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The praseodymium modified lead titanate ceramics with composition Pb1−𝑥 Pr𝑥 Ti0.96 Fe0.02 Mo0.02 O3 where 𝑥 = 0.04, 0.06, 0.08, and
0.10 prepared by solid-state reaction technique were subjected to indentation induced hardness testing method. The indentations
were induced in the applied load ranging from 0.245 N to 4.90 N. The microhardness varies nonlinearly with load and was best
explained by the concept of Newtonian resistance pressure as proposed by Hays and Kendall’s law. Crack propagation, fracture
toughness (𝐾𝑐 ), brittleness index (𝐵𝑖 ), and yield strength (𝜎𝑦 ) were studied to understand the effect of Pr content on various
mechanical parameters. The load independent values were found to increase with the increase in praseodymium content.

1. Introduction
Ceramics are generally associated with distinctive problems,
some uniquely beneficial and restrictive which determine
the materials utilities, among these are hardness, brittleness,
and fracture toughness. The measured hardness of a brittle material as determined by conventional tests (Vickers,
Knoop, Rockwell, etc.) is a measure of materials resistance
to deformation, densification, displacement and fracture.
Conventional hardness measurements, which depend on size
of an indentation resulting from an applied load, are load
independent. This is especially noticeable at lower indentation loads where most measurements are made in order
to avoid experimental problems associated with fracture.
Local fracture around and under an indentation can affect
the depth of penetration or size of the indentation and
thus can be considered an intrinsic part of the indentation
process. Fracture can also create practical difficulties in making hardness measurements because cracking at indentation
corners or fragmentation can hamper hardness measurements. The degree of fracture at indentations in ceramics is
load dependent. Low loads are associated with deformation
while fracture is conspicuously more prominent at high
loads. Microindentation technology has been used for the

measurements of fracture toughness of ceramic materials by
Evans and Charles [1]. Generally, the dielectric, piezoelectric,
elastic, and mechanical behavior of ferroelectric ceramics
depend in a complex way on microstructural parameters
such as porosity, grain size, and grain boundary effects. The
properties of ferroelectric ceramics are also very sensitive to
temperature, to stress and strain, to frequency, and so forth.
Lead titanate (PbTiO3 ) is well known as a perovskites type
ferroelectric material with a high Curie point (𝑇𝑐 ) of 490∘ C.
A phase transition from the paraelectric cubic phase to the
ferroelectric tetragonal phase takes place on decreasing the
temperature through the Curie point. Lead titanate (PT) is
very difficult to fabricate in the bulk form as they undergo
a large volume change on cooling below the Curie point. It
is a result of cubic (𝑐/𝑎 = 1.00) to tetragonal (𝑐/𝑎 = 1.064)
phase transformation leading to a strain. Evidence for the
existence of internal stress is the observation that sintered
pure PT ceramic gradually disintegrates into powder at room
temperature due to mechanical breakdown [2]. Therefore,
dense PT ceramics were prepared by adding suitable additives
or combining with other compounds to form solid solution
[3, 4]. The modified PT ceramics are material of interest due
to the piezoelectric properties which is due to spontaneous
polarization. However, their poor mechanical performance,
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Table 1: Lattice constants (𝑎, 𝑐), X-ray density, experimental density, relative density, and porosity for different composition of Pr substituted
in lead titanate.
𝑥
0.02
0.04
0.06
0.08
0.10

𝑎 (Å)
3.94
3.88
3.91
3.90
3.81

𝑐 (Å)
4.15
4.04
4.05
4.02
3.99

𝜌X-ray (g/cc)
7.80
8.23
8.07
8.11
8.18

that is, low bonding strength and low fracture toughness,
limits their applications in the field where high strength
and high fracture toughness are the important requirement.
The piezoelectric, and mechanical properties in modified
PT ceramics are important for the use in the generation
of high power ultrasonic [1]. The mechanical characteristics
of modified PT ceramics are as important as the dielectric,
piezoelectric and ferroelectric characteristics. Hence, more
and more attention has been focused on understanding and
improving the mechanical properties of PT ceramics. This
paper reports in a systematic manner, the mechanical characterization of Pr modified lead titanate ceramics using Vickers
indentation technique. The relationship between hardness,
fracture toughness, brittleness index, yield strength, and their
dependence on microstructure and load is also studied. To
the best of the author’s knowledge, there is no such report on
the Pr modified lead titanate ceramics.

2. Materials and Methods
Praseodymium modified lead titanate (PrPT) ceramics with
composition Pb1−𝑥 Pr𝑥 Ti0.96 Fe0.02 Mo0.02 O3 where 𝑥 = 0.04,
0.06, 0.08, and 0.10 were prepared by solid-state reaction
technique. The prepared samples were sintered at temperature 1100∘ C for 2 h. The lattice parameters were calculated
using X-ray diffraction pattern whereas microstructural characterization was carried out using electron microscopy, and
grain size was measured using the line intercept method,
the detail of which has already been reported [5]. In order
to study the mechanical characterization, the synthesized
material was first of all smoothened by grinding with fine
alumina abrasive powder in aqueous medium. To have good
reflectivity, necessary for observation under a microscope,
the material was then polished with diamond paste on a
rotatory polishing machine. Praseodymium modified lead
titanate disks of about 10–12 mm in diameter and 2 mm in
thickness with optically finished surfaces were used for Vickers microhardness analysis. In the present study, indentation
induced microhardness was carried in the load range of
0.245 N to 4.903 N, keeping the indenter at right angles to the
surface for 10 seconds in all cases, irrespective of the load. The
instrument used is “Auto Detection Microhardness Analyzer”
“HMV-2” of Shimadzu, Japan. At least five indentations
were made on each composition for each load. The distance
between any two indentations was kept more than five
times the diagonal length of the indentation mark, so as to
ensure that surface effects are independent of each other.
The diagonal length of each indentation impression was

𝜌ex (g/cc)
7.25
7.65
7.51
7.58
7.74

Relative density (%)
92.94
92.95
93.06
93.46
94.62

Porosity
7.05
7.04
6.93
6.53
5.36

measured, and average diagonal length was computed for
calculation. Microhardness was calculated using the formula
𝐻V = 2 sin 68∘

𝑃
𝑃
= 1.8544 2 Nm−2 ,
𝑑2
𝑑

(1)

where “𝑃” is the applied load and “𝑑” the diagonal length of
the indentation mark in micrometers. The error on “𝐻V ” is
estimated through the relation:
Δ𝐻V = 1.8544[(

Δ𝑃 2
𝑃Δ𝑌
) + ( 2 )]
𝑌
𝑌

1/2

,

(2)

where 𝑌 = 𝑑2 and Δ𝑌 = 2𝑑Δ𝑑; Δ𝑃, Δ𝑌 and Δ𝑑 denote errors
of 𝑃, 𝑌, and 𝑑, respectively.
For each measurement, only well-defined cracks developed during indentation were considered for a particular
indentation impression. The crack length was measured from
the centre of indentation mark up to the tip of the crack. A
program in Fortran 77, using the method of least squares, was
made and run on computer to calculate the values of various
parameters.

3. Results and Discussion
3.1. Crystal Tetragonality. X-ray diffraction analysis was used
for the identification and crystal system of the different compositions of PrPT ceramics. Figure 1 is the X-ray diffraction
analysis of different PrPT compositions showing single phase
tetragonal structure as per JCPDS data no. 06-452, whereas
Figure 2 shows variation of lattice constants (𝑎, 𝑐) and crystal
tetragonality (𝑐/𝑎) with various Pr substitutions. The increase
in Pr content decreases the crystal tetragonality (𝑐/𝑎), and it
was observed that 𝑐/𝑎 ratio is always less than 1.064 (the value
of pure PbTiO3 ceramics). The decrease in the tetragonality
with the increase in Pr content clearly indicates that Pr ions
enter the lattice on A-site replacing Pb ions resulting in the
formation of hard and dense ceramics. A compiled data of
lattice constants (𝑎, 𝑐), X-ray density, experimental density,
relative density, and porosity for different composition of
Pr substituted in lead titanate is shown in Table 1. It was
found that relative density increases from 92.94% to 94.62%
of the theoretical density with the increase in praseodymium
content. The increase in experimental densities and reduction
in porosity is due to the fact that increase in Pr content
decreases the tetragonality in PT ceramic, because of its
large spontaneous stress described as (𝑇𝑠 𝛼 (𝑐/𝑎 − 1)) [6].
Reduction in internal stress allows the crystallites in grains to
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Figure 1: Compiled XRD pattern of 2, 4, 6, 8, and 10 mole% of Pr
modified lead titanate.
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Figure 2: Effect of Pr substitution on crystal tetragonality (𝑐/𝑎) and
cell parameters (𝑎, 𝑐).
4000

3.2. Mechanical Behavior. The dependence of microhardness
on the applied load shows different behaviour for different
materials. The microhardness is reported to be (i) independent of load [8], (ii) is a function of load [9, 10], and
shows complex behavior with change of applied load [11, 12].
The results of indentation induced microhardness studies
on PrPT ceramics reveal that microhardness value (𝐻V )
decreases nonlinearly as the applied load increases from
0.245 N to 1.961 N in all compositions, and thereafter, the
values tend to attain saturation. For 4 mole% of PrPT, the
microhardness values ranges from 7239 to 5833 MNm−2 in
the load ranging from 0.245 to 4.903 N. The hardness value
increases with compositions for each applied load, and for
10 mole% of PrPT, the value comes out to be in the range
14486–11604 MNm−2 in the load range of 0.245–4.903 N. The
behaviour of Vickers microhardness (𝐻V ) with applied load
for the four different compositions of PrPT is shown in
Figure 5. Decrease in microhardness at loads greater than
0.098 N with a trend to stabilize at higher loads is reported
in calcium modified lead titanate ceramics [13]. The decrease
in microhardness value can be quantitatively explained on the

3500
3000
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accommodate more closely to form a denser microstructure,
which results in reduction in porosity and increase in density.
From the X-ray diffraction pattern, it has been found that as
the amount of Pr increases, the main peak 101 shifts towards
higher angle as clearly seen in Figure 3, which indicates
a decrease in lattice constant [7]. Figure 4 shows one of
the representative scanning electron microscopic image with
their three-dimension view for 8 mole% of PrPT compositions. From the photomicrograph and its three-dimension
view, one can clearly observe the uniform distribution of
the grain in the prepared material, and the grain size
varies with compositions and ranges from 268 to 531 nm
[5].
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Figure 3: XRD pattern showing shift in the main peak [101] towards
higher angle for different compositions.

basis of penetration depth of the indentor. Since the indentor
penetrates only surface layers at low loads, the effect is
more pronounced at these loads. However, as the penetration
depth increases, the effect of inner layers becomes more
and more prominent, and ultimately there is no change
in the value of hardness with load [14, 15]. In the present
case, the hardness values get saturated above 1.961 N. This
explanation is also favoured by Brookes [16], who associated
the hardness increase at low loads with the early stages of
plastic deformation. The dependence of hardness with loads
in case of different compositions is not in accordance with the
Kick’s law [17]
𝑃 = 𝐾1 𝑑𝑛 ,

(3)
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pressure “𝑊,” which is a function of material under investigation. “𝑊” is thus the minimum applied load required to
cause a plastic deformation. Hays and Kendall [19] modified
Kick’s law [17] on the basis of sample resistance pressure (𝑊).
According to them,
𝑃 − 𝑊 = 𝐾2 𝑑2 ,

(4)

where “𝐾2 ” is a constant and 𝑛 = 2 is the logarithmic index.
In this case, 𝑛 would be equal to 2, since it is proposed that
the factor “𝑊” allows the limiting case to prevail where the
hardness is not markedly dependent on the load. To evaluate
“𝑊,” it is feasible to solve (3) and (4) by substituting for 𝑃
from (3) in (4), so as to get
𝑊 = 𝐾1 𝑑𝑛 − 𝐾2 𝑑2
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(5)

𝐾2
𝑊
∗ 𝑑2 +
.
𝐾1
𝐾1

(6)

Figure 7 shows a plot of 𝑑𝑛 versus 𝑑2 for different compositions of PrPT. The value of 𝐾2 /𝐾1 and 𝑊/𝐾1 is obtained from
the slope and intercept of the plots using least square fitting
method. Having obtained the value of “𝐾1 ” from Figure 6,
the value of “𝐾2 ” and “𝑊” is calculated for the different
compositions of PrPT and is given in Table 2. A plot of
“log(𝑃 − 𝑊)” versus “log 𝑑” shown in Figure 8 yields the
value of 𝑛 = 2, thereby suggesting the validity of the theory
involving concept of resistance pressure (𝑊) as proposed by
Hays and Kendall’s law.
The application of Hays and Kendall’s law lead us to a
formula which gives load independent value of 𝐻𝑣 :

Figure 4: Scanning electron micrograph with three-dimension view
for 8 mole% of PrPT composition.

𝐻𝑣 = 1.8544

𝑃−𝑊
𝑑2

(7)

or
where “𝐾1 ” is the standard hardness constant and “𝑛” is
the Meyer’s index (or work hardening coefficient) which is
proposed to be equal to 2, implying that the hardness is
independent of load. A plot of “log 𝑃” versus “log 𝑑” shown
in Figure 6, according to (3), using least square fitting method
gives the value of “𝑛” and “𝐾1 ,” as determined from the slope
and intercept, respectively. The value of “𝑛” comes out to be
1.86, 1.84, 1.86, and 1.85 for 4, 6 8, and 10 mol% compositions,
respectively. In each case, the value of 𝑛 is less than 2. The
value of 𝑛 < 2 in the case of those materials where hardness
decreases with load [18] which is also consistent with our
observations. In the low load region, resistance offered by the
material may be comparable with applied load, resulting in
higher values of hardness.
Hardness is defined as the ability of a body to resist
permanent deformation and is expressed as the ratio of load
applied to the area of indentation. This does not necessarily
imply that the applied pressure actually acts on the specimen.
According to Hays and Kendall’s law [19], it is assumed that
the applied load “𝑃” is partially affected by small resultant

𝐻𝑣 = 1.8544𝐾2 .

(8)

Equation (8) gives the microhardness value independent
of load. Thus, microhardness value as calculated by using (8)
for 4, 6, 8, and 10 mole% of PrPT comes out to be 6018, 6237,
9704, and 11566 MN/m2 , respectively.
The microhardness value decreases initially as the load
increases and tends to attain saturation at loads greater than
1.96 N and continues to remain saturated up to the maximum
applied load of 4.903 N as seen in Figure 5. The saturated
value of “𝐻V ” is consistent with the load independent value
of “𝐻V ” as obtained from (8). The load independent value
of hardness is found to increase linearly with praseodymium
substitution. Increase in praseodymium substitution reduces
lattice tetragonality [20], which results in the formation of
hard and dense ceramics. Increase in 𝐻𝑣 with decreasing
tetragonality has been reported for modified lead titanate
ceramics [21]. These results attributed to internal stresses
induced in the sample on cubic-tetragonal phase transition.
Tickoo et al. [22] and Yamamoto et al. [23] have reported
decrease of crystal tetragonality as the lanthanum content in
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Table 2: Data on microhardness measurements and analysis for various compositions of PrPT ceramics.
𝑛𝑘 ∗
1.86 ± 03
1.84 ± 03
1.86 ± 03
1.85 ± 03

Pr composition
4 mole%
6 mole%
8 mole%
10 mole%

𝐾1 (GNm−2 )
5.3
5.9
7.9
8.7

𝑛ℎ ∗∗
1.95 ± 04
1.92 ± 03
1.95 ± 03
1.93 ± 03

𝐾2 (GNm−2 )
3.2
3.3
5.2
6.2

𝑊 (N)
0.067
0.12
0.60
0.47

𝑛𝑘 ∗ represents the value of Mayer’s index “𝑛” on operation of Kick’s law (𝑃 = 𝐾1 𝑑𝑛 ).
𝑛ℎ ∗∗ represents the value of Mayer’s index “𝑛” on operation of Hays and Kendall’s law (𝑃 − 𝑊) = 𝐾2 𝑑2 .
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Figure 5: Variation of microhardness (𝐻𝑉 ) as a function of applied
load (𝑃) of Pb1−𝑥 Pr𝑥 Ti0.96 Fe0.02 Mo0.02 O3 ceramics for different
compositions 𝑥 = 0.04, 0.06, 0.08, and 0.10 showing nonlinear
behavior of system.
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Figure 6: Graph of log(𝑃) versus log(𝑑) for different compositions
of PrPT.

to 3868 MNm−2 under the load range from 0.245 to 4.903 N
respectively.
PT ceramics increases. They have further observed that the
decrease in tetragonality increases Vickers hardness, thereby
suggesting that as the praseodymium content increases, the
Vickers hardness is expected to increase. It is further supported by the observations made by Okazaki [24].
3.2.1. Yield Strength. From the hardness values, the yield
strength “𝜎𝑦 ” can be calculated [25]. For Meyer’s index 𝑛 < 2,
𝜎𝑦 =

𝐻V
.
3

(9)

As the values of “𝑛” for each composition of praseodymium modified lead titanate is found to be less than 2, therefore,
(9) is applied in the present case. Yield strength for 4 mole%
is found to have values varying from 2410 to 1944 MNm−2
for 6 mole%, 2921 to 2074 MNm−2 , for 8 mole%, 3952 to
3331 MNm−2 , and for 10 mole% the value varies from 4828

3.3. Fracture Mechanics
3.3.1. Fracture Toughness. Resistance to fracture indicates
the toughness of a material. The indentation load for crack
initiation reflects the intrinsic deformation and fracture
properties of the material [26, 27]. The crack developed on a
crystal determines the fracture toughness “𝐾𝑐 ,” which in turn
tells us how much fracture stress is applied under uniform
loading. The fracture toughness is an important parameter
for the selection of materials for application where the load
exceeds the limit or yield point. The fracture toughness value
depends on the type of crack system and is given by Ponton
and Rawlings [28]. Generally, the fracture toughness “𝐾𝑐 ”
measured by microindentation technique is expressed as
𝐾𝑐 =

𝑃
𝛽0 𝑐3/2

For 𝑐 ≥

𝑑
,
2

(10)
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Table 3: Data regarding crack length “𝑐,” half of diagonal length “𝑎,” value of 𝑐/𝑎, and nature of cracks.

Applied load (𝑃) (N)
0.245
0.49
0.98
1.96
2.94
4.903

Crack length (𝑐) (𝜇m)
—
—
11.45
117.8
219.26
24.86

𝑐/𝑎
—
—
1.77
1.87
1.64
1.62

Half diagonal length (𝑎) (𝜇m)
3.09
4.5
6.45
9.5
11.72
15.33

dn versus d2

Nature of cracks
—
—
Palmqvist
Palmqvist
Palmqvist
Palmqvist
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Figure 7: Graph showing 𝑑𝑛 versus 𝑑2 curve for PrPT ceramics.

where “𝑃” is the applied load in Newton, “𝑐” is the crack
length measured from the center of indentation mark to crack
end (in 𝜇m), and “𝛽0 ” is the numerical constant that depends
upon the indenter geometry. For a Vickers indenter, “𝛽0 ” is
equal to 7. However, the analysis based on (10) yields reliable
values of the fracture toughness only if 𝑐/𝑎 ≥ 2.5; that is,
when the crack system is median or half-penny, where “𝑎” is
the length of the half-diagonal of the indent. For 𝑐/𝑎 < 2.5
(when crack system is Palmqvist type), the values of “𝐾𝑐 ”
appear less satisfactory [29, 30]. The fracture toughness values
for Palmqvist type of crack system may be calculated by
generalized Palmqvist equation [28, 30] as
𝐾𝑐 =

𝑃
,
𝛽0 𝑎𝑙1/2

1.6

(11)

where 𝑙 = 𝑐 − 𝑎 is the mean Palmqvist crack length.
In the present studies, it was observed that the cracks
become prominent and measurable at applied load of 0.98 N

1.4

1.2
log (d)

1

0.8

0.6

0.08
0.1

Figure 8: A graph of log(𝑃 − 𝑊) with log(𝑑) showing straight line
for different compositions of PrPT.

and above. Figure 9 shows the representative photomicrograph of indentation marks and cracks associated with them
at an applied load of 1.961 N for all the four compositions
of Pr modified lead titanate. The crack length increases as
the applied load increases for 4, 6, 8, and 10 mole% and
is shown in Figure 10, but it is also observed that crack
length at a particular load decreases with the increase in Pr
substitution which indicates the dependence of crack length
on both the applied load and variation of Pr substitution.
All the cracks developed in the load ranges from 0.980 to
4.903 N are Palmqvist in nature as in all composition the
value of 𝑐/𝑎 is less than 2.5. Table 3 gives a compiled data
regarding the crack length, value of 𝑐/𝑎, and nature of cracks
associated with the corresponding load. Fracture toughness
“𝐾𝑐 ” is calculated using (11) and its dependence on applied
load for different compositions is shown in Figure 11. Fracture
toughness increases with the increase in load and tends to
attain saturation at higher loads. Also fracture toughness
at a given load is found to increase with the increase in
praseodymium substitution.
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(b)

(a)

8.5 𝜇m

8.3 𝜇m

(d)

(c)

9.4 𝜇m

6.9 𝜇m

Figure 9: Micrograph showing indentation marks and associated cracks at 1.961 N of the applied load: (a) 4 mole%, (b) 6 mole%, (c) 8 mole%,
and (d) 10 mole%, of praseodymium modified lead titanate ceramic.

3.3.2. Brittleness Index. Another important property that
affects the mechanical behaviour of a material and reflects
an idea about the fracture induced in a material without any
appreciable deformation is expressed in terms of brittleness
index (𝐵𝑖 ). From the value of fracture toughness, brittleness
index (𝐵𝑖 ) can be calculated using the relation proposed by
Niihara et al. [30]
𝐻
𝐵𝑖 = V .
(12)
𝐾𝑐

Crack length versus load (P)
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Figure 10: Crack length (𝑐) as a function of applied load (𝑃) for
different compositions of PrPT.

Dependence of brittleness index on load for different
compositions of PrPT is shown in Figure 12. Brittleness index
shows significant dependence on load in low load region for
10 mol% of praseodymium. However, small decrease in 𝐵𝑖
in low load region with tendency to achieve saturation at
higher loads is observed for other praseodymium modified
composition.

4. Conclusion
The experimental density of praseodymium modified lead
titanate with compositions Pb1−𝑥 Pr𝑥 Ti0.96 Fe0.02 Mo0.02 O3
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independent value of microhardness is found to increase
linearly with the increase in praseodymium substitution
due to the decrease in crystal tetragonality. Well-defined
and measurable cracks are associated with the indentation
impression at a load of 0.98 N and above. All the cracks are
Palmqvist in nature. The crack length increases with the
increase in load. However, at a constant load, crack length
decreases with increase in praseodymium substitution. The
values of fracture toughness (𝐾𝑐 ) and brittleness index (𝐵𝑖 )
strongly depend upon the applied load.

Fracture toughness (Kc ) versus load (P)
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Figure 11: Fracture toughness (𝐾𝑐 ) as a function of applied load (𝑃)
for four different compositions of PrPT.
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Figure 12: A curve showing brittleness index (𝐵𝑖 ) as a function of
applied load (𝑃) for different compositions of PrPT.

where 𝑥 = 4, 6, 8, and 10 mole% increases, and crystal
tetragonality (𝑐/𝑎) decreases with the increase in Pr content
as a result of which there is reduction in porosity. The
variation of microhardness with applied load is nonlinear and
fits well into the concept of Newtonian resistance pressure as
proposed by Hays and Kendall’s law. Application of this law
gives load independent values of the microhardness for the 4,
6, 8, and 10 mole% of praseodymium modified lead titanate
as 6018, 6237, 9704, and 11566 MNm−2 , respectively. The load
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