active hemp components in solution.  
The SEM analysis agreed with the setting and strength results indicating that hemp water delays the formation of 
hydrates. This was clearly evident in the lime-RHA pastes in where a delay in the formation of CSH was readily 
observed. 
The halt of the pozzolanic reaction by the hemp particles was clear at the hemp interface, where few hydration 
products appeared and their quantity slightly increased when the hemp particles were washed to remove their 
water soluble constituents. This paper concludes that the properties of the hemp particles, including their high 
suction removing water at the interface and their high porosity assisting CO2 diffusion, contribute to the halt of 
the pozzolanic reaction. 
This research also evidenced that pozzolanic reaction takes place early in lime-pozzolan pastes (significant 
hydrates were observed at 24 hours). An evolution in the morphology of the pozzolanic hydrates over time, from 
predominantly needle-shaped at very early ages (24 hours); into fibrous, sponge and gel-like hydrates at later 
stages, was determined. 
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Abstract 
The influence of 100 MeV Silicon (Si) ion irradiation on electrical characteristics of Si photo detectors has been 
analyzed using in-situ current-voltage characterization (I-V) in dark condition. The irradiation was performed over 
a wide range of fluences from 1×1011 ions/cm2 to 1×1013 ions/cm2. Key electrical parameters such as ideality factor 
(n), series resistance (Rs) and reverse bias leakage current (IR) for each irradiation fluence have been extracted from 
the I-V characteristics. The ideality factor of the unirradiated detector is found to be 1.48 and it gradually increased 
up to the fluence of 5×1011 ions/cm2, then it saturates around 3.4-3.5 for higher fluences. The I-V characteristics 
showed significant increase in forward bias and drastic increase in reverse leakage current. The value of IR is   
7.23 nA for unirradiated detector and it increases about four orders of magnitude up to 5×1011 ions/cm2. Further 
there is no observable change in the value of IR. However the value of Rs increases initially and slightly decrease at 
higher fluences. The observed results are interpreted in terms of energy loss mechanisms of swift heavy ion as it 
passes through the different layers of the detector. The radiation induced defects in the bulk region and activation of 
multiple current transport mechanisms have attributed to the observed deviations in the electrical behaviour of the 
device. SRIM (Stopping power and Range of Ion in Matter) and TRIM (Transport and Range of Ion in Matter) 
simulation results of damage induced in the device have been reported in the present study. Linear energy transfer 
(LET), non ionizing energy loss (NIEL) damage contributions, total ionization dose (TID) and displacement 
damage dose (Dd) has been correlated with the observed degradation. Quantitative estimation of radiation hardness 
of the Si photo detector is done by comparing with the equivalent damage created by the proton at similar 
penetration depth in the present device structure. 
Keywords: Si photo detectors, swift heavy ion irradiation, space application, radiation hardness, current 
transport, NIEL, LET 
1. Introduction 
The Si Photo detectors are major part of several electro-optical instruments used in space and military 
applications. Also, these are being used extensively for energy and position measurements in particle and nuclear 
physics experiments (Kurokawa et al., 1995). In such experiments the detectors are exposed to typically 100 
Mrad in their operational lifetime (Gill, Hall, & MacEvoy, 1997). Hence these devices need to be radiation 
hardened to function reliably. The effect of protons, electrons, neutrons and gamma rays on Si photo detectors of 
various configurations such as p-n junction/n-p junction devices and p-i-n structures are reported (Krishnan, 
Sanjeev, & Pattabi, 2007; Pillai et al., 2012; Moloi & McPherson, 2009). However the effect of swift heavy ion 
(SHI) on photo detectors, particularly high energy heavy ion has not been reported extensively. It is well 
documented in the literature that SHI irradiation in semiconductors can create latent tracks, induce modifications 
such as vacancies, di-vacancies, point defects etc (Bolse & Beate, 2002; Levalois & Marie, 1999; Kanjilal, 2001). 
The damage created depends largely on the type of incident particles and values of LET and NIEL. LET is the 
sum of electronic and nuclear energy losses and plays an important role in case of heavy ions (Leroy & Rancoita, 
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3. Results and Discussion 
3.1 SRIM/TRIM Simulation Results 
SRIM/TRIM simulation software is widely used to estimate the values of stopping power and range of ions in 
matter. In the present study we have used SRIM 2013 program to study the passage of 100 MeV Si ion beam 
through the Si photo detector. It is well known that as the swift heavy ion (SHI) traverses through the target 
material, the ion loses its energy via two processes: 
1) Nuclear energy loss (Sn)
2) Electronic energy loss (Se)
Sn is due to elastic scattering by target nuclei whereas Se is due to inelastic interaction with target electrons. Also 
Se is known to dominate at higher energy regime (>1 MeV/amu) compared to Sn which dominates at lower 
energy regime (<1 keV/amu). The observed modification in electrical properties can be understood by analyzing 
the possible implications of passage of ion through the device structure. 
The passage of 100 MeV Si ion through different regions of the Si photo detector (only active region is 
considered) is analyzed through SRIM code and a plot of Se and Sn versus depth of the material is depicted in 
Figure 3. It is clear from the Figure that the device suffers non uniform irradiation and the ion stops deep in the 
substrate away from the n+/p junction. The value of Se and Sn at this junction is 2.48 keV/nm and         
1.96×10-3 keV/nm respectively. It is noteworthy that the value of Se is almost 1000 times greater than the values 
of Sn. It may be recalled that nuclear energy loss is known to create defects like vacancies interstitials etc. 
whereas high electronic energy loss produces electron hole-pairs and trapping centers (Kanjilal, 2001; Levalois, 
Bogdanski, & Toulemonde, 1992; Clayes & Simoen, 2002). 

Figure 3. Passage of 100 MeV Si ion along different layers of the Si photo detector 

a            b 
Figure 4. (a) Ionization damage (eV/Angstrom-ion) in 100 MeV Si ion irradiated Si photo detector (upto range 

of ion: 35.4 μm from the top surface) and (b) Ionization damage (eV/Angstrom-ion) in 100 MeV Si ion 
irradiated Si photo detector (upto 1 μm depth from the top surface) 
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The ionization and displacement damage induced by 100 MeV Si ion beam in the present device structure is 
shown in Figure 4a, 4b and Figure 5a, 5b respectively. It is clear from Figure 4a and 4b that the ionization 
damage is maximum at the beginning of the ion range and it gradually decreases along with the depth. Whereas 
Figure 5a and 5b shows that the displacement damage is minimum in the beginning and it is maximum at the end 
of the range. Therefore more number of displacements/vacancies are created due to large nuclear energy loss in 
the bulk Si and electron-hole pairs are created due to ionization damage mostly in AR coating region, n+ layer 
and in the bulk of Si. The same has been validated by further calculations of NIEL and TID. 

a                                               b 
Figure 5. (a) Displacement damage (Displacements/Angstrom-ion) in 100 MeV Si ion irradiated Si photo detector 
(up to range of ion: 35.4 μm from the top surface) and (b) Displacement damage (Displacements/Angstrom-ion) 

in 100 MeV Si ion irradiated Si photo detector (up to 1 μm depth from the top surface) 

3.2 Contributions From NIEL and LET 
TRIM is a comprehensive program of SRIM which provides the detailed treatment of ion damage cascades and 
the ion distribution within the target material. Only primary displacements due to ion cascade are considered and 
the quantitative estimation of the damage on the layered structure of the device is provided. The amount of 
charge in the ionization track per unit length is called the linear energy transfer (LET) and is measured in 
MeV-cm2 /g. LET is a function of particle type and incident energy (Pease, Johnston, & Azarewicz, 1988). The 
expression for NIEL (Messenger, Burke, Summers, & Xapsos, 1999) is given by, 

Where N is the Avogadro’s number, A is the atomic number and  is the minimum scattering angle for 
which the recoil energy equals the threshold energy for the atomic displacements, T is the average recoil energy 
for the target atoms and L is the Linhard partition function which separates the energy into ionizing and 
non-ionizing events. NIEL is a direct analog of LET and it is usually expressed in MeV-cm2/g. The value of 
NIEL is estimated from SRIM and was found to be 64.415 MeV-cm2/g. 
The TID and Dd is calculated using the relation, 

Where  is the unit conversion parameter and the unit is rad g/MeV,  is the ion fluence (ions/cm2). 
The damage caused due to LET and NIEL is estimated from SRIM/TRIM and tabulated in Table 1. The fluence 
dependent TID and Dd are tabulated in Table 2. TID is mainly dependent on the value of LET and hence in case 
of MeV ion, the contribution from electronic excitations is much more compared to nuclear displacements by 3 
orders of magnitude. 
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Table 1. TRIM Calculations for 100 MeV Si in Si target 
Name Value
Range, R ( m) 35.4
Average Displacements/ion 9707
Average Vacancies/ion 8951
Average Replacements/ion 756
NIEL up to R (MeV cm2/g) 64.415
LET ((MeV cm2/g) 10.072 x 103

Table 2.Fluence dependent TID and Dd for Si target 

Fluence (ions/cm2) 1x1011 5x1010 1x1011 5x1011 1x1012 5x1012 1x1013

TID(rad) 1.611 x106 8.057 x106 1.611 x107 8.057x107 1.611x108 8.057 x108 1.611 x109

Dd (rad) 1.026x104 5.132 x104 10.26 x104 51.32 x104 10.26 x105 51.32 x105 10.26 x106

3.3 I-V Measurements / Current Transport Mechanism 
The I-V characteristics (in dark condition) of 100 MeV Si7+ ion irradiated Silicon photo detector in the fluence 
range of 1×1010 to 1×1013 ions/cm2 is shown in comparison with pristine results in Figure 6a and 6b. The reverse 
I-V characteristics exhibits a drastic change compared to forward bias.  

Figure 6a. Forward bias I-V characteristics of 100 
MeV Si ion irradiated Si Photo detector 

Figure 6b. Reverse bias I-V characteristics of 100 
MeV Si ion irradiated Si Photo detector 

To study the modification in current transport properties of the device due to Si ion irradiation, the I-V 
characteristics has been analyzed according to thermionic emission theory and the experimental data is fitted 
with thermionic emission given by (Jayavel, Udayashankar, Kumar, Asokan, & Kanjilal, 1999), 

Where, 

Where A** is the effective Richardson constant (A cm-2 K-2); T is the absolute temperature (K), Is is the 
saturation current and n is the ideality factor and other symbols have their usual significance. From the gradient 
of ln(I) versus V curve, the value of ideality factor is estimated using the relation, 
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One of the important parameters of the device is series resistance and it was been calculated by using the method 
developed by Cheung and Cheung (Cheung & Cheung, 1986). The forward bias I-V characteristics due to 
thermionic emission of hetero-structures with series resistance can be expressed as Cheung functions, 

The term IRS is the voltage drop across the junction. The gradient of dV/d(lnI) yields the series resistance (RS). 
Also reverse leakage current (IR) at -1V has been determined from Figure 6b. All the evaluated parameters are 
tabulated in Table 3. 

Table 3. The calculated device parameters for different ion fluences 

Sl. No Ion Fluence 
(ions cm-2)

Ideality factor
(n) 

Series Resistance (Rs)
(ohm) 

Reverse Leakage current IR (A) 
(at -1 V) 

1 Pristine 1.48 8.205 7.23×10-9

2 1×1010 1.62 8.615 4.97×10-8

3 5×1010 2.71 8.880 2.28×10-6

4 1×1011 3.40 9.022 1.19×10-5

5 5×1011 3.51 8.720 2.37×10-5

6 1×1012 3.41 8.680 4.35×10-5

7 5×1012 3.37 8.330 5.31×10-5

8 1×1013 3.34 7.960 5.38×10-5

The value of ideality factor for pristine sample and at different fluences are tabulated in Table 3. The 100 MeV 
Si7+ ion irradiation increases the value of ideality factor moderately up to 3.51 for the fluence of 5 × 1011

ions/cm2. It can be observed from the values of ideality factor that the ideality factor increases up to a fluence of 
5 x 1011 ions/cm2. Further the ideality factor decreases slightly with increasing ion fluence. Since the value of 
ideality factor lies between 1 and 2 at the initial stages the conduction mechanism is due to thermionic emission 
and gradually there is a contribution from generation recombination process.The generation-recombination 
process lead the diode to deviate from its ideal behaviour (Sharma, Shahnawaz, Kumar, Katharria, & Kanjilal, 
2007). Therefore the increase in ideality factor clearly indicates that the Si ion beam induced modification in 
current transport mechanisms. At higher fluences magnitude of ideality factor increases by 2-3 orders and 
saturates around 3.4 indicating probable contribution from defect assisted tunnelling current. The activation of 
multiple current transport mechanisms may be attributed to the observed increase in the value of ideality factor. 
It is evident from the fluence dependent NIEL and TID calculations that the number of defects created by ion 
beam also increases along with the fluence. After the fluence of 5 × 1011 ions/cm2 the accumulation of these 
defects get saturated and is reflected in the saturation value of ideality factor. The enhanced recombination 
probability of trap centers introduced by Si ion beam in the intrinsic region of the device may also have 
significant contribution for the increase in the value of ideality factor (Pillai et al., 2012). 
Since the reverse leakage current of advanced silicon photo diodes used in nuclear radiation detection is very low, 
measurement of changes in the leakage current can be a very sensitive tool for monitoring ion irradiation 
(Hazdra, Haslar, & Vobecky, 1995). In the present study, the value of IR has increased significantly. It is to be 
noted that pristine sample has the reverse leakage current of 7.23 nA at -1V and it has drastically increased up to 
11.9 A for the fluence of 1 × 1011 ions/cm2, thereafter begins to saturate around 10-5 A. It is to be noted that IR
has increased up to four orders of magnitude when compared to pristine value. The Si ion beam induced 
increment in dark leakage current occurs due to the creation of trap centers which act as recombination centers in 
the band gap of semiconductor. These trap centers are created due to atomic displacement which leads to 
increase in thermal generation rate in the depletion region of the device. The increase of reverse leakage current 
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with the fluence confirms the increase of generation-recombination (G-R) centers (Khamari et al., 2011). The 
value of series resistance of the device in the present investigation increases initially up to 1 × 1011 ions/cm2

and slightly decreases at higher fluences. Series resistance is inversely proportional to the product of both 
mobility and carrier concentration. In general ion irradiation is known to decrease the carrier mobility and carrier 
concentration and thereby increase the series resistance. The 100 MeV Si beam has introduced significant 
number of displacements, vacancies as listed in Table 2. These defects contribute to the decrease in minority 
carrier lifetime and responsible for increase in the value of series resistance. As the low temperature mobility is 
affected by the presence of shallow levels, the mobility might not change at lower fluence, however at higher 
fluence the less stable shallow level may become stable and form complex defects contributing to increase in 
mobility (Khamari et al., 2011). At the lower fluences the series resistance increases because of the increase in 
number of vacancies created by the ion beam. But at higher fluences these defects get saturated and starts 
overlapping. The decrease in series resistance implies that the product of mobility and free career concentration 
has been increased. It is reported that the increase in mobility decreases the value of series resistance (Kumar, 
Katharria, Batra, & Kanjilal, 2007). After a certain fluence there is a dynamic equilibrium between creation and 
annealing of defects. The defect creation is mainly due to atomic displacements during elastic (Sn) collisions of 
ion with Si atoms, where as annealing of defects is due to inelastic (Se) collisions causing excitation and 
ionization of atoms and their subsequent relaxation (Verma, Praveen, Kumar, & Kanjilal, 2013). The high value 
of electronic energy loss is known to produce partial annealing (Srour et al., 2003; Singh, Arora, & Kanjilal, 
2001). At higher fluences, the device parameter starts saturating, as there will not be any effective increase in 
defects.  
It is necessary to estimate the radiation hardness of the Si photo detector when the devices are considered for 
space application. Here we have followed the approach of Sciuto et al. (Sciuto, Roccaforte, & Raineri, 2008). 
The estimation of proton irradiation induced damage on the present device was deduced from the 100 MeV Si 
ion beam irradiation effects by taking into account of the nuclear stopping power (Ziegler et al., 2010; Sze, 1988). 
Considering the typical proton fluxes in the range of 102 to 104 ions/cm2/s, from SRIM simulation it can be 
estimated that irradiation with 100 MeV Si ion beam with the fluence of 1011 ions/cm2 would be equivalent to 
irradiation with 1.6 MeV protons for a time longer than 35 years (NASA (www.nasa.gov), Messenger & Ash, 
1986). Thus in Low earth orbit, usually where the spacecrafts and satellites are operated, the detector will require 
very long time to achieve fluence of 1011 ions/cm2 and hence it can function reliably during its operational 
lifetime. 
4. Conclusion 
Si n+/p/p+ junction photo detector has been subjected to 100 MeV Si ion irradiation at various fluences and its 
sensitivity for ionization and displacement damage has been systematically studied. In-situ darkI-V 
measurements has been performed and the present device shows increase in the value of ideality factor and 
reverse leakage current upto the fluence of 5 × 1011 ions/cm2, thereafter it is almost constant indicating good 
radiation immunity. Si ion beam induced G-R centers in the bulk Si may be the main reason for the increase in 
leakage current. The higher values of ideality factor are attributed to activation of multiple transport mechanisms 
including multistep tunnelling. However the NIEL induced displacement damage appears to be the major effect 
to the observed degradation primarily in the bulk region of the device. At higher fluences these parameters 
improve indicating the annealing effect due to high electronic energy loss. SRIM results also validate that the 
displacement damage is created in the bulk Si compared to top layers of the device. The values of LET and NIEL 
and fluence dependent TID and Dd has been calculated and an attempt has been made to correlate with the 
observed degradation in electrical parameters. Radiation hardness is estimated by comparing the present study 
with the equivalent damage created by proton and the present device was found to function reliably for several 
tens of years in low earth orbit. 
Acknowledgments 
One of the Authors (MVK) thanks IUAC for providing financial assistance through fellowship Grant no. 
UFR-50310. The technical assistance provided by Pelletron group at IUAC during the beam time experiment is 
acknowledged. Also, the authors thank Dr. C. L. Nagendra (LEOS-ISRO, Bangalore), Dr. C. M. Dinesh (Govt. 
first grade college, Kolar, India) and Dr. Prabha Sana (MANIT, Bhopal) for their useful discussions. 
References 
Bolse, W., & Schattat, B. (2002). Atomic mixing in thin film systems by swift heavy ions. Nucl. Instr. and Meth. 

B, 190(1-4), 173-176. http://dx.doi.org/10.1016/S0168-583X(01)01225-3 



www.ccsenet.org/jmsr Journal of Materials Science Research Vol. 3, No. 3; 2014 

31

Bourqui, M. L., Bechou, L., Gilard, O., Deshayes Y., Del Vecchio P., How L. S., … Touboul, A. (2008). 
Reliability investigations of 850 nm silicon photodiodes under proton irradiation for space applications. 
Microelectron. Reliab, 48, 1202-1207. http://dx.doi.org/10.1016/j.microrel.2008.07.012 

Cheung, S. K., & Cheung, N. W. (1986). Extraction of Schottky diode parameters from forward current
voltage characteristics. Appl. Phys. Lett., 49, 85 -87. http://dx.doi.org/10.1063/1.97359 

Clayes, C., & Simoen, E. (2002). Radiation Effects in Advanced Semiconductor Materials and Devices.
Heidelberg, Germany: Springer-Verlag, ch. 2.  

Gill, K., Hall G., & MacEvoy, B. (1997). Bulk damage effects in irradiated silicon detectors due to clustered 
divacancies. J. Appl. Phys., 82, 126-136. http://dx.doi.org/10.1063/1.365790 

Hazdra, P., Haslar, V., & Vobecky, J. (1995). Application of defect related generation current for low-dose ion 
implantation monitoring. Nucl. Inst. Meth. B, 96, 104-108. http://dx.doi.org/10.1016/0168-583X(94)00462-5 

Jayavel, P., Udhayasankar, M., Kumar, J., Asokan, K., & Kanjilal, D. (1999). Electrical characterisation of high 
energy 12C irradiated Au/n-GaAsSchottky Barrier Diodes. Nucl. Inst. Meth. B, 156(1-4), 110-115. 
http://dx.doi.org/10.1016/S0168-583X(99)00282-7 

Kanjilal, D. (2001). Swift heavy ion induced modification and track formation in materials. Curr. Sci. India, 
80(12), 1560-1566. http://www.iisc.ernet.in/~currsci/jun252001/1560.pdf  

Khamari, S. K., Dixit, V. K., Ganguli, T., Porwal, S., Singh, S. D., Kher, S., … Oak, S. M. (2011). Effect of 60Co 
-ray irradiation on electrical properties of GaAsepilayer and GaAs p–i–n diode. Nucl. Inst. B., 269(3), 

272-276. http://dx.doi.org/10.1016/j.nimb.2010.11.067 
Krishnan, S., Sanjeev, G., & Pattabi, M. (2007). 8 MeV electron irradiation effects in silicon photo-detectors. 8 

MeV electron irradiation effects in silicon photo-detectors.Nucl.Inst. Meth. B, 264, 79-82 
http://dx.doi.org/10.1016/j.nimb.2007.08.004 

Kumar, S., Katharria, Y. S., Batra, Y., & Kanjilal, D. (2007). Influence of swift heavy ion irradiation on 
electrical characteristics of Au/ n -Si (1 0 0) Schottky barrier structure. J. Phys. D. Appl. Phys., 40(22), 
6892-6897. http://dx.doi.org/10.1088/0022-3727/40/22/006  

Kurokawa, M., Motobayashi, T., Ieki, K., Shimoura, S., Murakini, H., Ikeda, Y., Moriya, S., Yanagisawa, Y., & 
Nomura, T. (1995). Radiation damage factor for ion-implanted silicon detectors irradiated with heavy ions. 
IEEE Trans. Nucl. Sci., 42(3), 163-166. http://dx.doi.org/10.1109/23.387356 

Leroy, C., & Rancoita, P. G. (2009). Principles of radiation interaction in matter and detection. World Scientific 
Publishing Company Incorporated. 

Levalois, M., & Marie, P. (1999). Damage induced in semiconductors by swift heavy ion irradiation. Nucl. Instr. 
and Meth. B, 156(1-4), 64-71. http://dx.doi.org/10.1016/S0168-583X(99)00243-8 

Levalois, M., Bogdanski, P., & Toulemonde, M. (1992).Induced damage by high energy heavy ion irradiation at 
the GANIL accelerator in semiconductor materials. Nucl. Inst. Meth. B, 63(1-2), 14-20. http://dx.doi.org/ 
10.1016/0168-583X(92)95160-S 

Messenger, G., & Ash, M. (1986). The Effects of Radiation on Electronic Systems. Van Nostrand Reinhold, 245. 
Messenger, S. R., Burke, E. A., Summers, G. P., Xapsos, M. A., Walters, R. J., Jackson, E. M., & Weaver, B. D. 

(1999). Nonionizing energy loss (NIEL) for heavy ions. IEEE Trans. Nucl. Sci., 46(6), 1595-1602. 
http://dx.doi.org/10.1109/23.819126 

Moloi S. J., & McPherson, M. (2009). The current and capacitance response of radiation-damaged silicon PIN 
diodes.Physica B, 404(21), 3922-3929. http://dx.doi.org/10.1016/j.physb.2009.07.123 

NASA website. (ND). http://ww.nasa.gov 
Pastuovic, Z., Jaksic, M., Kalinka, G., Novak, M., & Simon, A. (2009). Deterioration of electrical and 

spectroscopic properties of a detector grade silicon photodiode exposed to short range proton, lithium and 
oxygen ion irradiation. Nuclear Science, IEEE Transactions on, 56(4), 2457-2464. http://dx.doi.org/10.1109 
/TNS.2009.2023123 

Pease, R. L., Johnston A. H., & Azarewicz, J. L. (1988).Azarewicz.Radiation testing of semiconductor devices 
for space electronics IEEE proceedings, 76(11), 1510-1526. http://dx.doi.org/10.1109/5.90110 



www.ccsenet.org/jmsr Journal of Materials Science Research Vol. 3, No. 3; 2014 

32

Pillai, V. R. V, Khamari, S. K., Dixit, V. K., Ganguli, T., Kher, S., & Oak, S. M. (2012). Effect of -ray 
irradiation on breakdown voltage, ideality factor, dark current and series resistance of GaAsp–i–n diode. 
Nucl. Inst. Meth. A, 685, 41-45. http://dx.doi.org/10.1016/j.nima.2012.05.062 

Prabhakara Rao, Y. P., Praveen, K. C., Rejeena Rani, Y., Tripathi, A., & Gnana Prakash, A. P. (2013). 75 MeV 
boron ion irradiation studies on Si PIN photodiodes. Nucl. Instr. Meth. B, 316, 205-209. http://dx.doi.org/ 
10.1016/j.nimb.2013.09.011 

Sciuto, A., Roccaforte, F., & Raineri, V. (2008). Electro-optical response of ion-irradiated 4H-SiC Schottky 
ultraviolet photo detectors. Appl. Phys. Lett., 92(093505), 1-3. http://dx.doi.org/10.1063/1.2891048 

Sharma, A. T., Shahnawaz, K. S., Katharria, Y. S., & Kanjilal, D. (2007). Effect of swift heavy ion irradiation on 
electrical characteristics of Au/n-GaAsschottky diodes. Appl. Surf. Sci., 254(2), 459-463. http://dx.doi.org/ 
10.1016/j.apsusc.2007.06.027  

Singh, R., Arora, S. K., & Kanjilal, D. (2001). Swift heavy ion irradiation induced modification of electrical 
characteristics of Au/n-Si Schottky barrier diode. Mat. Sci. Semicon. Proc., 4, 425-432. 
http://dx.doi.org/10.1016/S1369-8001(01)00009-9 

Srour, J. R., Marshall, C. J., & Marshall, P. W. (2003). Review of displacement damage effects in silicon devices. 
IEEE Trans. Nucl. Sci., 50, 653-670. http://dx.doi.org/10.1109/TNS.2003.813197 

Sze, S. M. (1988). VLSI Technology (McGraw-Hill International Editions). NewYork, 1988. 
Verma, S., Praveen, K. C., Kumar, T., & Kanjilal, D. (2013). In Situ Investigation of Current Transport Across 

Pt/n-Si (100) Schottky Junction During 100 Ni7+  Ion Irradiation. IEEE Trans. Device Mater. Rel., 13(1), 
98-102. http://dx.doi.org/10.1109/TDMR.2012.2217396 

Ziegler, J. F., Ziegler, M. D., &Biersack, J. P. (2010). SRIM–The stopping and range of ions in matter (2010). 
Nuclear Instruments and Methods in Physics Research Section B: Beam Interactions with Materials and 
Atoms, 268(11), 1818-1823. http://dx.doi.org/10.1016/j.nimb.2010.02.091 

Copyrights 
Copyright for this article is retained by the author(s), with first publication rights granted to the journal. 
This is an open-access article distributed under the terms and conditions of the Creative Commons Attribution 
license (http://creativecommons.org/licenses/by/3.0/). 



Journal of Materials Science Research; Vol. 3, No. 3; 2014 
ISSN 1927-0585   E-ISSN 1927-0593 

Published by Canadian Center of Science and Education 

33

A Fiber-Reinforced Architectural Concrete for the Newly Designed 
Façade of the Poseidon Building in Frankfurt am Main 

Henrik L. Funke1, Sandra Gelbrich1, Andreas Ehrlich1 & Lothar Kroll1

1 Institute of Lightweight Structures, Technische Universität Chemnitz, Chemnitz, Germany 
Correspondence: Henrik L. Funke, Institute of Lightweight Structures, Chemnitz University of Technology, 
Chemnitz, Germany. Tel: 49-371-5313-8995. E-mail: henrik.funke@mb.tu-chemnitz.de 

Received: March 12, 2014   Accepted: April 10, 2014   Online Published: June 27, 2014 
doi:10.5539/jmsr.v3n3p33          URL: http://dx.doi.org/10.5539/jmsr.v3n3p33 

Abstract 
In the course of revitalizing the Poseidon Building in Frankfurt, an energetically optimized façade, made of 
architectural concrete was developed. The development of a fiber-reinforced architectural concrete had to 
consider the necessary mechanical strength, design technology and surface quality. The fiber-reinforced 
architectural concrete has a compressive strength of 104.1 MPa and a 3-point bending tensile strength of    
19.5 MPa. Beyond that, it was ensured that the fiber-reinforced high-performance concrete had a high durability, 
which has been shown by the capillary suction of de-icing solution and freeze thaw test with a weathering of 
abrasion of 113 g/m² after 28 freeze-thaw cycles and a mean water penetration depth of 11 mm. 
Keywords: fiber-reinforced concrete, durability, CDF-Test, high-performance concrete 
1. Introduction 
Apart from designing claddings, the focus in civil engineering increasingly moves to sustainability and resource 
efficiency, because future-oriented living and building is hardly viable without a significant increase of resource 
efficiency. With respect to resource efficiency, optimized building with low input (material, energy, area) during 
the complete lifecycle of a building means to meet the requirements of the residents regarding indoor 
environment quality and home comforts. 
A truly sustainable building has to meet individual design requirements. It is to be built in the desired location 
within a very short time and with little effort. It also has to be possible to rebuild and remove the building easily 
at a future date (Lemken, 2008). Using the material and technologies that are currently available, the practical 
implementation of these innovative ideas is rather expensive and therefore reaches its limits easily. The 
application of new high-performance materials which are inorganic-non-metallic offers more freedom for 
construction. Fiber-reinforced concrete facilitates the production of thin-walled, single- and double-curved 
free-form elements which are highly suitable for lightweight construction and comply with design requirements 
regarding surface quality (Brameshuber, 2006; Funke et al., 2013a, Mumenya, 2012; Rafi et al., 2006; Funke et 
al., 2013b; Schneider et al., 2004). 
The Poseidon Building, a multistory building in Frankfurt which was built in the 1970s and 1980s, is an example 
for construction in existing contexts. In 2008, the Poseidon Building was planned to be replaced by a newly built 
skyscraper (Wirtschaft & Architektur, 2013), but a revitalization was preferred instead by reason of resource 
efficiency and sustainability. In the course of revitalization, an energetically optimized façade was going to be 
implemented to get the Green Building “Gold” certification after LEED (Leadership in Energy and 
Environmental Design).  
The 13800 m² three-dimensional façade consists of more than 11500 elements. Of special importance in the 
course of redesigning the façade was the replacement of the aluminum elements with high-strength architectural 
concrete. That architectural concrete was to be pure white, with perfect surface quality. This means, it had to 
have a homogeneous coloring and be absolutely non-porous. 
This paper reports the devolpment of the architectural concrete and an appropriate process technology for the 
production of prefabricated façade elements. An important part of this work is the testing of long-term behaviour 
and durability aspects of the fiber-reinforced architectural concrete. 
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2. Method 
2.1 Components of Architectural Concrete 
The composition of the used concrete was dependent on the requirements it had to meet respecting statics, color, 
surface quality and element design. Based on these requirements, the fine concrete in Table 1 was developed. 
Except from white Portland cement CEM I 52.5 N (according to EN 197) it contained amorphous 
aluminosilicate as pozzolan. Dolomite sand with a grain size of 0 to 1 mm and dolomite powder with an average 
grain size of 70 μm were used as aggregate and filler. The short alkali-resistant (AR) glass-fibers (16 mass 
percent of ZrO2) was 12 mm long and had a length weight of 45 g/km. A super plasticizer based on 
polycarboxylate ether (PCE) was used with a solid content of 30 mass percent. The water binder ratio was 0.35. 

Table 1. Qualitative composition of the architectural concrete 

component explanation 

white cement CEM I 52.5 N • white cement with high early strength  

amorphous aluminosilicate • pozzolan to increase mechanical strength and 
durability, and as optical brightener  

dolomite sand 0/1 • white aggregate  

dolomite powder (x50 = 70 μm) • filler to improve processability of fresh concrete and as 
white pigment  

integral AR-glass fibers (12 mm) • armoring for the fine-aggregate concrete matrix  
water • for mixing the concrete 
high-performance plasticizer (30 M.-% PCE) • electrosteric stabilizer 

The fine grained concrete was mixed with the intensive mixer Eirich R05T. The mixing parameters are shown in 
Table 2. The mixing time was 5 min in total. The fresh concrete was tested according to DIN EN 12350. Air 
content and bulk density of the fresh concrete were determined by means of an air content testing device, 
following DIN 18555-2. 

Table 2. Mixing parameters for the production of fine concrete  

 component mixing principle mixing power in % mixing time in s 

1. binders + aggregates counter rotation 15 60 
2. 75 % of water co-rotation 50 90 
3. super plasticizer co-rotation 50 60 
4. residual water co-rotation 50 30 
5. ar-glass fibres co-rotation 60 60 

2.2 Rheological Optimization by Superplasticizer Content 
The optimization of the superplasticizer content was carried out by rheological measurements of the fresh 
concrete of Table 2. For this, flow curves of the fresh concrete were measured with various superplasticizers 
content using the rheometer Thermo Scientific HAAKE MARS III (Figure 1). The measurements were carried 
out with the so-called material box. As a comparing measurement variable, the torque was used at a shear rate of 
10 s-1 in response to the superplasticizer content. 
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3.2 Fresh and Hardened Concrete Characteristics 
Table 3 shows the fresh and hardened concrete characteristics after 28 days. With a high flow capacity (diameter 
of the resulting flow table test: 650 mm) the fresh concrete complies with the flow class F6. The air content 
tester showed an air volume content of 2.0% and a geometric bulk density of 2.28 g/cm³ in the fresh concrete. 
The total shrinkage deformation, determined with a shrinkage channel, was 0.91 mm/m. The reasons for this 
were first the high binder content, and the high chemical shrinkage resulting from that. Second, autogenously 
shrinkage increased due to the low water-binder ratio. Drying shrinkage could be practically eliminated due to a 
two days aftertreatment including humidifying and protection against draft. The high total shrinkage deformation 
did not lead to shrinkage cracking and was therefore not harmful.  
The compressive strength was 104.1 MPa after 28 days and already 38 MPa after 24 hours. Thus, the façade 
elements were ready to be demolded after one day. The small variation coefficient of 1.1% implied a 
homogenous microstructure of the hardened concrete. The 3-point bending tensile strength was 19.5 MPa, so the 
static requirements were met. 

Table 3. Fresh and hardened concrete characteristics of fiberglass-modified fine concrete after 28 days  

characteristic fresh concrete hardened concrete 

geometric bulk density 2.28 g/cm³ 2.21 g/cm³ 
flow spread 650 mm - 
air content 2.0 Vol.-% - 
linear shrinkage 0.91 mm/m 
compressive strength - 104.1 MPa 
3-point bending tensile strength - 19.5 MPa 

3.3 Durability and Recyclability 
The results of the durability tests are listed in Table 4. The developed architectural concrete displays a high 
durability, which was validated in the CDF test (m28 = 113 g/m² and Ru,28 = 100%) after 28 freeze-thaw cycles 
and a water penetration depth of 11 mm. Thus, the architectural concrete meets the requirements respecting 
building regulations and usability over a long period. 

Table 4. Examinations of the durability of architectural concrete 

test method test value 

CDF test 
m28 = 113 g/m² 
Ru,28 = 100% 

water penetration depth 11 mm 

Due to its composition, the architectural concrete is completely recyclable and can be used as aggregate or 
admixture in the production of fresh concrete. Not using a steel reinforcement facilitates and shortens recycling, 
including shredding, cleaning and classifying. This ensures that the quality of the recycled concrete is 
comparable to that of the original concrete.  
3.4 Constructional Implementation 
Fifty out of the 11500 façade elements were produced per day. The concrete elements were fixed to pedestals to 
ensure their safe transport to the building site, where they were mounted (Figure. 5).
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Abstract  
This paper investigated the tensile behavior of metal-plate connected Dahurian larch (Larix gmelini (Rupr.) Rupr) 
lumber joints. Relationships between the ultimate load and metal-plate connector (MPC) length, width, and area 
were analyzed for AA loading (i.e. load parallel to the grain, MPC length parallel to the load direction) and EA 
loading (i.e. load parallel to the grain, MPC length orthogonal to the load direction). Failure modes were studies for 
both AA and AE loading conditions. It was found that the tensile strength of the joint increased as the size of the 
connector increased. Tooth withdrawals, MPC breakage and wood breakage were all failure modes observed for 
the AA loading case. However, tooth withdrawal was the only failure mode observed in the EA loading case.  
Keywords: MPC joint, ultimate tension load, MPC size, failure mode 
1. Introduction 
Metal-plate connected lumber joints can be considered as semi-rigid (i.e. neither pinned nor completely rigid). 
Therefore, the deformations of the joint may have a substantial contribution to the overall deformation of the 
structure. Many studies (e.g. Gupta & Gebremedhin, 1990; Sasaki & Hayashi, 1982; Lau, 1987; Kent et al., 1997; 
Riley & Gebremdhim, 1999) analyzed the mechanical properties of semi-rigid joints in the metal-plate connected 
wood trusses. The average tensile strength of metal-plate connected truss joints fabricated by No.2 Southern pine 
lumber and 20-gage punched metal plates was found to be 27 kN, and a combination of wood and teeth failure 
modes was observed. 
A variety of failure modes may occur at the connections in a truss system. For example, shear or tension in the steel 
elements, tooth withdraw, and wood failure. It has been proven that specimens including short metal-plate 
connectors usually fail under plate yielding while longer plates fail because of tooth withdrawal. An effective way 
to avoid metal-plate connector tearing and withdrawal ia to increase the contact area between connector and trusses, 
and keep the plate length longer than width (see, for example, Riley & Gebremedhin, 1999; Lau, 1987; O’Regan et 
al., 1998). 
Dahurian larch is a popular species in the northeast region of China. It is used for wood frame construction because 
of its high strength, good decay resistance and abundance in resources. The physical and mechanical properties of 
Chinese larch had been extensively analyzed in terms of bending, compression, tension etc. Chen et al. (2001) 
tested small specimens (20 20 mm2 cross section) of clear Chinese larch following the GB1927-1943-91 
standard, “Testing methods for physical and mechanical properties of woods”: the modulus of rupture (MOR), the 
modulus of elasticity (MOE) and the ultimate compression strength (UCS) were found to be 139.0-188.7 MPa, 
4.5-5.0 GPa, and 42.3-61.1 MPa, respectively. Wang et al. (2009) tested full-size specimens (38×89 mm2 cross 
section) of Chinese larch following the GB /T 50329-2002 “Standard for methods testing of timber structure”. The 
MOR, MOE, 5% percentile UCS and ultimate tension strength (UTS) were found to be 62.3 MPa, 13.7 GPa, 
26.4-31.4 MPa, and 14.4-22.4 MPa respectively. Currently, no much data is available on the mechanical behavior 
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of MPC joints for Chinese larch. Gupta (1996) evaluated strength properties of three connections on different 
materials. It was found that the average ultimate load of MPC joints of Russian dahurian larch (the same family as 
Chinese larch) was obtained as 37 kN, which was higher than that of southern pine (28 kN) and Douglas-fir (33 
kN). Joints always failed in the withdrawal mode. Latterly, Wei et al. (2013) completed tension tests of Chinese 
larch MPC joints of four types, including AA and EA, and tfound that the ultimate tension load was reduced by 
18.9% from AA to EA. Its failure modes were analyzed, and the load-deflection curves by Foschi 3-parameter 
model were developed. 
The present study aims to: (i) determine the strength and failure mode of Dahurian larch MPC joints subjected to 
tensile loading; (ii) assess the relationship between the connector dimensions and the ultimate axial load of the 
joint; (iii) analyze the relationship between the joint size and the failure modes. The MPC joints including 
plate-connectors of various sizes were tested in both the AA and EA loading modes. The ultimate tensile loads, 
failure modes, and relationship between MPC size and mechanical properties were analyzed separately for each 
specimen type. 
2. Experimental 
All lumbers were processed with a local sawmill. The modulus of elasticity (MOE), air density and moisture 
content (MC) of each specimen were determined before fabricating the joints in according to the procedures 
described in GB50329-2002, GB/T1933-1991, and GB/T1931-1991 standards. In order to determine the MOE, the 
wood piece was placed flat-wise between the two supports spaced by 1620 mm, while the distance between 
loading points was 810 mm. Displacement was measured at the mid span by a linear variable differential 
transducer (LVDT) and then recorded by a computer. The average MOE, air density and MC determined in these 
experiments were 13.8 GPa, 650 kg/m3 and 12%, respectively.  

Figure 1. Experimental set up utilized in the tensile tests performed on MPC join 

The Gannail-GN20 MPC obtained from a local supplier was used in this study. The plate thickness was 1.0 mm, 
the tooth length was 9.5 mm, a dn the tooth density was 8/in.2. For the AA loading mode, MPCs with the following 
dimensions (width×length) were considered: 40×75 mm2, 50×50 mm2, 50×75 mm2, 50×100 mm2, 50×125 mm2,
50×150 mm2, 75×100 mm2, 75×125 mm2 and 75×150 mm2. The MPCs’ dimensions considered for the EA 
loading mode were: 50×50 mm2, 75×40 mm2, 75×50 mm2 and 75×75 mm2.
In order to minimize the variations in MOE, density and MC of connected pieces, each joint assembly was 
fabricated from a single piece of lumber cut in two halves then re-jointed by two MPCs applied by a hydraulic 
press. Three replicates were used in order to obtain statistically significant data. 
Tension tests were carried on with a 50 kN universal testing machine at about 1 mm/minute loading speed and the 
specimens were failed in about 5 minutes. The load was applied by a hydraulic cylinder and load and deformation 
data were collected by a data acquisition system until failure. Two holes of diameter 20 mm were predrilled across 
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the specimen width at 100 mm from both ends of the MPC jointed specimen. Two steel bars were inserted into the 
holes to transfer the tensile load to the specimen. The experimental set-up utilized in the tensile tests is shown in 
Figure 1. 

Table1. Experimental results of the tensile tests performed on MPC joints 
Orientation MPC size L.×W. mm Specimen number Ultimate load (kN) Failure mode

AA Orientation 

40×75 1 10.77 Tooth withdrawal
2 10.83 Tooth withdrawal
3 13.85 Tooth withdrawal

50×50 1 8.41 Tooth withdrawal
2 6.17 Tooth withdrawal
3 10.87 Tooth withdrawal

50×75 1 12.02 Tooth withdrawal
2 13.93 Tooth withdrawal
3 14.47 Tooth withdrawal

50×100 1 17.9 Tooth withdrawal
2 31.52 Tooth withdrawal
3 25.95 Tooth withdrawal

50×125 1 21.33 Broken MPC 
2 17.43 Broken MPC
3 21.33 Broken MPC

50×150 1 25.11 Broken MPC
2 23.41 Broken MPC
3 - - 

75×100 1 24.07 Tooth withdrawal
2 25.58 Tooth withdrawal
3 31.62 Tooth withdrawal

75×125 1 33.18 Broken MPC
2 32.45 Broken wood
3 11.77 Broken wood

75×150 1 43.97 Broken wood
2 38.96 Broken MPC
3 - - 

EA Orientation 

50×50 1 8.05 Tooth withdrawal
2 7.1 Tooth withdrawal
3 - - 

75×40 1 7.4 Tooth withdrawal
2 9.27 Tooth withdrawal
3 - - 

75×50 1 11.47 Tooth withdrawal
2 12.01 Tooth withdrawal
3 15.38 Tooth withdrawal

75×75 1 18.28 Tooth withdrawal
2 17.32 Tooth withdrawal
3 25.4 Tooth withdrawal
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3. Results and Discussion 
3.1 Relationship Between MPC Joint Tensile Strength and Joint Size  
Experimental results gathered for the tested MPC joints are shown in Table 1. It can be seen that the ultimate 
tensile load was in the range of 8.41-43.97 kN for the AA loading mode and 7.4-25.4 kN for the EA loading mode. 
The tooth withdrawal, plate breakage and wood rupture are the three main failure modes observed for the AA 
specimens, while only the tooth withdrawal was seen for the EA loading mode. 
The dimensions of the metal plate connector greatly affect the mechanical properties of MPC joints, especially the 
strength and stiffness. The requirements on MPC size given in some standards (TPI 1995, TPI 2002, 
GB50005-2003) indicate that no failure should occur regardless of the plate width and length. The dimensions of 
the MPC element should be determined considering the size of lumbers and the joints to be realized. Larger plates 
allow the fraction of load supported by each tooth to be reduced. However, increasing the length of the plate will 
increase the costs and material waste, and might not necessarily improve the overall tensile strength of the joint. 
Triche and Suddarth (1998) found that the bearing capacity of teeth decreased by 39% in spite of tripling the MPC 
length. 
The ultimate tensile load determined for joints with 50 mm and 75 mm wide plates for the AA loading mode are 
presented in Figures 2 and 3, respectively. The plotted values were averaged from the experimental data reported 
in Table 1as 8.48, 13.4, 21.97, 20.03 and 24.26 kN, for the 50×50 mm2, 50×75 mm2, 50×100 mm2, 50×125 mm2

and 50×150 mm2 plates, respectively. The ultimate tension load always increased with MPC size except for the 
joint realized with a 50×120 mm2 plate. A linear relationship was found between the ultimate tension load and the 
MPC size with a coefficient of correlation R2 of 0.865. 
The average ultimate tensile loads for AA type joints were determined as 27.09 kN, 32.8 kN, and 41.47 kN, for the 
connectors with sizes of 75×100 mm2, 75×125 mm2 and 75×125 mm2, respectively. A linear relationaship between 
the ultimate tension load and the plate length also presents in Figure 3. A better correlation was obtained compared 
to the 50 mm wide specimens (R2: 0.99). 

Figure 2. Ultimate tensile loads at different connector lengths for the 50 mm wide specimens loaded in AA mode 
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Figure 3. Ultimate tensile loads at different connector lengths for the 75 mm wide specimens loaded in AA mode 

Figure 4 summarizes the experimental evidence gathered from the experimental tests carried out on the AA type 
specimens: (i) for a goven width of the connector, the ultimate tensile load increases with the plate length; (ii) for a 
given length of the connector, the ultimate tensile load of the joint becomed higher as the width increases. 

Figure 4. Comparison of the ultimate tensile loads for AA specimens with different plate widths 

Figure 5 shows the average ultimate load determined for the 75mm width MPC joints tested under the EA loading 
mode: 8.34, 12.95 and 20.33 kN, respectively, for the joints including 75×40mm2, 75×50mm2 and 75×75mm2

plates. It can be seen that strength of the joints with longer MPC plates (i.e. 75×50mm2 and 75×75mm2) increased 
by, respectively, 55.3% and 143.8% with respect to the 75×40mm2 joint. 
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Figure 5. Ultimate tensile loads at different connector lengths for the 75 mm wide specimens loaded in EA mode 

The MPC joints in the AA loading mode are stronger than that in the EA loading mode with the same joint 
dimensions. The ultimate tensile loads as a function of the MPC area are shown in Figure 6. It is seen from Figure 
6 that the ultimate load increases linearly as the joint area increases. The R2 values were determined as 0.73 and 
0.83, for AA and EA specimens, respectively, with an average of 0.77. 

Figure 6. Relationship between the ultimate tensile load and the area of the metal plate connector 

3.2 Relationship Between the Failure Modes of MPC Joints and the Joint Sizes 
Figure 7 summarizes the failure modes observed in the experimental tests for the MPC joints. Tooth withdrawal, 
MPC breakage and wood rupture were the predominant failure modes. Tooth withdrawal was the most common 
failure mode for MPC plates shorter than 100 mm. Tooth withdrawal occurs when the teeth located on the plate 
edge cannot bear the axial tensile load transferred from the wood. Plate breakage is the most common failure mode 
for the MPC with a length of at least 100 mm and the plate width of smaller than 75 mm. In this case, the strength 
of MPC is not enough to bear large axial loads. Therefore, the MPC is more likely to fail when the connector slot is 
located at interface of the two pieces of wood. 
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Figure 7. Failure modes observed for the Chinese larch MPC joints tested in this study 

4. Conclusions 
The relationship between the tensile strength of metal-plate connected Dahurian larch larch lumber joints and the 
size of the connector were analyzed. Two different loading modes (AA and EA) were considered. 
The ultimate tensile loads were found in between 8.41 and 43.97 kN for AA specimens, and 7.4 and 25.4 kN for 
EA specimens. Increasing the size of the connector (i.e. the length of the plate for a fixed plate width and 
vice-versa) allows a higher ultimate tensile load to be obtained. The A linear relationship was found between the 
ultimate tensile load and the joints dimensions.  
Tooth withdrawal, MPC breakage and wood rupture were the three failure modes observed for AA type joints, 
while tool withdrawal was the only failure mode for the EA type joints. Tooth withdrawal, MPC breakage and 
wood rupture occur in sequence as the axial tension load increases. The AA orientation is more appropriate for 
evalauting the axial tension properties of MPC joints. 
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Abstract 
Solid polymer electrolyte (SPEs) has drawn great attention nowadays, particularly in the field of science and 
applied science, specifically, those used as separators in industries and researchers for the assemblage of some 
“classified batteries” and super capacitors. In this report, we present the grandeur of this SPE (pure type), 
particularly at room temperature, such that, it can be applied as an electrolyte as well as a separator in 
supercapacitor fabrication. The SPEs were produced from the composition of polyvinyl alcohol (PVA) and 
Phosphoric acid (H3PO4), such that, the PVA samples were kept constant while the phosphoric acid was varied at 0, 
10, 20, 30, 40, 50, 60, and 70 wt. %. After the experimentation, the pure polymers show excellent results in term 
conductivity, in that, it has recorded a conductivity as high as 2.56 x 10-3 Scm-1 at the compositions of 70 wt. %. 
Aside that, we also observed that, the bulk moduli (Rb) value decreases with the increase in concentration, with 
pure solid polymer electrolyte (PSPE) recording 2.5 at the highest composition of 70 wt. %. 
Keywords: Pure solid polymer electrolyte (PSPE), polyvinyl alcohol (PVA), Phosphoric acid (H3PO4), 
Electrochemical Impedance Spectroscopy (EIS). 
1. Introduction 
The year 2013 marked the complete three decades (1973) of the invention of polymer electrolyte by Fenton and 
co-workers (Gu et al., 2000; Kumar & Sundari, 2010; Zhang et al., 2006; Yang, 2004; Ragavendran et al., 2004; 
Tripath et al., 2012; Ulaganathan et al., 2012; Kuo et al., 2013; Yang et al., 2013; Noor et al., 2010) and Armand 
(Ragavendran et al., 2004; Zhang et al., 2006). Ever since then, research on polymer electrolyte has become very 
elaborate.
Research has shown that, there are three classifications of polymer electrolyte systems, namely (i) Polyelectrolytes 
(PEs): - which have an independent ion-generating groups chemically bond to the macromolecular chain and 
presence of counter-ion in order to maintain the electroneutrality of the salt. In dry conditions, they have low 
conductivity of about 10-10 – 10-15 Scm-1 but in the presence of dielectric solvent such as water, there conductivities 
do improve (Ulaganathan et al., 2012). (ii) Solvent Swollen Polymer Electrolytes (SSPE): - In SSPE, solvents, 
both aqueous and non-aqueous swells the host polymer. Thus, the dopant ionic solutes such as H3PO4 is hosted in 
the swollen lattice thereby permitting the movement of ions in the solvent swollen region of the polymer host. 
Their conductivity depends on the compactness of the solvent in the region that is being puffed up (Ulaganathan et 
al., 2012). And lastly (iii) the Solvent Free Polymer Electrolytes (SFPE): These are polymer salt complex, which is 
formed by complexes between salts of alkali metals and polymer containing solvating hetroatoms, example; O, S 
and N (Ulaganathan et al., 2012). The complexation between poly ethylene oxide (PEO) and alkali metal salts is a 
good example of SFPE. SFPE are sub-classed into three also. They are; (a) Solid Polymer Electrolytes (SPEs), (b) 
Gel Polymer Electrolytes (GPEs), and (c) Composite polymer electrolytes (CPEs) (Kuo et al., 2013; Tripath et al., 
2012).  
GPEs can be only considered as plasticizers incorporated polymer-salt complex (Ulaganathan et al., 2012). They 
are therefore consisted of a liquid electrolytes immobilized in a polymer matrix (Hashmi, (a), 2013) and exhibits 
high ionic conductivity (10 3 to 10 4 Scm 1 at ambient temperature) and can be obtained by either loading of a 
liquid electrolyte in a microporous matrix or by increasing the viscosity of a liquid electrolyte through the addition 
of a soluble polymer until gel consistency is achieved or by mixing a liquid electrolyte with monomers of relatively 
low molecular weight, then curing the mixture by other means, such as UV polymerization, thermal 
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polymerization and electron beam radiation polymerization. They are criticized for having weak mechanical 
strength and poor interracial properties, (Qiu et al., 2004; Hashmi, (b), 2013). In CPEs, they are normally prepared 
by addition of high surface inorganic filters like SiO2, MgO, TiO2 and alike so as to improve the mechanical 
strength and stiffness of the complex systems (Ulaganathan et al., 2012).   
SPE is a thin film that has ionic conductivity, especially, when an alkali, salt dissolves in polymer matrix. SPE 
have drawn great attention in the development of science and technology of lithium secondary batteries. SPEs have 
several advantages over liquid, gel and even composite electrolytes in that, it has process ability, flexibility, light 
weight, elasticity and transparency (Zhang et al., 2006), desirable shape moldability, being free from leakage, 
mechanical strength, better stability especially in high temperature, and high specific energy and power (Lim et al., 
2012). Furthermore, use of use of solid polymer electrolyte can negate the need for a separator and be amendable to 
low cast manufacturing technologies (Qiu et al., 2004). Some of the applications of SPE are in Batteries, fuel cell, 
supercapacitors and other electrochemical devices. (Sawada et al., 2000) and other electrochemical devices (Sotta 
et al., 2010). 
Although number of works have been carried out on the characterizations of SSPE like those of Prajapati et al., 
(2010) and Ahmad Khiar & Arof, (2010), this piece tries to offer a tone by step approach on the conductivity 
studies of this transparent polymer in order to ascertain the suitability composition for the usage in the 
supercapacitor fabrication which is the main target of our future work. Thus, careful measures have been put in 
place to ensure that every detail characteristic of the active materials, especially of the PVA – its molecular weight 
and its percentage hydrolysis – were taken into considerations. 
2. Experimental 
2.1. Preparation of the Composite PVA Electrolytes 
The pure solid polymer electrolyte (PSPE) which can also be served as separators in supercapacitors fabrications 
have their laboratory preparations discussed elsewhere by us, in Hashim et al., (2012), Hashim et al., (2014) and by 
Jiang et al., (2013). But for the purpose of elaboration; the active materials comprise of H3PO4 and PVA. The 
H3PO4 functions as an ionic liquid, while PVA acts as a polymeric matrix, allowing ionic transport while 
simultaneously functioning as a separator between the electrodes of the supercapacitor. H3PO4 (>85 wt. % in water, 
molar mass of 98.00 g/mol, product, number of 1502-80) was obtained in aqueous form, from R & M marketing, 
Essex, UK brand, while the PVA (molecular weight; 89,000-98,000, 99+ % hydrolyzed) was obtained from Sigma 
Aldrich. Both H3PO4 and PVA were used as-received without further treatment or purification. An aqueous 
solution of PVA is prepared by combining PVA with distilled water in the ratio of 1:10 by volume. This solution is 
mechanically agitated by magnetic stirring at 60 °C for five hours to thoroughly dissolve the PVA in the distilled 
water. H3PO4 was then mixed with the PVA aqueous solution in the ratio of 100:0, 90:10, 80:20, 70:30, 60:40, 
50:50, 40:60 and 30:70 wt. % for the PSPE to be obtained (this has been summarized in Table 1).  
In order to vary the percentage of the H3PO4 used, the following formula was used; 

(1)

Where x is the percentage of acid require (0, 10, 20, 30, 40, 50, 60, and 70 % wt), and  n is the value of H3PO4 in 
grams.  
The mixing is done in a drop-wise manner with magnetic stirring at 60 °C for about one hour or thereabouts until it 
completely turns to homogeneous solution (transparent in this case). The mixture is then allowed to cool down to 
an ambient temperature. The resulting homogeneous solution of PVA/H3PO4 is cast over a plastic Petri dish. Prior 
to this, the Petri dish was scraped off the dust using a tissue soaked in acetone. The PVA/H3PO4 solution solidifies 
onto the Petri dish and upon curing for about 3 – 4 weeks at room temperature. This is due to its high molecular 
weight and consequently more hydrolyzed. The solid layer was easily peeled off from the Petri dish after it dries as 
a freestanding layer. The thickness of the solid layers formed in this procedure can be controlled depending on the 
composition that have been enumerated above and as shown in Figure 1. The resulting polymer film was then put 
in the plastic bags for safe keeping, and to avoid contamination from surrounding, for further property analysis. 
3. Result and Discussion 
3.1. Conductivity and Chemical Composition Analysis 
Conductivity measurements were carried out on both the solid and hybrid polymer electrolyte films which are also 
composed of all the different percentage ratio of PVA-H3PO4 an impedance method which also was highlighted by 
Ahmad Khiar and Arof (2010). The solid polymer films were sandwiched between a stainless steel, ion-blocking 
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Figure 2 (a-h) shows the impedance plots of a sample of the PSPE containing 0, 10, 20, 30, 40, 50, 60, and 70 wt. % 
ratio of the H3PO4 at room temperatures respectively. For the sample with 0 and 10 wt.% of the H3PO4, it can be 
observed that the point of the graph was dispersed, which clearly indicates the meager or absent of acid in this 
sample. 
The semicircles found on the Figure of the samples containing 20, 30 and 40 wt.% could however be connected 
with the impact of the introduction of the percentage acid and consequently the immobile polymer chain begins to 
emerge. 
As the acid concentration continues to increase, so the conductivity, thereby making the semicircle disappear, 
which is an indication that, ions that move around the polymer matrix made resistive component of the polymer 
electrolytes to exist. (Ahmad Khiar & Arof, 2010; Ulaganathan et al., 2012).
The calculated Rb for all the eight samples above were obtained from the frequency intercepts on each and every 
plotted graph. We also observed that, the Rb value decreases with the increase in concentration. The calculated 
values of the Rb are 1.15 x 108, 8.00 x 104, 2.40 x 104, 1.70 x 103, 2.10 x 103, 1.93 x 101, 1.26 x 101 and 2.58  for 
0, 10, 20, 30, 40, 50, 60, and 70 wt.% ratio of the H3PO4 respectively. The highest conductivity of PSPE sample 
was observed at 2.56 x 10-3 Scm-1 when the H3PO4 was increased to 70 wt.% while the lowest conductivity of the 
sample was noticed at 2.25 x 10-11 Scm-1 where the H3PO4 percentage was nil. Full details about the average values 
of the conductivity of PSPE is summarized in Table 2. On a general note, it can be said that, the sample of PSPE 
performed wonderfully well in terms of both bulk resistance calculation and the conductivity as a whole.  
As mentioned earlier, that conductivity is dependent on the concentration of the H3PO4. Table 2 provided us with 
the information that, there is a relationship between the acid concentration and the polymer matrix. In addition to 
that, it also be deduce from the table that, the thickness on each sample, also had some impact on the conductivity 
of the samples. Hence, because of the thinner nature of the films in PSPE, the conductivity seems to be very 
promising. 

Table 2. Parameters that Determine the Conductivity in PSPE 

Coding PVA: H3PO4 l (mm±0.005) Rb ( )  (Scm-1)

P0 100:0 0.00910 1.15 x 108 2.25 x 10-11

P10 90:10 0.00630 8.00 x 104 7.20 x 10-8

P20 80:20 0.01100 2.40 x 104 1.46 x 10-7

P30 70:30 0.05400 1.70 x 103 1.01 x 10-5

P40 60:40 0.00585 2.10 x 103 8.87 x 10-7

P50 50:50 0.00745 1.93 x 101 1.23 x 10-4

P60 40:60 0.02615 1.26 x 101 6.61 x 10-4

P70 30:70 0.02070 2.58 x 100 2.56 x 10-3

3.2 Crystal Structure Analysis 
The crystal structure analysis of the solid polymer electrolyte films was examined by a Philip X'Pert X-ray 
diffractometer (XRD) with Cu K  radiation of wavelength =1. 54056 Å for 2  angles between 10° and 80°.The 
XRD analysis was carried out on the PSPE films. After the analysis, the following results were obtained. The 
analysis of the structure of the PSPE for 0 wt.% (a); 10 wt.% (b); 20 wt.% (c); 30 wt.% (d); 40 wt.% (e); 50 wt.% (f); 
60 wt.% (g); 70 wt.% (h) ratio of the H3PO4 was shown in Figure 3. 
It can be observed from the semi-crystalline peak of the PVA ( =20o) which also affirmed the argument put across 
by (Hashmi, (c), 2013) about the semi-crystal behavior of the PVA. The addition of H3PO4 causes the decrease in 
the degree of the crystallinity and consequently the increase in the amorphicity of the material and its conductivity.  
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