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Influence of DFIG Wind-Farm
On the Optimal Allocation of VAR Devices
E. E. El-Araby
College of Engineering, Qassim University, Saudi Arabia
elaraby@qec.edu.sa
Abstract. T his paper develops an optimal planning tool for VAR devices in the presence of a doubly fed
induction generator (DFIG) based wind farm. T he probabilistic wind power output associated with the
capability curve of DFIG wind generator has been incorporated in the proposed formulation in order to
examine its effect on the new VAR devices investment cost and compare the results with the current
practice of the regulated power factor range of 0.95 leading and 0.95 lagging. T he proposed method is
stated as an optimization problem so that the objective function is to simultaneously minimize the sum of
the annual investment cost of the new VAR devices as well as the annual expected energy loss cost. T he
objective function is achieved while simultaneously satisfying the investment constraints of the new VAR
devices and several operating constraints including the effect of the wind park active power output and its
associated VAR capability limits as well as the voltage security limits to enhance power system voltage
stability.
.
Keywords: DFIG, Optimal VAR Devices, SVCs, Capability Diagram
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1. Introducti on
Now days, in order to meet the energy requirements, wind power is progressively
developed and is considered as a viable energy source that reduces the economical
and environmental problems associated with the conventional energy resources. The
variable-speed wind turbine equipped with doubly fed induction generators (DFIG)
is currently the most common wind turbine technology installed in system due to it s
superior control capabilities. It has the ability to rapidly operate at the optimal point
of the wind turbine and continuously control the reactive power through the
integration of power- electronic converters. Recently, there is strong inclination
towards installing more DFIG units resulting in increases in the wind power
penetration level. Therefore, the investigation of the potential impacts of high wind
penetration level on power system performance has become an active research area
in recent years [1-2]. Precise modeling of DFIG units has been the subject of
numerous studies in order to be accurately included in both static and dynamic
analysis of power systems. The detailed mathematical static model representing
DFIG capability curve (PQ diagram) similar to the one typically used for the
synchronous generator in conventional power plants is developed in [3]. The
interconnection requirements in many countries obligate wind farms to maintain
power factor within the range of 0.95 leading to 0.95 lagging, thereby restricting the
full utilization of the reactive capability of the DFIG units. This situation motivates
several researchers to explore the effect of fully utilizing the capability curve of
DFIG in the power system enhancement. The operation of DFIG at much lower
power factor without incurring additional converter costs has been validated in [4].
It has been also demonstrated that committing the full reactive capability of a DFIG
park can produce a significant reduction in system losses, improve pos t-fault voltage
profiles and may prevent voltage collapse. A joint algorithm to simultaneously
obtain optimal reactive power output of DFIG farm and the optimal network
configuration considering DFIG reactive capability limits has been proposed in [5].
It has been concluded that wind farm made up of DFIG can constitute an important
continuous reactive power source to support system voltage control, which in turn
reduces power losses and improves voltage profile. The results of the mentioned
works imply that the excessive underutilized reactive capacity of DFIG is crucial to
enhancing system performance. The full utilization of VAR capacity of DFIG can be
extended to the long-term VAR-planning problem since it mainly relies on the
capacity of the available VAR sources in the system. Therefore, it is necessarily
required to appropriately incorporate DFIG capability curve into the conventional
VAR planning problem and examine its effect on the investment cost of new
reactive power devices which is the interest of this paper .
The present paper aims to develop a new long term reactive power planning
tool that considers the reactive power capability of a DFIG wind farm. The
variability of wind power output of DFIG is incorporated in the proposed
formulation by taking into account the uncertain nature of the wind speed. The
proposed method is stated as an optimization problem so that the objective function
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is to simultaneously minimize the sum of the investment cost of the new VAR
devices as well as the expected operating costs of the simulated states that include
probabilistic output of DFIG wind farm. The Weibull distribution of the wind speed
is used to represent the wind park output (active and reactive power) as a set of
discrete values each of which has its own probability. Th is treatment enables easily
incorporation of the expected active power and reactive power limits of DFIG-based
wind farm into the proposed formulation. The overall problem is formulated as
large-scale mixed integer nonlinear programming with a non-differentiable objective
function and huge numbers of constraints associated with the simulated states. Since
the presented problem is hard to be solved by the conventional method, particle
swarm optimization (PSO) is employed as an efficient solution method for s olving
the combinatorial optimization problems as the problem at hand.
2. DFIG Wind Turbine Model
The variable speed wind turbines based on the Doubly -Fed Induction Generator are
connected to the grid using power-electronic converter technology. The power
electronic converters enable DFIG turbines to control their own reactive power, so
as to operate at a specified power factor or to control the terminal voltage. Fig. 1
depicts the T equivalent model that characterizes the steady -state operation of DFIG
turbine. The fundamental steady state equations describing the relation between
rotor and stator voltages and currents are given as:

Vs  Rs I s  jX1I s  jX m ( I s  I r )

(1)

Vr Rr

I r  jX 2 I r  jX m ( I s  I r )
S
S

(2)

where Vs is the stator voltage, Vr is the rotor voltage, Is is the stator current,
Ir is the rotor current, Rs is the stator resistance, Rr is the rotor resistance, Xs is the
stator reactance, Xr is the rotor reactance, Xm is the mutual reactance, and S is the
slip.
The net active power Pnet delivered to the grid is given by the sum of stator
and rotor active power and can be approximately expressed in terms of the slip of
the machine and stator active power Ps. The grid side converter is normally
controlled to operate at unity power factor and hence the net reactive power (Qnet )
delivered to the grid is equal to stator reactive power Qs . Then, the net power
delivered by the generator to the grid can be expressed as follows:

Pnet (1S ) Ps

(3)

Qnet =Qs

(4)
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Fig. (1). DFIG Equivalent Circuit

A. Capability Curve of DFIG
The above fundamental equations are used to derive a set of steady -state
equations that define the PQ capability curve of DFIG turbine, which is similar to
the capability curve of the conventional synchronous generator [3]. The reactive
power output of the turbine relies mainly on the active power output, rotor slip and
the boundary limits caused by the stator and rotor maximum allowable currents as
well as the maximum rotor voltage. Fig. 2 illustrates the PQ diagram of DFIG
machine that can be obtained based on the technique presented in [3]. The total
active and reactive power for entire slip range (-0.25 to 0.25) as well as power factor
range (0.95 leading to 0.95 lagging) are displayed in figure 2. The figure indicates
that there is an additional reactive power of the capability curve over the regulated
power factor especially when the wind turbine operates below its rated power
output. The operation of DFIG turbine over the regulated power factor at no extra
converter costs has been validated in [4]. The excessiv e VAR output of the
capability curve can significantly contribute to enhance the power system
performance. Therefore, the interest of this paper is to fully utilize excessive VAR
capacity of DFIG in the long-term VAR-planning problem since it mainly relies on
the capacity of the already available VAR sources in the system .

Qtotal

0.8

0.0

Pf Leading

0.5

Ptotal

1.0

Pf Lagging

-1.0

Fig. (2). Capability Curve of DFIG

Influence of DFIG Wind-Farm On the Optimal …

93

Fig. (3). Weibull Distribution

B. Probabilistic Model of Wind Power Plant
The wind power is a function of the wind speed and it can be generally
forecasted through the forecasted wind speed. Normally, the wind speed in a specific
site has the same profile on annual basis, where its variation can be best described
by Weibull distribution shown in figure 3. The probability density function (PDF) of
Weibull distribution is given as :

f (v ) 

kv
 
A A

k 1

  v k 
exp     
  A 



(5)

where v is the wind speed, A is the scale parameter and k is the shape
parameter. The PDF shown in figure 3 can be divided into number of equal
segments each of which has a mean speed value. Then, the probability of specific
wind speed v which is the mean value of vi and vj might be written as:

Pr ob(v  vm )  

vj

vi

  v k 
  v k 
j
i
f (v)  exp       exp      (6)
  A 
  A 





The wind farm power output is a function of wind speed where the mean
speed can be transformed into real power output using manufacturers’ curves or
can be used in the linear, parabolic or cubic function that approximately describes
the relationship of the wind power output and wind speed [6]. Note that if the wind
speed under the cut-in and over the cut-out speeds, the wind farm output is zero
while the output power is constant at its rated value if the wind speed is within the
range of rated to cut-out speeds. It is therefore possible to approximately represent
the probabilistic distribution of the wind farm power output as a set of discrete
values with the corresponding probabilities. The VAR limits associated with each
discrete value is then determined using the capability curve illustrated in figure 2 as
formulated in [3].
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3. Problem Formulation
This section is devoted to reformulate the VAR planning problem so as to take into
account the capability curve of DFIG wind farm. In order to consider the variability
of wind power output, the above mentioned technique is used to generate a set of
discrete values of active power and VAR limits with their associated probabilities.
The obtained discrete values with the corresponding probabilities are incorporated
into the conventional long-term VAR planning problem, and consequently, enabling
the assessment of investment cost of new VAR sources in the presence of extended
capability curve of DFIG. The problem is stated as an optimization problem where
its objective function and associated constraints are defined below.
A. Objective Function
The proposed objective function is assumed to minimize the sum of
installation cost of new VAR devices and the expected operating costs for the
individual states representing the system conditions under each obtained discrete
value. In this paper, the static VAR compensators are selected as new VAR
expansion devices, while the operating cost is chosen to be the cost of energy losses
of the network. According to the available practical data in [7], the investment cost
of new SVCs is obtained using (8) and (9). A more detailed explanation of (8) and
(9) is given in [8]. The expected annual cost in this case might be stated as follows:
Ns

t
t
minimize : Ftotal  FIt   Prob  F  

(7)

t 1

FIt 

FIt 0 

ir (1  ir ) Dy

FIt 0

(8)

 (isvc cisvc )disvc

(9)

(1  ir ) Dy  1

i 

Where FIt 0 is investment cost of new SVC, disvc is integer value 0 or 1,
which indicates whether an SVC is installed in site i or not,  is set of all
candidate buses, isvc is the investment cost for SVC in $/KVAR, cisvc is the size
of installed SVC in MVAR, FIt is annual value of the investment cost, ir and Dy in
(6) are the interest rate and life period of SVC, respectively . F(t) is annual energy
loss cost associated with system state t. Prob(t) is the probability of system state t
computed using (6). Ns is the number of the simulated system states .
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B. Investment and Operating Constraints
The above objective is achieved while simultaneously satisfying the
investment constraints of the new VAR devices and several operating constraints
representing power flow equations and operational limits of the state and control
variables as well as the voltage security limits to enhance power system voltage
stability. The investment constraints stand for the add itional VAR amount cisvc are
represented as follows:

0  cisvc  cisvc  max

for i ,

(10)

The operating constraints include a set of constraints corresponding to the
system states under each discrete value obtained as described in section II. For each
individual state, in order to maintain the voltage security margin, two sets of
constraints are defined, the nominal load operating point constraints (11) and point
of collapse constraints (12). The details of equations (11) and (12) are presented in
the authors’ previous work [9].
t
ybt - f ( xbt , ubt , cib
)0

xmin  xbt  xmax , umin
t
0  cib
 cisvc




 ubt  umax ,  ,  t=1,2,...,Ns 






t
t
w( xct , uct , ct , cic
) f x ( xct , uct , ct , cic
)  0, w  0  ,  t=1,2,...,Ns 


t
t
t
u min  uc  umax , c  min , 0  cic  cisvc , 

(11)

t
ybt  (ct  1) yd - f ( xct , uc(t , cic
)0

(12)

where subscript b indicates the nominal load operating point. T=(1,2…,Ns)
refers to the simulated cases. y b is the active and reactive power mismatch vector
“including the wind farms outputs” at nominal load operating point. f is power
flow equations at nominal load. Subscript c indicates the collapse point. w is left
eigenvector “ row vector”. f x is power flow Jacobian “ singular at nose point”. y d
is load direction vector.  is the load parameter value. x is the state variables vector.
u is control variables vector “existing VAR control devices”. cic is control vector of
new SVCs.

Note that the impact of the wind farm outputs (active and reactive power) is
considered in the load flow constraints (11-12) by incorporating their values into the
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active and reactive power mismatch vector ybt . Note also that the existing VAR
devices control vector u t includes VAR limits of the wind farm that have been
obtained using VAR capability curve.
4. Solution Algorithm
The problem formulation described in section III is classified as a large scale mixed
integer non-linear programming problem. The advanced heuristic methods are
considered promising techniques in solving this type of problem. Consequently, an
optimization technique based on a hybrid PSO and successive linear programming
(PSO/SLP) for finding global optimal solution of (7-12) is presented in this section.
The computational procedures of the developed method are summarized in Fig.4.
The algorithm starts from a random initial swarm, where its particles are indicated in
Fig. 4 by prc.1, prc.2.,…., prc.m,. Each particle in the swarm represents a candidate
solution which is the VAR sizes of new SVCs. For instant, assume particle 1( prc.1)
represents a candidate sizes of new SVCs, where its annual investment FIt can be
directly computed using (7-8). This candidate is used as a common solution for all
simulated states describing the system conditions under the obtained discrete values
of wind farm. The SLP is employed to separately solve the optimization problem for
each individual state where the associated objective function for the state t is
t
t
( Prop  F   ) and its corresponding operating constraints are (11) and (12). Based on

the optimization results, the fitness of prc.1 is evaluated in terms of Ftotal . The same
computational procedures will be repeated for each particle in the swarm.
Accordingly, the best previous position for each particle and best particle among all
the particles are stored in a solution set. Then, the new velocity and position for each
particle are updated producing next iteration. These procedures are repeated till a
termination criterion is satisfied [10].
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SVCs investment Eq. (8), FIt

SLP for state t,

t
t
Prob  F  

& Eq. (11-12)

Evaluate Prc1 Eq. (7),
Ftotal

Evaluate Prc. 2 Eq. (7),

Evaluate Prc.m Eq. (7),

Ftotal

Ftotal

Store best previous position and global position in a solution set

Update velocity and position for each particle

Next Iteration
Fig. (4). A hybrid PSO /SLP solution method

5. Simulation Results
The proposed method has been applied on IEEE-14 bus system. To assess the
efficiency of proposed approach, the following two cases have been analyzed. In
case I, the reactive power output of DFIG wind turbine is assumed to be regulated
within the power factor range of 0.95 leading to 0.95 lagging, while in case II, the
VAR limits of DFIG capability curve are fully utilized. Based on the modal analysis
technique, the weakest three buses which are buses 9, 10 and 14 have been set as
candidate buses for installing new SVCs. Parameters used for the examinations are
given as follows: vmin =0.9 pu, vmax=1.1 pu, ir=0.04, Dy=10 years, desired load
margin=0.2, cisvc  max =0.3 pu, Ns=12. The wind farm which represents an
aggregate multiple DFIG turbines is assumed located at bus 5. The rated power of
the wind park is chosen 60 MW where the technical parameters of the 1.5 MW
DFIG wind generator are given in [4].
Table (1) shows the discrete values (simulated scenarios) of the wind farm output
in terms of the active power and reactive power that have been determined according to
the respective wind speed. The VAR limits indicated in the table stand for both of the
regulated power factor range and the limits of the capability curve demonstrated in Fig.
2. The probability of each discrete value is also provided in the table.
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In order to assess the developed method, the base case in the two simulated
cases presented below is defined first by stressing the system to 150 % of the
original load. Then, the most severe contingency has been adopted for the
examinations, where the load margin value and bus voltage magnitudes violate pre specified limits.
Table (1). Active and reactive power output of DFIG wind turbine
Regulated Power Factor
Limits

Capability Curve Limits

(Qmax , Qmin )

(Qmax ,Qmin )

(pu)

(pu)

(pu)

1

0.010

(0.0,0.0)

(0.79,-.995)

0.050

2

0.017

(0.006,-0.006)

(0.78,-0.99)

0.083

3

0.045

(0.015,-0.015)

(0.77,-0.97)

0.114

4

0.087

(0.029,-0.029)

(0.76,-0.95)

0.138

5

0.146

(0.048,-0.048)

(0.75,-0.93)

0.146

6

0.224

(0.074,-0.074)

(0.73,-0.91)

0.137

7

0.324

(0.107,-0.107)

(0.69,-0.88)

0.114

8

0.448

(0.147,-0.147)

(0.65,-0.84)

0.083

9

0.601

(0.198,-0.198)

(0.58,-0.79)

0.053

10

0.784

(0.258,-0.258)

(0.48,-0.75)

0.029

11

0.977

(0.321,-0.321)

(0.40,-0.67)

0.015

12

1

(0.329,-0.329)

(0.37,-0.69)

0.0140

State Number

Active
Power
Output

Prob. of
State

Table (2). SVCs sizes and annual costs with regulated Pf.case
SVCs Bus Number

9

10

14

SVCs VAR Size (pu)

0.15

0.27

0.27

Expected Energy Loss Cost ($)

3.8894e+003

Investment Cost (FIt), ($)

1.0219e+006

T otal Cost (Ftotal), ( $)

1.0258e+006
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Table (3). Bus voltages and load margins with regulated Pf case
Just After Contingency

After SVCs Expansion

State
Number

vmin (pu)

Load margin

vmin (pu)

Load margin

1

0.72

0.043

0.94

0.20

2

0.73

0.045

0.95

0.20

3

0.74

0.049

0.95

0.20

4

0.74

0.055

0.95

0.20

5

0.75

0.063

0.96

0.20

6

0.77

0.075

0.96

0.20

7

0.78

0.088

0.96

0.20

8

0.80

0.108

0.96

0.20

9

0.81

0.127

0.97

0.21

10

0.83

0.146

0.97

0.21

11

0.85

0.175

0.97

0.21

12

0.85

0.179

0.97

0.21

1) Case I: SVCs Expansion With the Regulated Power Factor of DFIG Turbine
In this case, the problem has been solved with the active power outputs
shown in Table (1) and their associated VAR limits which are relevant to the
regulated range of the power factor. The results of this examination are listed in
Table (2) where the optimal SVC allocations are 0.15, 0.27, and 0.27 pu at buses 9,
10, and 14, respectively. The results indicated that all candidate buses are adopted
for installing new SVC in order to maintain the desired limits of the load margins
and voltage magnitudes for all simulated cases. The table demonstrates also the
annual expected energy loss cost, investment cost and the total cost required to
achieve the desired target when the DFIG turbine is restricted to operate within the
regulated power factor range. Table (3) lists the minimum bus voltage magnitudes
and load margins for the simulated cases, showing the effect of the SVCs installation
for case I compared with just after contingency state without SVCs installation. It is
observed that, just after contingency, voltage magnitudes are violated and load
margins are too small. As shown in the table, the violations of the desired limits are
relived after the SVCs installation.
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Table (4). SVCs sizes and annual costs with capability curve case
SVCs Bus Number

9

10

14

SVCs VAR Size (pu)

0.17

0.0

0.0

Expected Energy Loss Cost ($)

4.5998e+003

Investment Cost (FIt), ($)

2.5629e+005

T otal Cost (Ftotal), ( $)

2.6089e+005

Table (5). Bus voltages and load margins with capability curve case
Just After Contingency

After SVCs Expansion

State Number
vmin (pu)

Load margin

vmin (pu)

Load margin

1

0.84

0.142

0.93

0.20

2

0.84

0.145

0.93

0.20

3

0.84

0.148

0.93

0.20

4

0.84

0.151

0.94

0.20

5

0.84

0.155

0.94

0.20

6

0.85

0.160

0.94

0.20

7

0.85

0.165

0.94

0.20

8

0.85

0.173

0.95

0.20

9

0.86

0.178

0.95

0.21

10

0.86

0.182

0.95

0.21

11

0.86

0.188

0.95

0.21

12

0.86

0.189

0.95

0.21

2) Case II: SVCs Expansion Considering Capability Curve of DFIG Turbine
In this case, the reactive capability curve of DFIG turbine is fully utilized in
order to examine its effect on the investment cost of new SVCs. The discrete active
power values shown in Table (1) and their associated VAR limits computed
according to the capability curve are employed in this analysis. The results of this
examination are listed in Table (4) where the optimal SVC allocations are 0.17, 0.0,
and 0.0 pu at bus 9, 10, and 14 respectively. The results show that only one SVC at
bus 9 is found sufficient to maintain the desired limits for all simulated cases. The
annual expected operating cost, investment cost and the total cost required to
achieve the desired target are also presented in the table. It is clear that the
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investment cost has been significantly decreased compared to case I and, in turn,
reduces the total cost. This clarifies the positive effect of utilizing the excessive
VAR capacity of DFIG as it increases the amount of the available VAR sources in
the system. The minimum bus voltage magnitudes and load margins for all
simulated cases in this analysis are given in Table (5). As shown in the table, just
after contingency, voltage magnitudes and load margins are violated while these
violations are relived after the SVCs installation. Note that, just after contingency
state, the minimum bus voltages and load margins have been increased in case II
compared to case I as a result of increasing the VAR limits of DFIG turbine. The
preceding results validate the importance of adequate incorporation of DFIG
capability curve into the conventional VAR planning problem for achieving a
remarkable saving in the total cost.
6. Conclusions
This paper deals with the effect of the extended reactive capability curve of DFIG
wind generator on the long-term reactive power planning problem taking into
account the voltage security. The capability curve of DFIG wind generator is
approximately modeled as a set of discrete values of active power and VAR limits
with their associated probabilities reflecting the uncertain nature of the wind speed.
Since the problem is stated as a large scale mixed integer non-linear programming
problem, a PSO/SLP method is employed to solve the overall problem. The
proposed approach has been successfully examined on IEEE 14 bus test system. The
obtained results show that the inclusion of extended DFIG capability curve into the
conventional VAR planning problem maintain the desired security limits during the
simulated states while a remarkable saving in the investment cost has been achieved
compared with the current practice of the regulated power factor range of 0.95
leading and 0.95 lagging.
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أتثري مزارع رايح املولدات احلثية ثنائي التغذية على املكان األفضل ألجهزة
القدرة غري الفاعلة
السعيد السيد العريب
كلية اهلندسة  -جامعة القصيم  -بريدة  -اململكة العربية السعودية
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ملخص البحث .يقدم البحث أداة ختطيط مثايل ألماكن القدرة غري الفاعلة يف وجود مزارع رايح املولدات احلثية
ثنائية التغذية ،ولقد مت إعتبار احتماالت القدرة اخلارجة واملرتبطة مبنحنيات االستطاعة للمولد ثنائي التغذية يف

الصياغة املقرتحة ،وذلك لفحص أتثري ذلك على االستثمار يف األ جهزة احلديثة للقدرة غري الفاعلة ،ومقارنتها
بنتائج املمارسات احلالية لتنظيم معامل القدرة يف مدى بني  0.95متقدم و 0.95متأخر .وتصاغ املسألة حتت
الدراسة على أهنا مسألة أداء أفضل ،حبيث تكون دالتها املستهدفة هي التكلفة الناجتة من التكلفة السنوية ألجهزة
القدرة غري الفاعلة ووفر الفقد السنو للطاةة ،خخذين يف االعتبار ةيود االستثمار وحدود أمان اهجهد بغر
حتسني استقرار جهد نظام القدرة الكهرابئية.
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Abstract. Information security has many aspects such as authentication, privacy, integrity and nonrepudiation. This paper studies implementation of information security through cryptography and
steganography. Cryptography can be loosely defined as the scrambling of data so that only an intended
authorized user can unscramble it. Cryptography allows secure transfer of information over space
(transmission over a communication channel) or over time (storage within a computer memory).
Steganography is the related concept of hiding some piece of information within another piece of
information (possibly of another type), such that the hidden information would be accessibly only to some
intended authorized users. This paper offers a tutorial overview of cryptography and steganography from
the perspective of a multi-key multi-stage software package (named EDSP for Encryption Decryption
Software Package). This package serves as a pedagogical aid accompanying this current tutorial, though
it is, admittedly, neither highly advanced nor particularly novel. It employs a one-time pad technique,
wherein a key is used only once. The EDSP combines a multitude of strong cryptographic algorithms,
secret (symmetric) key ones together with public (asymmetric) key ones including the well-known RSA
and El-Gamal algorithms, whose cryptanalyses show their relative unbreakability in front of strong
attacks. Depending on the number of algorithms used, low, medium and high levels of security are
achieved. Several random keys are generated and used only once through any encryption or decryption
process. Depending on the size of message being encrypted, these keys are used through several schemes
which are determined by the user. The package supports Arabic and English texts and can be enhanced to
include more languages. It can be used with a variety of platforms with no specific hardware required.
The package has a built-in capability of converting images into text and vice -verse, a key step in utilizing
its cryptographic features for steganographic purposes. The steganography method is basically applied in
the EDSP through converting any image into a text file or vice versa. However, hiding a secret image
into another image is also performed and provided in the package. The paper briefly overviews the
mathematics of pertinent operations, describes the capabilities of the developed package, and
demonstrates its usefulness via illustrative examples. As an offshoot, the paper highlights contributions of
the Arabs (during the glorious Islamic era) to cryptography, in general, and to cryptanalysis, in particular.

Keywords: El-Gamal cryptosystem, RSA algorithm, Cryptography, Steganography, Information Security,
Communication and Storage, Multi-Key Multi-Stage Package, EDSP, Arab contributions.
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1. Introduction
Cryptography is the science of using mathematics to encrypt and decrypt data. It allows
secure transfer of information over space (transmission over a communication channel)
or over time (storage within a computer memory). While cryptography is the science of
securing data, cryptanalysis is the science of analyzing and breaking secured
communication. Classical cryptanalysis involves an interesting combination of analytical
reasoning, application of mathematical tools, pattern finding, patience, determination,
and luck [1]. Until modern times cryptography referred almost exclusively to encryption,
which is the process of converting ordinary information (plaintext) into unintelligible
gibberish (i.e., ciphertext). Decryption is the reverse, in other words, moving from the
unintelligible ciphertext back to plaintext. A cipher (or cypher) is a pair of algorithms
which create the encryption and the reversing decryption. The detailed operation of a
cipher is controlled both by the algorithm and in each instance by a key. This is a secret
parameter (ideally known only to the communicants) for a specific message exchange
context. Keys are important, as ciphers without variable keys can be trivially broken with
only the knowledge of the cipher used and are therefore less than useful for most
purposes.
Cryptography can be directly used to help ensure certain security properties,
including:
 Authentication: the process of proving one's identity, which is
sometimes split into two types, namely, (1) Entity authentication (Each of the
communicating parties verifying that the other parties are the right ones), and (2)
Data-origin authentication (Who is claiming to be the sender of the message really
is the one from whom it originates).
 Integrity: the process of preventing unauthorized modification of
messages or data. This guarantees that the content of the message, that was sent, has
not been tampered with.
 Confidentiality (Privacy): the process of ensuring that no one can read the
message except the intended receiver.
 Non-repudiation: the process of ensuring that the message has been sent
and received. Non-repudiation of origin protects against denial by one of the entities
involved in a communication of having participated in all or part of the
communication. Non-repudiation with proof of origin protects against any attempts
by the sender to refuse to acknowledge having sent a message, while nonrepudiation with proof of delivery protects against any attempt by the recipient to
deny, falsely, having received a message.
Cryptography, then, not only protects data from theft or alteration, but can
also be used for user authentication. There are, in general, three types of
cryptographic schemes typically used to accomplish these goals: secret key (or
symmetric) cryptography, public-key (or asymmetric) cryptography, and hash
functions [2-5].
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Fig. (1). Elements of a cryptography system.

Figure 1 illustrates the main elements of a cryptography system. In this
figure, three terms are noted, namely, encryption (the process of scrambling data
according to a specific algorithm), decryption (the process of decoding data to its
original form, so that it can be easily read by the intended receiver) and key (a
sequence of symbols represented in binary form as a string of bits to control the
mechanism of encryption and decryption algorithm) [1-5].
Until a few decades ago, cryptography was largely of interest to the military
and the diplomats. Nowadays, it permeates many aspects of life, like Internet
banking, e-commerce, e-mail, and automatic teller machines. It has tremendous
impact on the economic, sociological, and political aspects of the contemporary
society. Recently, cryptography has been utilized as a pedagogical tool in getting
students interested in mathematics, by motivating them, giving them good reasons to
spend time on a subject that requires hard work, and, if possible, involving them in
research [6].
Related to the science and art of cryptography is the one of steganography.
Cryptography and steganography are considered cousins in the spycraft family [712]. Cryptography scrambles a message so it cannot be understood. Steganography
hides or conceals the message so that its mere existence cannot be detected or even
suspected. A message in ciphertext, for instance, might arouse suspicion on the part
of the recipient, while an “invisible” message created with steganographic methods
will not [7].
We digress here a little bit to include a brief historical note on cryptography.
The earliest forms of secret writing required little more than local pen and paper
analogs, as most people could not read. More literacy required more advanced
cryptography. The main classical cipher types are (a) transposition ciphers, which
rearrange the order of letters in a message and (b) substitution ciphers, which
systematically replace letters or groups of letters with other letters or groups of
letters. The earliest known use of cryptography is some carved ciphertext on stone in
Egypt (1900 BC). The next oldest is bakery recipes from Mesopotamia (present-day
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Iraq). The next development was a substitution cipher due to the Roman Emperor,
Julius Caesar. The credit for the earliest cryptanalysis technique, namely, frequency
analysis, is certainly due to the Muslim Arabs. Kahn the famous historian of
cryptography, equivocally asserts [13] that "Cryptography was born among the
Arabs" and that " (they) were the first to discover and write down the methods of
cryptanalysis". Many people attribute the discovery of cryptanalysis to the Arab
philosopher Al-Kindi (known in the west as Alkindus) but actually cryptanalysis is a
contribution of an earlier genius polymath, namely, Al-Khalil Ibn Ahmad AlFarahidi [14-16]. Further information on the history of cryptography can be found in
the lucid text of Kahn [13], and in the lucid survey papers [17-22].
This paper offers a tutorial overview of cryptography and steganography
from the perspective of a multi-key multi-stage software package. The package
employs a one-time pad technique, wherein a key is used only once. The package
combines a multitude of strong cryptographic algorithms, secret (symmetric) key
ones together with public (asymmetric) key ones such as the RSA [23] and ElGamal algorithms [24-27], whose cryptanalysis shows their relative unbreakability
in front of strong attacks, provided they are supported by some preprocessing [2830]. The RSA and El-Gamal schemes are used in the EDSP to provide very secure
and powerful tools with other approaches such as Addition, Subtraction,
Multiplication and XORing for achieving high level of desired security. Depending
on the number of algorithms used, low, medium and high levels of security are
achieved. The package supports Arabic and English texts and can be enhanced to
include more languages. The package can be used with a variety of platforms with
no specific hardware required. The package has a built-in capability of converting
images into text and vice versa, a key step in utilizing its cryptographic features for
steganographic purposes.
The rest of this paper is organized as follows: Section 2 briefly discusses the
basic operations used in cryptography and further offers a brief introduction to the
RSA and El-Gamal algorithms. Section 3 presents the system requirements, types of
users and a glimpse of operations for the software package developed herein. For
future reference, we name this package the ''Encryption and Decryption Software
Package (EDSP).'' Section 4 presents some typical results obtained by this package
as a way of demonstrating certain features of cryptography and steganography.
Section 5 concludes the paper.
2. Basic Operations
In the EDSP system, many operations are involved in order to ensure high strength
of cryptography and steganography. We use Addition, Subtraction, Multiplication,
Swapping, Inserting, Circular shift, Exclusive OR and in particular, we use the RSA
and El-Gamal algorithms. All operations used herein are implemented in a technique
called One-Time Pad [31] so that a key used is randomly generated only once even
if the operation is repeated many times. The package provides multi keys and multi
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stages based on the number of operations. In addition, two special operations namely
Steganography and converting image into text and vice versa are used.
2.1 The RSA Algorithm
RSA is the best known public-key algorithm, named after its inventors:
Rivest, Shamir and Adleman [23]. RSA uses public and private keys that are
functions of a pair of large prime numbers. Its security is based on the difficulty of
factoring a composite integer that equals the product of two large primes. The RSA
algorithm can be used for both public key encryption and digital signatures. The
keys used for encryption and decryption in the RSA algorithm, are generated using
random data. The key used for encryption is a public key and the key used for
decryption is a private key [28-30]. Public keys are stored anywhere publicly
accessible. The sender of a message encrypts the data using the public key, and the
receiver decrypts it using the private key generated by the sender [28-30]. That way,
no one else can intercept the data except the receiver. The RSA algorithm involves
three steps: key generation, encryption and decryption.
Key generation: RSA involves a public key and a private key. The public
key can be known to everyone and is used for encrypting messages. Messages
encrypted with the public key can only be decrypted using the private key [28-30].
The keys for the RSA algorithm are generated as follows [23]:
 Choose two distinct prime numbers p and q. In general, p and q are very
large numbers, for security purposes, the integers p and q should be chosen
uniformly at random and should be of similar bit-length.
 Compute n = p*q, where n is used as the modulus for both the public and
private keys.
 Compute φ(pq) = (p − 1)(q – 1).
 Choose an integer e such that 1 < e < φ(pq), and e and φ(pq) share no
divisors other than 1 (i.e. e and φ(pq) are co-prime or relatively prime). Now e is
released as the public key exponent and choosing e having a short addition chain
results in more efficient encryption. Small public exponents (such as e = 3) could
potentially lead to greater security risks.
 Determine d (using modular arithmetic) which satisfies the congruence
relation: de = 1 (mod φ(pq)).
The public key consists of the modulus n and the public (or encryption)
exponent e. The private key consists of the modulus n and the private (or
decryption) exponent d which must be kept secret.
Encryption: this step can be done with the following procedures:
 Obtain authentic public key (n,e).
 Represent the message as an integer m in the interval [0,n-1].
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 Compute c = m^e mod n where the value of c represents the ciphertext.
 Send the ciphertext to the recipient.
Decryption: to decrypt message m from ciphertext, use private key d as follows:
 m = c^d mod n.
Example
Let p= 2357, q = 2551 so n = p*q = 2357*2551 = 6012707 and Φ = (p-1)*(q-1) =
6007800. Select e = 3674911, using extended Euclidean algorithm to get that d =
422191, the public key is the pair (n = 6012707, e = 3674911) where the private key
is d = 422191. To encrypt a message m = 5234673 → c = m^e mod n =
5234673^3674911 mod 6012707 = 3650502. Send c to the recipient and to decrypt
m from ciphertext → m = c^d mod n. So m = 3650502^422191 mod 6012707 =
5234673.
RSA Encryption in Practice
 Recommended size of modulus (n) > 1024 (binary bits).
 Selecting primes: Roughly same size p and q to prevent elliptic curve
factoring.
 p and q should be large enough.
2.2 El-Gamal Algorithm
El-Gamal encryption system is an asymmetric key encryption algorithm
for public key cryptography which is based on the Diffie-Hellman paradigm [31]. It
was described by Taher El-Gamal in 1985 [24, 25]. Essentially, it generates a
shared secret key and uses it as a one-time pad to encrypt one block of data. ElGamal is the predecessor of DSS and is perfectly usable today, although no widely
known standard has been created for it. El-Gamal encryption consists of three
components: the key generator, the encryption algorithm, and the decryption
algorithm.
KEY GENERATOR: this step can be done as follows:
1.

Select large prime number p.

2.

Select random number g in the interval [1, p -1].

3.

Select private key number a.

4.

Compute value of y = g^a mod p, so the public key is ( p,g,y ) where the
private key is a.

ENCRYPTION: to achieve this procedure, the sender must do the following:
1.

Select random integer number k in the interval [0, p -1].

2.

Represent the message m as an integer in the range [0, p -1].
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3.

Compute first part of elgamal block y1 = g^k mod p.

4.

Compute second part of elgamal block y2 = m*y^k mod p.
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5. Combine both results to appear as one block which is the ciphertext and
send it to the recipient.
DECRYPTION: to decrypt a desired message from ciphertext, do the following:
1.

Obtain sender private key a.

2.

Compute m = (y2* (y1^a)^-1) mod p, the value of m is the original message.

EXAMPLE
Let p = 23 and choose g = 11, select a = 6 so y = g^a mod p = 11^6 mod 23 = 9. Now
the public key is (23,11,p) and private key is 6. Select k = 3 and m = 10, compute y1 =
g^k mod p = 11^3 mod 23 = 20, y2 = (m*y^k) mod p = (10*9^3) mod 23 = 22, thus the
message m converted into ciphertext of (20,22). To decrypt ciphertext again compute m
= (y2*(y1^a)^-1) mod p = (22* ( 20^6)^-1) mod 23 = 10.
Efficiency of El-Gamal encryption
 The encryption process requires two modular exponentiations, namely
g^k mod p and y^k mod p. These exponentiations can be sped up by selecting
random exponent k having some additional structure, for example, having low
Hamming weights.
 A disadvantage of El-Gamal encryption is that there is message
expansion by a factor of 2. That is, the ciphertext is twice as long as the
corresponding plaintext.
Security of El-Gamal encryption
The problem of breaking the El-Gamal encryption scheme, i.e., recovering m
given p, g, y, y1 and y2 is equivalent to solving the Diffie-Hellman problem. In fact,
the El-Gamal encryption scheme can be viewed as simply comprising a DiffieHellman key exchange to determine a session key g^a*k and then encrypting the
message by multiplication with that session key. For this reason, the security of the
El-Gamal encryption scheme is said to be based on the discrete logarithm problem.
It is critical that different random integers k be used to encrypt different
messages. Suppose the same k is used to encrypt two messages m1 and m2 and the
resulting ciphertext pairs are (y11; y12) and (y21; y21). Then y12/y21 = m1/m2, and
m2 could be easily computed if m1 were known.
Attacks on the RSA or El-Gamal cryptosystems
It has not been shown that a devastating attack can be conducted in a
reasonable amount of time on a correctly implemented RSA or El-Gamal
cryptosystem . However, there are many successful attacks on poor or naïve
implementations. Boneh et al. [29] presented an attack on plain El-Gamal and plain
RSA encryption. The attack showed that without proper preprocessing of the
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plaintexts, both El-Gamal and RSA encryptions are fundamentally insecure.
Namely, when one uses these systems to encrypt a (short) secret key of a symmetric
cipher it is often possible to recover the secret key from the ciphertext. These results
demonstrated that preprocessing messages prior to encryption should be an essential
part of successful implementations of both systems. Therefore, our EDPS system
strengthens its implementation of the combined RSA and El-Gamal cryptosystems
by utilizing multi-keys, multi-stages, and a variety of supplementary operations. In
passing, one should stress that the advantages acquired by preprocessing the
plaintext before encryption are achieved at the cost of increasing the side
information that have to be sent to the receiver for decryption.
Other operations are performed using a letter by letter method. Iinitially,
several random integer values are randomly generated, and then, several random
keys are determined and generated based on the size of the message being
processed. Each letter is associated with a unique key. A defined operation is then
performed to generate the ciphertext. Based on the user’s choice, 5 or 7 or 9
operations take place in different levels of security in the text mode while different
numbers of operations are performed in the image mode. The RSA approach is an
essential operation in each level whereas the El-Gamal scheme is performed only in
the highest level to produce a powerful and unpredictable ciphertext.
3. The Encryption-Decryption Software Package (EDSP)
In this section, we briefly describe the characteristics and operation of the
Encryption-Decryption Software Package (EDSP). We discuss the EDSP system
requirements, types of users and operation guide.
3.1 System Requirement
 Pentium, Pentium Pro, Pentium II, Pentium III, Pentium IV, or AMD
Athlon based personal computer.
 Microsoft Windows 95, Windows 98 (original and Second Edition),
Windows Millennium Edition (ME), Windows NT 4.0 (with Service Pack 5 for Y2K
compliancy or Service Pack 6a), or Windows 2000.
 CD-ROM drive (for installation from CD).
 64 MB RAM minimum, 128 MB RAM recommended.
 Disk space varies depending on size of partition and installation of online
help files. The MathWorks Installer will inform you of the hard disk space
requirement for your particular partition.
 8-bit graphics adapter and display (for 256 simultaneous colours). Other
recommended items include:
 Microsoft Windows supported graphics accelerator card, printer, and
sound card.
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 Microsoft Word 7.0 (Office 95), 8.0 (Office 97), or Office 2000 is
required to run the MATLAB Notebook.
 MATLAB can be set up to operate on a network via the TCP/IP
communications protocol.
3.2 Types of Users
There are two types of users who can use or run EDSP, namely: An
administrator user can apply the tasks of (a) Adding a new user, (b) Deletion of an
existing user, and (c) Starting an Encryption or Decryption process. A Regular user
can apply only one task which is to start an Encryption or Decryption job.
3.3 A glimpse of EDSP operation
We now give a glimpse of operations of the tasks common to administrator
and regular users, namely that on MATLAB command window, type (start) to run
the program. The first screen of EDSP (Fig. 2) asks the user which mode of
operation is intended to be used and performed. The user selects either the
transmitter or receiver mode by clicking on it and a new log-in window will appear
asking for username and password (Fig. 3). After entering a valid username and
correct password a new window will appear prompting the user to determine the
type of input and output data format, (text or image) (Fig. 4). After that, the user is
required (Fig. 5) to select a level of security among three choices (low, medium and
high), where every level has its own number of operations (5 (2) operations for low
level, 7 (4) operations for medium level and 9 (5) operations for high level in the
text (image) format), respectively.

Fig. (2). The first screen of EDSP.
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Fig. (3). The log-in screen.

Fig. (4). Selection of input or output format.

Fig. (5). Selection of security level.
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4. Results
Example 1
Suppose that we want to encrypt the following Arabic text, taken from [13]

.بدأت معاجلة التعمية ابعتبارها علماً مع هناية القرن الثامن ميالدي أو القرن األول هجري

 وأيب حامت, وابن وحشية النبطي, وابن كيسان,ابتدأت هذه احلقبة ابخلليل بن أمحد الفراهيدي
ِ ُ وت,السجستاين
 الذي,وجت بعمل يعقوب الكندي يف القرن الثالث اهلجري \ التاسع امليالدي
ِ الغاية دقة ومشوالً وحتليالً وتصنيفاً واستعماالً خلواص
ِ أوىف فيه على
,عمى أو ُُيَل هبا
َّ ُاللغة اليت ي
ٍ
ختفت بعد
ُ  فقد بدأت.واستمرت هذه احلقبة حىت اترخينا املعاصر مرتاوحةً بني ُُخود وازدها ٍر
 فازدهرت من جديد يف القرن,عص ِر الكندي إىل أن أتت هجمات املغول ومحالت الصليبيني
ِ السابع والثامن اهلجريني \ الثالث عشر والرابع عشر امليالدي
 فكثرت الكتب املصنّفة فيها,ني
ُ
.الدريهم وغريهم
ُ على أيدي ابن ُدنينري واب ِن عدال َن واب ِن
The encrypted text file is given by Fig. 6.

Fig. (6). Encrypted text for Example 1.

Example 2
Suppose that we want to encrypt the following English text, taken from [13]:
Cryptology was born among the Arabs. They were the first to discover and write
down the methods of cryptanalysis. The people that exploded out of Arabia in the
600s and flamed over vast areas of the known world swiftly engendered one of the
highest civilizations that history -had yet seen. Science flowered. Arab medicine and
mathematics became the best in the world—from the latter, in fact, comes the word
"cipher." Practical arts flourished. Administrative techniques developed. The
exuberant creative energies of such a culture, excluded by its religion from painting
or sculpture, and inspired by it to an explication of the Holy Koran, poured into
literary pursuits. Storytelling, exemplified by Sheherazade's Thousand and One
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Nights, word-riddles, rebuses, puns, anagrams, and similar games abounded;
grammar became a major study. And included was secret writing.
The encrypted text file is given by Fig. 7.

Fig. (7). Encrypted text for Example 2.

Example 3
Suppose that we want to use the airplane image given by Fig. 8 as a cover image to
hide the text image of Fig. 9 inside it. Our EDPS system produces the stego image of
Fig. 10, in which the text of Fig. 9 is hidden in an image looking exactly alike the
one in Fig. 8. Later, our system manages to recover the hidden text in Fig. 11. Note
that in the EDSP, the stego image is the same size as hidden image. In this paper, the
stego image is shrinked due to space limitation.

Fig. (8). Cover image for Example 3.
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Fig. (9). Text image to be hidden in Example 3.

Fig. (10). Stego image for Example 3.

The stego image looks exactly like the cover image, so no one can think or predict
that there is a hidden text composed within it.
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Fig. (11). Recovered image for Example 3.

Example 4
Suppose that we want to use the flowers image given by Fig. 12 as a cover image to
hide the map image of Fig. 13 inside it. Our EDPS system produces the stego image
of Fig. 14, in which the map of Fig. 13 is hidden in an image looking exactly alike
the one in Fig. 12. Later, the developed system manages to recover our hidden map
in Fig. 15.

Fig. (12). Cover image for Example 4.
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Fig. (13). Map image to be hidden in Example 4.

Fig. (14). Stego image for Example 4.

Fig. (15). Recovered image for Example 4.

119

120

Ali Muhammad et. al.

5. Conclusions
Encryption allows the protection of sensitive data files from unauthorized users.
This paper offers a tutorial of mathematical, historical, and elementary
implementation
aspects in the perspective of a simple package called the
Encryption and Decryption Software Package (EDSP). Despite the simplicity of the
EDSP package, its implementation, features, and typical results capture many of the
essential features of the cryptography paradigm. Hence, this package serves as a
pedagogical aid accompanying this current tutorial, rather than as an advanced novel
tool competing with available commercial packages. As a bonus, the EDSP system
can be used as a demonstrative tool for steganography as well as cryptography. The
EDSP system scrambles data files to make sure that they cannot be read by
individuals who do not have the key to decrypt the files. The most effective
encryption algorithms being used herein are the El-Gamal cryptosystem algorithm
and the RSA algorithm. The EDSP system is intended to satisfy user's requirements,
emphasize one-time-pad only and ensure the high strength of encryption. The
algorithm used herein uses a multiple of unpredictable operations in the encryption
process, and it also employs a key that is a sequence of unknown operations. The
unique features of this system are: the ability to generate very different keys for
every single message even if it is sent more than once, and the insertion algorithm
which will scatter the data in a matrix containing random numbers which will
increase the size and length of the original data and make it more difficult to
distinguish the original message from it. The EDSP system is implemented in the
MATLAB language. It can be designed using any other language but MATLAB was
chosen since it has many supporting tools like dealing with matrices, mathematical
operations, logical operations, movies, images and sounds. The EDSP system
combines many prominent algorithms in composite algorithms of various degrees of
strength. Correctness of the algorithms is demonstrated via some working examples.
The EDSP system is believed to be reasonably secure against exhaustive
brute force attacks or cryptanalysis. This belief stems from the fact it had been made
extremely hard for an adversary to discover the pertinent algorithms and stages, the
real keys, or the sequence of the operations used. However, the EDSP system is
definitely not unbreakable. The point of its breakability can be decided via formal
cryptanalysis or attack by a competent adversary.
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خملصصا الب ص  .مثةةة جوانةةب عديةةدة ألمةةن املعلومةةات منهةةا التو يةةص واخلصوصةةية والص ةواب وعةةد اجل ةةود .تةةدر ُ
الورقةةة هةةذه حتقيةةص أمةةن املعلومةةات مةةن وةةالل التعميةةة والتءفيةةةُ .ف ِكةةن إعطةةاأب تعرية ف ةةفا للتعميةةة هنةةا ولة
البياانت حبيث تتعةذر اسةتعاداا علةى غةري املس ِ
ةتءد املقصةود املص َّةرت لةه .تسةمة التعميةة ابلنقةل اممةن للمعلومةات
ُ
ُ
عةةا املكةةان كمةةا يف االنتقةةال عةةا قنةوات االتصةةاالت( ،وعةةا الزمةةان كمةةا يف التءةزين بةةذاكرات احلاسةةبات( .أمةةا
ِ
التءفية فتمثل مفهوماً و يص ِ
الصلة يتعلص إبوفاأب بعض املعلومات داول البعض امور الذي رمبا يكون ُُمتلِفاً عنه
يف الن ةةو ( ،حبي ةةث يتع ةةذر الوص ةةول إىل املعلوم ةةات املءف ةةاة لغ ةةري املس ة ِ
ةتءدمني املقص ةةودين املص ة َّةرت هل ةةم .تق ةةو الورق ةةة
ُ
ُ
ُ ِ
ومتعة ة ّددة املراح ةةل تس ةةمى
مبراجع ةةة تعليمي ةةة ملف ةةاهيم التعمي ةةة والتءفي ةةة م ةةن من ةةور حزم ةةة برملي ةةة ُمتعة ة ّددة املف ةةاتية ُ
اوتصاراابألحرف ت ب ك اليت ترمز إىل حزمة برملية للتعمية وكش املعمى( .متثل هةذه احلزمةة أداة توحةي ية
تةةدعم الشةةرت التعليمةةي املقةةد هنةةا رغةةم كوهنةةا ليسةةت يةةديدة التعمةةص وال حتتةةوي بصةةفة واصةةة علةةى مفةةاهيم وريةةة
مبتكةرة .تُة َو ِِة ِحزمةةة ت ب ك أُسةلوب بنيةةة املةةرة الواحةةدة الةيت ال يتكةةرر فيهةةا اسةةتِءدا ِمفتةات أكثةةر مةةن مةةرة.
جتمةةع احلِزمةةة بةةني العديةةد مةةن ووارزميةةات التعميةةة القويةةة املعروفةةة الةةيت تشةةمل ووارزميةةات املفتةةات السةةري املتما ةِةل(
ُ
ابإلحافة إىل ووارزميات املِفتات العا غري املتما ِل( مثل ووارزمية اجلمل وووارزميةة رر إ إيةه اللتةني أ بةت حتلي ُةل
كش ة املعمةةى هلمةةا صةةموديبا النِس ة أمةةا أيُةةة هجمة ٍ
ةات قويةةة .ووفقةةا لعةةدد اخلوارزميةةات املسةةتعملةُ ،ف ِكةةن حتقيةةص
ُ
ّ
ُ
مسةتوتتُ متفاوتةة مةةن األمةان بةةدأباً ابملسةتوِ املة ِ
ةنءفض ومةروراً ابملسةتوِ امل ِ
توسة ووصةوالً إىل املسةةتوِ العةا  .يةةتم
ُ
ُ
ُ
ُ
ُ
ُ
ُ
ُ
توليةةد ملموعةةة مةةن املفةةاتية عش ةوائيا حبيةةث يسةةتءد كةةل منهةةا مةةرة واحةةدة ف سةةب يف أيةةة عمليةةة للتعميةةة وكش ة
املعمةةى .وطبقةةا حلجةةم الرسةةالة املةراد تعميتهةةا ،تسةةتءد هةةذه املفةةاتية وفقةةا ألسةةاليب وطرائةةص ُمتلفةةة يةةت كم فيهةةا
املستءد  .تدعم احلِزمة النُصوص العربية واألجنليزية وُف ِكن حتسينها لتشمل لغ ٍ
ةات أُوةرِ ،كمةا ُف ِكةن اسةتِعما ُهلا مةع
ُ
أن ةوا ٍ ُُمتلِف ةةة م ةةن املنص ةةات دون م ةةا حاجة ٍةة إىل عت ةةاد م ةةادي ُا ة ّدد .ولل ِ زم ةةة مقة ِةدرة اتي ةةة عل ةةى حتوي ةةل الص ةةور إىل
نصةةوص والعكةةأل ,األمةةر الةةذي ُفثِةةل ُوطةةوة رئيسةةة يف اسةةتِغالل وصةةائر التعميةةة إلدراك أغةرا التءفيةةة .وبينمةةا
ترتكز طريقة احلزمة يف التءفية أساسةا علةى املناقلةة بةني الصةور والنصةوص فةةن احلزمةة فكنهةا أي ةا ختفيةة الصةور يف
صةةور أوةةرِ .تُر ِاجةةع الورقةةة الرتحةةيات اخلاصةةة ابلعملِيةةات املسةةتءدمة ،كمةةا تَ ِ
ص ة قُة ُةدرات احلِزمةةة املن َف ة ّذة ،وتُبةةني
ّ
ُ
ُ
نفعها من ِوالل أمثِلةة توحةي ية .كةذلك تتشةعب الورقةة أحيةاان لتلقةي ال ةوأب علةى إسةهامات العةرب وةالل احلقبةة
اإلسالمية الزاهرة يف علم التعمية بوجه عا ويف كش املعمى بوجه واص.
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Abstract. The effects of surface polishing on the thermoelectric properties of InSb crystals have been
studied. For this purpose, we grew high - quality InSb crystals. This crystal has the real surface and we
call it “as prepared”. Also, a cleaned surface was obtained by polishing processes. A detailed work for
comparing the measured thermoelectric in the pre-mentioned two cases was done. This included the study
of the crystals by means of X- ray diffraction and the scanning electron microscopy images (SEM). The
goal is to find out the influence of the surface treatment on the values of thermoelectric power (α). This
was done over a wide range of temperatures (200-500K). Unique- results were obtained for the first time
first time, and were represented using useful histograms.
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1. Introduction
Among III–V compound semiconductors, InSb has the smallest band gap, measuring
0.17 eV at 300 K that corresponds to IR wavelength (7.3 μm) and the highest carrier
mobility. Because of these properties, InSb is suitable for fabricating high- speed
electronic components, magnetic sensors and infrared photodetectors [1-4]. As for
the importance of this compound and attempts done to improve its quality, it attracts
many investigators to grow this unique semiconductor. T. Duffar et al. [5] used the
Bridgman growth without crucible contact using the de-wetting phenomenon for the
growth of antimonide semiconductors. Growth and characterization of indium
antimonide crystals were made by N.K. Udayashankar and H.L. Bhat [6]. InSb
quantum dot LEDs were grown by P.J. Carrington et al. [7]. The InSb crystal was
grown by Se-Hwan Park et al by using the Bridgman method at various crystal
growth speeds [8].The quantum Hall effect at cleaved surfaces of InSb was studied
by R. Masutomi et al. [9]. Electrical conduction mechanism and photon-generated
carrier recombination process in amorphous InSb films were studied by Yanping
Yao et al [10].) Band structures of narrow gap semiconductors in terms of the
coulombic polaron effect were studied by J.D. Fan et al [11]. H. Simchi et al. [12]
studied passivation of the InSb surface for manufacturing infrared devices. The InSb
wafers were cleaned with CP4A etchant (HNO3:CH3COOH: HF: H2O at ratios of
2:1:1:10). Mesa etching characterization of InSb for high - density image array
applications was studied by Kow-Ming Chang et al. [13]. The main concern in our
crystal growth lab is growing semiconductor crystals and investigating their physical
properties. The most important problem in such kind of crystal is the crystal defects,
which defects limit the crystal quality. This is why we are interested in the
improvement of the crystal quality. Since literature survey proved that the present
work is presented for the first time, we undertook this research to shed light on the
influence of the polishing process on the thermoelectric power and hence find out
the influence of the surface conditions on some estimated physical parameters
(required for applications).
2. Experimental Procedure
We can sum up the Experimental Procedures in the following points:
2.1 Crystal Growth
The phase diagram of InSb [14] which has already been published was
considered for the growth of InSb crystals. It is also an established fact that highquality crystals can also be obtained by the Bridgman technique [15]. This is the
reason why the crystal growth was done by a modification of the Bridgman
technique which is close to the known traveling solvent method (TSM) technique
[16]. The growth ampoules for the experiments were quartz (12 mm diameter and 20
cm length). One end of quartz tube was sealed. The quartz tube was cleaned by the
known procedures prior to loading the charge. The ampoule was designed with a
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proper conical tip at its bottom to facilitate nucleation process needed for crystal
growth. Then the filled ampoule was sealed under a dynamic vacuum of~10 -5 Torr.
After that, the sealed ampoule was loaded into the furnace. The temperature profile
was adjusted to melt the feed materials. The temperature gradient was measured
with accurate K-type thermocouples during the growth. The ampoule was heated up
to for 24 h to guarantee a homogeneous distribution of the materials in the melt.
Lowering rates selected were in the range 2 mm h -1 and the temperature gradient
was near 12 K cm-1. Even after solidification, the lowering rate was maintained at
the same rate till the entire ampoule was out of the furnace. Details about the
applied technique have already been published [17, 18].The principal difficulty
experienced in these methods is the extremely required slow growth rate.
2-2 X-ray Diffraction
Localized variations in the intensity within any individual diffracted spot arise
from structural effects or uniformity in the lattice planes causing the spot, and this
forms the basis for the x-ray topographic technique. This topographic contrast arises
from differences in the intensity of the diffracted beam as a function of position inside
the crystal. The difference between the intensities diffracted from one region of the
crystal which diffracts kinematically to another which diffracts dynamically is one of
the ways that dislocations can be rendered visible in topography.
After weeding out the product crystals, they were examined by two different
investigations. The first analysis is the x-ray diffraction which was measured
stepwise with angle, second value of 2Θ at ambient temperature which is measured
with a model D 5000 Siemens diffractometer (Germany) in central metallurgical
institute Cairo Egypt. This identification is important because it revealed that the
grown crystal has a cubic structure with lattice parameter equal to 6.477 ˚A without
any secondary phases. This is in a good agreement with ASTM and JCPDS-ICDD
No. 6–208 [19].
2-3 Scanning Electron microscopy
The grown crystals were analyzed in central laboratory of in (Egypt-Qena)
using a JEOL JSM-5500 LV scanning electron microscope (SEM), (JEOL, Japan).
The operating working voltage for the Scanning electron microscope was 5 kV.
2-4 Mechanical Treatment (polishing)
For mechanical polishing the obtained crystal was cut into samples, using a
Discoplan-TS Struers (Struers, Denmark), for cutting and grinding of thin sections.
The sample was prepared for polishing with carborundum of three different grain
sizes (coarse, medium, and fine to glass finish). After this process, the crystals were
cleaned with distilled water and allowed to dry without heat treatment. The objective
of the mechanical polishing was to remove the saw damage, obtain flat surface and
improve the surface quality.
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2-5 Thermoelectric power Measurements (TEP)
The cylindrical shape of the produced crystal was suitable for the purpose of
TEP measurements. Only the length was adjusted to be 0.3 cm by polishing. The
crystal diameter was 1 cm. A two-part calorimeter was used. The inner part acted as
a holder on which the crystal was mounted on a flat end of a copper cylinder. It was
heated electrically (the flat end was insulated from the crystal by thin sheets of
mica). The second part of the calorimeter acted as a jacket to keep the measurements
under a vacuum of about 10-3 torr with the aid of Edward rotary pump (England).
The outer part was also used as the main source of heating. The applied vacuum was
very important because it prevented crystal oxidation in the case of hightemperature measurements and eliminated water vapor condensation in the case of
low- temperature measurements (which were done using liquid nitrogen). By using
two temperature control elements (type Elcont and Eliwell- Italy) we could control
the temperature of the two heaters, and keep a temperature difference along the
crystal fairly stable. The temperature difference was kept less than 5 K. Two
calibrated thermocouples (made of copper-constantan) served as a temperaturesensing element between the two ends of the crystal. Measurements of temperature
and thermo-voltage were carried out simultaneously. During measurements we
considered the following:
1) The temperature of the crystal was the average of those at the two ends of
the sample.
2) To establish the temperature and equilibrium state around the crystal a
relatively long time was needed.
3) The used method for measuring α is the differential method (not the
integral one).
4) Silver past was used as Ohmic contacts.
3. Results and Discussion
3-1. X-Ray Diffraction Results
The X - ray diffraction pattern of InSb crystals, for as prepared is shown in
Fig. (1). Samples of indium antimonide powder, taken from a single crystal sample,
prepared in our laboratory (Qena) were identified by X - ray diffraction for
comparison. Also another chart for X - ray diffraction pattern, in the case of
treatment of the grown crystal by polishing, was obtained. It is not appeared to avoid
figures crowd. It is shown that the two charts indicate a single crystalline phase
structure without any secondary phases.
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Fig. (1). X-ray diffraction pattern for the case of the as prepared crystal (1) and the polished sample (2).

From the X - ray diffraction data we obtained the following:-The crystal structure are stills the same because peak positions are the same.
-The reflecting planes (111), (220), (311), (400), (331), (422) and (511) are
observed for both the as prepared and the polished crystals. Also, the main peak
(100) is noticed and was used to compare the crystal qualities.
-Since the difference between the intensities diffracted from one region of the
crystal which diffracts kinematically to another which diffracts dynamically is one
of the ways that dislocations can be rendered visible in topography so, careful look
to the peak intestines in the X - ray diffraction patterns gives evidence about the
formation of dislocations when the crystal was etched.
- Diffraction line broadening is also observed in the case of polishing which
can have many physical sources: size, strain, coherent precipitates, and misfit
between phases with different chemical compositions, etc. Hence more work is
recommended strongly to reveal what happened definitely to the crystal structure of
the compound.
- It is clear from the last two points that as prepared crystal quality is better
than the quality of the polished one.
3-2. SEM of the understudy samples
The morphology of the two samples (as prepared and polished) as observed
under SEM is presented in figure (2). It can be observed that defects are formed on
the surface of the polished sample while the as prepared one looks with less
abnormality. This is may due to the deviation from the stoichiometry to include the
whole sample surface. These results confirm the results obtained from XRD.
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Fig. (2). SEM of the understudy samples.

It must be mentioned that the two images were taken under the same
conditions. Accordingly one can’t exclude the saw effect which usually causes
surface damage.
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3-2. Results of the thermoelectric power (TEP)
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Fig. (3). Variation of the thermoelectric power α against temperature

The thermoelectric power or TEP (α value) was studied in a wide range of
temperatures (200-500K) for both the as prepared and polished crystals. The
obtained results and the above figure (which contains two figures) indicate the
following:The general behavior of the curves is the same and it contains:- α starts to be fairly constant till reaches room temperature.
- TEP gradually increases with the temperature rise till about 350 K.
- At 350 K, α possesses a peak where this is the transition temperature as we
believe.
The monotonic rise of α in this range is due to the fact that in the extrinsic
conductivity range and the expected affect of temperature or the thermal activation
on the minority carriers starts.
- Finally above 350 K, the behavior is characterized by the diminution in α
values till about 375 K after which it increases very rapidly.
- The decrease of α above 350 K is argued to the influence of mixed
condition as the intrinsic range is approached.
The first impression about the behavior of α against T in both cases yields
that nothing change in the behavior except for making upward or downward shift to
values of α.
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Comparison between the as prepared crystal and the mechanically treated by
polishing indicates that α is shifted downward and hence its value is decreased by
polishing, as shown in Fig. (3).
Now we come to the estimation of many important physical parameters the
case of the as grown and polished crystals. In order to do this we must mention the
following:1-The present research is a complementary part of the electrical conductivity
and Hall effect work we already have done
1- Figure (3) is redrawn to justify the relation between (α -1/T ) to apply an
important formula in the intrinsic range. [20]
k μn −μp

α=− (

e μn +μp

(

∆𝐸𝑔
2KT

3

m∗n

4

m∗P

+ 2) + ln

)

………………… (1)

Whereμn , μp , m∗n and mP∗ are the electron mobility, the hole mobility, the
electron effective mass, and the hole effective mass, respectively. The above
expression predicts the (α -1/T ) plot should be a straight line. We computed the
values(μn ⁄μp ) from the slope. Also, the ratios m∗P ⁄m∗n were found from the value mP∗
intercept of the curves. The value ∆Eg (the width of the energy gap) equals 0.17 eV at
room temperature was used from the previous Hall effect and electrical conductivity
data to deduced the above values. This enables us to find the values μn also.
2- Fig. (3) is redrawn again as a plot of α against In T to justify another
formula that was suggested by Wilson for utilizing the data of α in the extrinsic
region [19]:
K

α = (2 − ln
e

ph3
3⁄2

2(2πm∗p KT)

)

……………..

(2)

………………..

(3)

This can be written in the form:
|α| =

3K
2e

lnT + constant

Thus a plot of α against lnT, for a particular sample, should be a straight line
𝟑𝐊
of slope
.
𝟐𝐞

From the intercepts of the lines (in the impurity region) with the axis, we got
m∗p see in tables (1). Using the ratio mp∗ ∕ mn∗ = see in tables (1) previously obtained
from the last relation we could evaluate m∗n see in tables (1). The slopes of the
straight line should be 3K/2e which have the numerical value 129 µV- deg-1. The
slope of the plots of α against ln T is seen in tables (1). This discrepancy may be due
to the possibility that the effective masses of the charge carriers are temperature
dependent. Thus a slow variation of the effective masses with temperature would
have a large effect on the mobility variation.
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The value of the relaxation time for holes, as deduced, see in tables (1), while
it for electrons see in tables(1). Also, the diffusion constants for holes and electrons
are calculated. They are Dp and Dn see in tables (1). Among the important
parameters computed in this investigation is the diffusion length for both carriers.
The diffusion length Lp (for holes as referred by the sub - index P) and the diffusion
length Ln = see in tables (1).
Table (1). Comparison between the Physical Parameters in cases as prepared and Polished
Sample
Physical Parameters

As prepared

Polished

α ( µV . deg -1) at 300K

130

70.1

µp

140.7797

584.7226

µn

295.405

856.051

1.1925E-34

1.72817E-34

1.23E-36

3.69E-37

2.0985E-13

1.26313E-12

4.53408E-15

3.94588E-15

m*p

kg

m*n

kg

𝞃p

S

𝞃n

S
2

-1

Dp

cm s

3.632116

15.08584

Dn

cm2 s-1

7.62145

22.0861

Lp

cm

8.73E-07

4.37E-06

Ln

cm

1.86E-07

2.95E-07

185.35

134.28

α ( µV . deg
m*p /

-1

) at 350K

97.11768

468.655

The slope of (α - Ln T)( µV . deg -1)

122

114.6

µn / µp

2.09835

1.464029

m*n

4. Conclusions
From this work we concluded the following remarks:
 InSb is a very sensitive semiconductor to the surface conditions.
 With mechanical treatment (polishing), we produced a smoother surface
(because we removed the saw effect) but a high density of scratches was produced.
 Variation of the charge carriers and the mobility results in a change in TEP.
 Surface treatment is a good tool to improve the crystal properties and the
thermoelectric coefficient values. Hence we recommend opening up future work for
the effect of another treatments (etching for example).
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 The crystal physical parameters are strongly influenced by the effect of
surface treatment.
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أتثري تلميع سطح مركب اخلواص أنتمونيد األنديوم البللوري علي الظاهرة
الكهروحرارية

3

مجال الدين عطا ،1خالد بن الوليد عبد الفتاح ،2هارون عبد الفتاح الشيخ ،3جرجس رشدي مشرقي
 1أستاذ الفيزايء التجريبية -كلية اهلندسة  -جامعة القصيم  -اململكة العربية السعودية
 2قسم الفيزايء – جامعة جنوب الوادي – مجهورية مصر العربية
 3قسم الفيزايء – جامعة أسوان – مجهورية مصر العربية
profdrgamal@qec.edu.sa

خملص البحث .للمكانة املتميز ملركب أنتمونيد األنديوم البللوري يف علوم املواد و خاصة يف جمال توليد الكهرابء
من التدرج احلراري املعروفة ابسم الظاهرة الكهروحرارية ؛ فإن البحوث اجلارية حالياً -علي النحو الوارد يف مقدمة
البحث – هتتم بتطوير ذلك املركب الفريد .ومن املعلوم أن التلميع  /السنفرة ) (Polishingهي إحدي املعاجلات
السطحية للمواد واليت تؤثر علي خواصها ؛ لذا كان هذا البحث .و قد سار البحث وفقاً للخطوات التالية:-
 حتضري املركب يف صورته البللورية ابستخدام تقنية جديده تعترب تطويراً لطريقة برجيمان املعروفة.
الدراسة.

 استخدام طريقة حيود األشعة السينية  X – ray diffractionللتأكد من سالمة الطور البللوري للمركب قيد
 دراسة الظاهرة مرتني للمركب قبل ويعد املعاجلة.
 اشتقاق العديد من الثوابت الفيزايئية للمركب قبل ويعد املعاجلة لبيان أتثري املعاجلة السطحية عليها.

 عرض النتائج يف جدول واضح يف ختام البحث لسهولة املقارنة ومن مث نوقشت النتائج السابقة تفصيالً علي
النحو الوارد يف منت البحث.
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Effect of Ba-Ions on The Structural Properties of The
[(Pbxba1-X)0.81La0.125]Tio3 Ceramic
G. A. Gamal1, 2, M. k. Gergs2, A. A. Ebnalwaled2, A. Fahem2
1 College of Engineering - Qassim University, Saudi Arabia
2 Faculty of Science, South Valley University, Qena 83511, Egypt

Abstract. Eight samples were prepared according to the concentration of Ba-content (0, 10, 20, 30, 40,
55, 60 and 70 %). In the present research, full structural Investigations for of the [(Pb xBa1-x) 0.81 La0.125]
TiO3 ceramic compounds were accomplished using x-ray diffraction technique. The results extracted
includes: the lattice parameters, the grain size and the percentage of crystallinity % of the compound. The
investigation of the structural properties of this compound is useful for studying the dielectric and related
properties such as the piezoelectric applications. Among the unique results found in the present
investigation, we found that above 40 % of Ba, the compound is no longer tetragonal but it is converted
into the cubic system (structural transformation).

Keywords: [(PbxBa1-x)0.81La0.125]TiO3, Ceramic, X-ray Diffraction, Lattice Parameters, Grain Size, and
Crystallinity % .
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1. Introduction
In recent years, lead titanate (PbTiO3) ceramics have attracted a great deal of
attention due to its high Curie temperature (490 oC) and low dielectric constant
(200), which makes it suitable for high-temperature and high-frequency transducer
applications than that of PZT ceramic system [1,2]. However, pure lead titanite
ceramics are very difficult to be sintered because of its large lattice anisotropy (c/a =
1.064). On cooling through Curie temperature, the large anisotropy of ceramic
material becomes fragile. In addition, it’s difficult to pole the ceramics with low
resistivity (107 – 108 Ω cm). By substitution of isovalent (Ca2+, Ba2+, Cd2+, ……etc)
or off-valent (Sm3+, Gd3+, La3+, Y3+, ……etc) ions into the Pb sites, the lattice
anisotropy is reduced [3], and the samples become denser. Mn doped PbTiO 3
produces a material with high mechanical strength, low dielectric losses and low
dielectric constant reliable for piezoelectric resonator applications [4].
Piezoelectric ceramics are commonly used as sensors. These materials have
good detection and output characteristic, and can operate over a wide range of
frequencies. However, pure piezoelectric ceramics are often too stiff and brittle to be
used as embedded sensors in polymeric composites. In our Lab., we have attempted
several experiments to improve the properties of the lead titanite. Influence of some
preparation conditions on Debye's relaxation time and related properties of (Pb,
La)TiO3 ceramics was also reported earlier [5] . Dielectric properties, Debye′s
relaxation time and activation energy of [(Pb1-x Srx) 1-1.5zLaz] TiO3 ceramics have
been studied earlier [6]. Effect of sintering time on the particle size and dielectric
properties of La-doped PbTiO3 ceramic nanoparticles was previously reported [7].
An attempt was done by studying the effect of grain size on the dielectric properties
of lanthanum- doped PbTiO3 perovskite ceramic [8]. The present study is a new
attempt by checking the effect of the variation Ba-content (0, 10, 20,30, 40, 55, 60
and 70 %). The goal of this study is to find out the influence of Ba content on the
structural properties of the system [(Pb xBa1-x)0.81La0.125]TiO3 . In this respect, x-ray
diffraction is useful. For diffraction applications, only short wavelength X-rays (hard
X-rays) in the range of a few angstroms to 0.1 Å (1 keV - 120 keV) are used.
Because the wavelength of X-rays is comparable to the separation of the atoms in
the unit cell,
Therefore, it is ideally suited for probing the structural arrangement of atoms
and molecules in a wide range of materials. The energetic X-rays can penetrate deep
into the materials and provide information about the bulk structure. Also this is
important because it is an introductory part prior to the research of the ferroelectric
behavior of the compound.
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Fig. (1). Sum up Diagram for the Preparation Procedures

2. Experimental Procedure
2.1. Preparation technique of the samples:
Specimens of the general formula [(Pb xBa1-x)0.81La0.125]TiO3 were prepared
according to the procedures of the usual firing technique [9] . The starting materials
(99.9% purity PbO, BaCO3, TiO2 and La2O3) in corresponding stoichiometric ratios
were homogenized and pressed into discs. The discs were then calcined in the
temperature range between 998 and 1048 °K. This was done on the basis of the
calibration line between the two calcined temperatures where one of them for
PbTiO3 - and the other for BaTiO3 – ceramics, for two hours.
The calcined powder was pressed into discs. The discs were thereafter
sintered at the temperature range between 1473 and 1653 °K, according to the prementioned technique but for two sintered temperatures, for 4 hours in an oxygen
atmosphere. The pellets were of 7.4 mm diameter and about 1.5 mm thickness. The
samples were polished and coated with aluminum thin film to form electrodes .The
above diagram is a good sum up for the preparation procedures.
2.2. X-ray diffraction:
The crystal structure of [(PbxBa1-x)0.81La0.125]TiO3 ceramic was examined by
XRD using X- ray diffractometer with CuKα line (λ=1.5418 Ǻ) as the radiation
source. The crystallographic orientation was determined by XRD rotation over (0-
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2θ). The scanning range was 0-80o with a scan step size of 0.06o (2θ)/step and the
counting time of 1 sec/step. The X-ray diffraction was employed for calculation the
lattice constants (a,b,c), the grain size and finally the ratio of crystallinity %.
2.2.1. Lattice parameters:
We calculated the lattice parameter constants (a,b and c) from the equations
[10]:
(1)
(2)
Where h, k and l are the usual Miller indices
2.2.2. Grain size and crystallinity %:
Scherrer’s method was applied for the calculation of the grain size of the
grown samples. From the following equations, we calculated the grain size [11]:
(3)
Where Lvol is the column lengths.
Substituting the value of (the full width at half maximum) and the value of
the main peak we can obtain the value (the column lengths). The primarily obtained
column lengths of an ensemble of particles can be transformed into average grain
sizes if all the crystallites in the sample have roughly the same shape. The standard
assumption is a spherical shape, then:
(4)
Where Dvol is the crystal size
The crystallinity % was calculated directly with the help of X-ray diffraction
pattern of the samples by using the following equation [12]:
% Crystallinity =

𝟏𝟎𝟎 𝑨𝒄
𝑨𝒄 + 𝑨𝒂

(5)

Here, Ac and Aa represent the respective area contributions from the
crystalline and amorphous phases of the sample to the diffractograms. It must be
mentioned that the x- ray instrument is equipped with a copper anode generating Ni
filtered CuKα radiation (λ = 1.5406 Å, 40 kV, 30 mA, back monochromator). The
equipment was used in a θ - 2θ geometry in the range between 10 and 80o with a
divergence slit of 1o. This was done in (CMRDI - Cairo) - Egypt.

Effect of Ba-Ions on The Structural …

141

3. Results and Discussion
3.1. X–ray diffraction for [(PbxBa1-x)0.81La0.125]TiO3 ceramics
As mentioned the x-ray diffraction was employed for calculation the lattice
constants (a,b,c), the grain size and finally the ratio of crystallinity % for the
ceramic structure of the form [(PbxBa1-x) 0.81La0.125]TiO3 (Fig. 2).
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Fig. (2). X-ray diffraction of [(PbxBa1-x)0.81La0.125]TiO3 ceramics under different concentration of Ba
content. Where A, B, C, D, E, F, G and H are corresponding to Ba content equal to 0,
10, 20, 30, 40, 55, 60 and 70 %, respectively.

From the position of the strong peaks d-space has been calculated according to
Bragg equation;
. The calculated values of d - space for different
reflection planes were useful to verify the main phase of our compound. The lattice
parameters have been also calculated. It must be mentioned that the obtained X-ray
diffraction pattern was compared with the Powder Diffraction File No. 06-0452 [13].
This proved that the prepared compound is highly pure without any secondary
phases.
3.2.1. Calculation of lattice parameters
Figure (1) shows the X-ray diffraction pattern of the sample[(PbxBa1-
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x)0.81La0.125]TiO3

ceramics with different concentrations of Ba-ions at sintering time
equals to 4 hours and at several values of sintering temperatures ( according the
concentration of Ba-ions).
From this figure, we conclude the followings:1- Changing the concentrations of Ba-ions causes peaks shift. Since the peak
height depends on the crystal quality, so it is easy to conclude that Ba-ions variation
changes the crystallinity and hence the crystal quality.
2- In spite of the observable broadening, the peak positions are the same for
the different Ba-ions.
Figures (3) and (4) are useful to understand the relation between the crystal
lattice c versus the Ba content. From these two, figures, we also conclude the
followings:1- The values of the lattice constants (a,b,c) at the concentrations 20 % and
55 % which are (3.9834, 3.9834, 3.9938 Å) and (3.9839 , 3.9839, 3.9839 Å)
,respectively. Consequently, the numbers of unit cells per unit volume are 1.578 x
1024 and 1.5815 x 1024 u.c/cm3.
2- The variation of the unit cell volume is attributed to the fluctuation in the
lattice parameters under the different Ba content.
3- The figures also tell us that there is a change in crystal structure
associated to the Ba content variation.
4- Bearing in mind the above remarks; we conclude that such change may be
responsible for any abnormal behavior in the ferroelectrics properties.
Figure (5) represents the relation between (c/a) and Ba content, where c/a
represents the tetragonility of the sample [(PbxBa1-x)0.81La0.125]TiO3. This figure
shows that the tetragonality (c/a) decreases with increasing Ba content. However,
when the Ba content lies between 40 – 70 %, the ratio are stabilized at value equals
to one. The reason of this stabilization is the appearance of the cubic structure of the
sample in this region of Ba content.
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Fig. (3). A plot of crystal lattice c versus the Ba content for samples of ceramics with formula
[(PbxBa1-x)0.81La0.125]TiO3
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Fig. (4). A plot of crystal lattice a versus the Ba content for samples of ceramics with formula
[(PbxBa1-x)0.81La0.125]TiO3.
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Fig. (5). A plot of (c/a) versus the Ba content for samples of ceramics with formula [(PbxBa1x)0.81La0.125]TiO3

3.2.2. Calculation of grain size:
Figure (5) represents the relationship between Ba content and the values of
grain size for [(PbxBa1-x)0.81La0.125]TiO3ceramics. Scherrer’s method which was
mentioned previously is used for calculation the grain size. Generally, the grain size
is increased with increasing of Ba content except for the two abnormal values (
24.81 and 29.69 nm) corresponding 20 and 55 mole % Ba, respectively.
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Fig. (6). A plot the grain size versus the Ba content for samples of ceramics with formula
[(PbxBa1-x)0.81La0.125]TiO3
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3.2.3. Crystallinity:
The histogram shown in figure (7) represents the relationship between the
crystallinity % and the Ba content for [(PbxBa1-x)0.81La0.125]TiO3 ceramics. The
maximum crystallinity % value which is 86.74 % at 20 is corresponding to the
concentration 55 mole % Ba content. It is worth mentioning that the crystallinity %
at 20% equals to 83.76. The general behavior of the above results is similar to the
results of grain size observed in figure (6).
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Fig. (7). A plot the crystallinity % versus the Ba content for samples of ceramics with formula
[(PbxBa1-x)0.81La0.125]TiO3.

4. Conclusions
In this work a detailed study is presented in order to check the effect of the Bacontent variation (0, 10, 20,30, 40, 55, 60 and 70 %) on the structural properties of
the system [(PbxBa1-x)0.81 La0.125] TiO3 . The structural properties (such as; the lattice
parameters, the grain size and the crystallinity %) of [(Pb xBa1-x)0.81La0.125]TiO3
compound with different Ba content were examined by the of x-ray diffraction data.
Among the obtained striking results that changing the concentrations of Ba-ions
causes the followings:- The crystallinity and hence the crystal quality of the samples are changed as
concluded from the XRD work.
- The values of the lattice constants (a,b,c) at the concentrations 20 % and 55
% which are (3.9834, 3.9834, 3.9938 Å) and (3.9839, 3.9839, 3.9839 Å)
,respectively. Consequently, the numbers of unit cells per unit volume are 1.578 x
1024 and 1.5815 x 1024 u.c/cm3.
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- The variation of the unit cell volume was attributed to the fluctuation in the
lattice parameters under the different Ba content.
- Generally, the grain size is increased with increasing of Ba content except
for the two abnormal values (24.81 and 29.69 nm) corresponding 20 and 55 mole %
Ba, respectively.
- When the Ba content lies between 40 –70 %, the tetragonality ratio (c/a) equals
to one. The reason of this is the appearance of the cubic structure of the sample.
The results of the structural properties are useful for studying the dielectric
and related properties such as the piezoelectric applications.
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أتثري تغيري نسبة أيوانت الباريوم على اخلواص الرتكيبية ملركب
 [(PbxBa1-x)0.81La0.125]TiO3السرياميكي
مجال الدين عطا ،1ميالد قسطنيس ،2خالد بن الوليد عبد الفتاح ،3أغاىب فهيم
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خملص البحث .تعترب تيتانيات الرصاص من املواد الشائعة اإلستخدام وتنتمى اىل املواد الفروكهربية .تيتانيات
الرصاص ىف حالتها النقية أى اخلالية من أى إضافات تعترب مادة هشة اى غري متصلبه وال ميكن أن تستخدم ىف
األغراض التطبيقية كمادة تتميز ابلكهربية الضغطية مثلا .ميكن حتسني خواص تيتاانت الرصاص ابستخدم شوائب
عديدة ومتنوعة ىف صورة أكاسيد أو كربوانت وغريها .إضافة هذه الشوائب بنسب معينة يكسبها خواص متميزة
لألغراض التطبيقية  .واهلدف الرئيسى من هذه الدراسة هو حتسني خواص تيتانيات الرصاص .ونتائج هذه الدراسة
ختتص بدراسة تغري تركيز ايوانت الباريوم ىف املنظومه  [(Pbx Ba1-x)0.81La0.125 ]TiO3السرياميكيه املدعمه بعنصر
اللنثانيوم و معرفه أفضل تركيز أليوانت الباريوم الىت متد هذه النمظومه السرياميكيه ابخلواص البلوريه و الفروكهربيه
املثاليه والىت ميكن األستفادة منها ىف التطبيقات العملية الىت تتميز هبا هذه املاده وهذه اخلواص اليت مشلها البحث
احلايل هي ثوابت الشبكيه البلوريه  -حجم احلبيبات  -درجة التبلور.
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