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Abstract In this study, we have investigated the effects

of Zn doping on structural and mechanical properties

of Bi1.8Sr2Ca2Cu3.2-xZnxO10?d ceramic samples with x =

0.0, 0.1, 0.5, 1.0. The prepared samples were characterized

by using scanning electron microscope (SEM), energy

dispersive spectroscopy (EDS), X-ray powder diffractom-

eter (XRD) and static microhardness indenter. Surface

morphology, orientation of grains and elemental compo-

sition analysis of the samples were investigated by SEM

and EDS measurements, respectively. Texturing and lattice

parameters a, b and c were determined from the XRD

measurements. In this work we focused on Vickers mi-

crohardness measurements in order to characterize the

mechanical properties. Experimental results of Vickers

microhardness measurements were analyzed by using

Meyer’s law, the elastic/plastic deformation model, pro-

portional sample resistance model (PSR), modified PSR

model, Hays–Kendall (HK) approach and indentation

induced cracking (IIC) model. According to the obtained

results, HK approach is the most suitable model for the

CZn00 sample showing indentation size effect behavior

and IIC Model is the most suitable model for the CZn01,

CZn05 and CZn10 samples showing reverse indentation

size effect behavior.

1 Introduction

Since the discovery of superconductivity in the Bi–Sr–Ca–

Cu–O (BSCCO) superconductor materials, they have been

studied extensively in order to improve their supercon-

ducting optical and structural properties [1]. The properties

as structural, physical and mechanical of BSCCO materials

can be changed by substitution or addition of dopants

having different ionic radii and different bonding proper-

ties [2]. The mechanical and other properties are either

improved or destroyed depending on the characteristics of

the dopant in the crystal structure. There have been several

studies by substitution or addition of materials on the

BSCCO system, but in general, it is mainly focused on

2223 system in the literature [3–5].

Microhardness is a mechanical property that gives use-

ful information about the material composition as well as

elastic modulus, yield strength and fracture toughness. The

most convenient method of microhardness determination is

the Vickers indentation method [6–12]. Vickers microh-

ardness test is applied to different kind of materials

(superconductors, ceramics, semiconductors, thin films,

polymers and alloys) [6–9, 13].

It is well known that the microhardness of materials

depends on the applied indentation test load, which is

known as indentation size effect (ISE). ISE behavior occurs

when the microhardness value of material decrease with

the increase of applied test load [10–12, 14, 15]. In order to

describe the ISE behavior of materials, several models

including Meyer’s law, proportional sample resistance

(PSR), modified PSR (MPSR), elastic/plastic deformation

(EPD) models and Hays–Kendall (HK) approach have been

reported in the literature for the relation between the

applied indentation test load F and indentation diagonal

length d [16–18]. In contrast to ISE, another case is defined
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as reverse indentation size effect (RISE), where the mi-

crohardness value increases with increasing the applied test

load [19–22]. There are some models explaining this model

in the literature, but the most successful one is indentation

induced cracking (IIC) model.

In this study, we have investigated the effects of Zn

doping on structural and mechanical properties of Bi1.8

Sr2Ca2Cu3.2-xZnxO10?d glass ceramic samples with

x = 0.0, 0.1, 0.5, 1.0. Microstructural properties of cera-

mic samples were investigated by X-ray diffraction (XRD),

scanning electron microscopy (SEM) and energy dispersive

spectrometer (EDS) measurements. Mechanical properties

of the samples were characterized by Vickers microhard-

ness test using the digital microhardness device by taking

into account Meyer’s law, PSR, MPSR, EPD, IIC models

and HK approach.

2 Experimental procedures

First of all, Bi1.8Sr2Ca2Cu3.2-xZnxO10?d glass ceramic

samples with x = 0.0, 0.1, 0.5 and 1.0 were produced. To

obtain homogeneous mixture appropriate stoichiometric

proportions of high purity Bi2O3, PbO, SrCO3, CaCO3,

CuO and ZnO powders were mixed in an agate mortar for

1 h. Then, put into an alumina crucible and heated up to

1,150 �C with a step of 10 �C/min heating rate from room

temperature in a programmable furnace. The molten mix-

ture was poured between two cooled copper plates to

obtain about 0.6–0.8 mm of thick glasses after it was kept

at 1,150 �C for 1.5 h. Finally, the samples were sintered at

830 �C for 120 h in a programmable tube furnace under an

oxygen flow to obtain the ceramic samples crystal struc-

ture. Hereafter, for the samples with x = 0.0, 0.1, 0.5

and 1.0, we will use the abbreviations CZn00, CZn01,

CZn05 and CZn10, respectively.

Bruker D8 Advance X-ray powder diffractometer were

used to characterize the lattice parameters of the samples

with Cu-Ka radiation in the range of 3� B 2h B 70� at a

scan speed of 2�/min. Surface morphology and grain ori-

entations of the samples were determined by using Leo

EVO-40 VPX scanning electron microscopy. In addition,

the elemental composition analyses of the samples were

analytically investigated by the energy dispersive

spectrometer.

Vickers microhardness measurements were performed

using the digital microhardness device at room temperature

in order to determine the doping effect on the mechanical

properties of the samples. The applied load, F, was chan-

ged within the range of 0.245–2.940 N and applied for

10 s. Indenter was suppressed on the different surfaces of

the sample. The hardness models in the literature were

analyzed using the calculated Vickers microhardness

values to determine the most appropriate model for the

samples.

3 Results and discussion

3.1 XRD analysis

X-ray powder diffractometer graphs of the CZn00, CZn01,

CZn05 and CZN10 samples are given in Fig. 1. Bi-2212

(041-0932-ICDD) main phase and SrO (074-1227 ICDD)

impurity phase were determined for the undoped sample.

With the increase in Zn addition, the peak intensity of the

doped samples increases and other new peaks start to

appear. Some of these peaks are Bi-2201 (046-0040ICDD),

CuO (078-0428-ICDD) and CaSrO (048-1471 ICDD)

impurity peaks and the others are unidentified impurity

peaks.

The crystal structure was found to be orthorhombic for

the samples. Calculated lattice parameters were given in

Table 1. As can be seen from Table 1, lattice parameter

a increases, however, b and c parameters initially increases

and then decreases with Zn addition. This situation also

was shown in Fig. 2. Lattice parameter a, in undoped

sample, increases from 5.40 to 5.48 A and c parameter

initially increases from 30.78 to 30.83 A, then decreases to

30.57 A. Related to these parameters, lattice volume ini-

tially increases from 897.55 to 902.34 A3 afterwards,

decreases to 887.88 A3 for CZn10 sample.

3.2 SEM analysis

The surface structure, grain sizes, accumulation in the grain

boundaries and orientations of all samples were investi-

gated by SEM images. As can be seen from Fig. 3, crys-

tallization of the sample increases with the increase of Zn

doping. Consequently, needle like and flaky like grains

occurs. As seen from the figure, the granular morphology

of the samples shows clear and needle like grains with

layered growth. The composition of the needle like grains

are believed to be due to the Bi-2223 phase. In all samples

needle like grains are more dominant than flaky like grains.

Needle like grains completely disappeared in CZn10

sample, which crystallized partially and the amorphous

matrix began to degrade.

3.3 EDS analysis

Energy dispersive spectroscopy (EDS) is used to investi-

gate the elemental composition analyses of the samples

prepared in this work. The element concentration of the

samples CZn00 (x = 0.0) and CZn10 (x = 1.0) are given

in Fig. 4. In Table 2, variation of element concentrations

J Mater Sci: Mater Electron (2014) 25:3116–3126 3117

123



from EDS measurements for CZn00 and CZn10 samples

are given. As can be seen from Table 2, Zn concentration

in sample x = 1.0 is increased with decreasing Cu and Ca

concentration. However the reduction in Cu ions is more

dominant. According to these results, the Zn atoms enter

into the crystal structure by replacing Cu atoms [23, 24].

3.4 Vickers microindentation data analysis

The most general test on the materials is measurement of the

hardness. Main reason for this, it is a simple test and

destroys less than other test methods. Another advantage is

that microhardness of the material has a parallel relationship

with other mechanical properties. Hardness that is defined as

the resistance of the materials against to abrasion, cut and

puncture is a relative measure. The hardness value obtained

using special devices in laboratories is resistance against to

plastic deformation of the material. Brinell, Knopp and

Vickers microhardness tests are commonly used hardness

measurement methods applied in laboratories.

Fig. 1 XRD patterns of the

samples

Table 1 Lattice parameters a, b, c and volume (V) values of all

samples

Samples V (A3) a (A) b (A) c (A)

CZn00 897.55 5.40 5.40 30.78

CZn01 899.50 5.41 5.40 30.79

CZn05 902.34 5.41 5.41 30.82

CZn10 887.88 5.48 5.30 30.57

Zn (Content %)

a 
ax

is
 (

A
)

5.38

5.40

5.42

5.44

5.46

5.48

5.50

Zn ( Content %)

0.0 0.2 0.4 0.6 0.8 1.0 1.2

0.0 0.2 0.4 0.6 0.8 1.0 1.2

c 
(a

xi
s 

A
)

30.55

30.60

30.65

30.70

30.75

30.80

Fig. 2 Variation of the a and c lattice parameters with Zn doping
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Vickers microhardness test measurements were per-

formed in this study, using the digital microhardness

device at room temperature to determine the doping

effect on the mechanical properties of the samples. The

load, F, is applied for 10 s and changed in the range of

0.245–2.940 N. Indenter is suppressed on the different

points of the samples. Vickers microhardness values are

calculated using the diagonal length of the indentation

(Eq. 1).

HV ¼ 1; 854:4
F

d2

� �
ðGPaÞ ð1Þ

Figure 5 shows the variation of Vickers microhardness

results as a function of the applied load for all samples.

As can be seen from this figure, microhardness value of

undoped CZn00 sample increases with the applied load,

which is known as RISE behavior in the literature. On the

other hand, the microhardness of CZn01, CZn05 and

CZn10 samples decreased with applied load. The decrease

in the microhardness values, depending on doping rates

and applied load are related with impurity phases and

irregular grain orientation distribution. For these samples,

the microhardness values are load dependent which shows

ISE behavior. Behavior of the materials is changed with

the Zn doping. The microhardness values of these sam-

ples are higher at lower applied loads, but they decrease

as the applied load is increased. The microhardness values

reaches to plateau limit at about 2 N for CZn00 sample.

The hardness-load curve shows a transition to the plateau

limit for higher values of applied load. The plateau values

of microhardness correspond to the load independent

(intrinsic) microhardness values [25]. As a result,

Table 2 Variation of element concentrations from EDS measure-

ments for CZn00 and CZn10 samples

Elt. Intensity (c/s) Conc.

x = 0.0 x = 1.0 x = 0.0 x = 1.0

Ca 13.66 11.82 23.09 22.25

Cu 55.53 29.41 59.22 34.93

Zn – 13.61 – 15.71

Sr 17.13 21.62 13.25 18.62

Bi 13.68 23.54 4.44 8.50

100.00 100.00

Fig. 3 SEM micrographs of the samples
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behavior of the material changed with increasing of Zn

doping. Also, the hardness increased with increasing Zn

doping.

The calculated results of load dependent Hv, elastic

modulus (E), yield strength (Y), and fracture toughness

(KIC) values calculated by Eqs. (1–4) are given in Table 3.

Fig. 4 Results of EDS

measurements of CZn00 and

CZn10 samples

F (N)
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

H
v 

(G
P

a)

1

2

3

4

5

6

7
CZn00
CZn01
CZn05
CZn10

Fig. 5 Variations of microhardness with applied load for the samples

lnd ( m)

2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0
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F

 (
N

)
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-1.5

-1.0
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0.0

0.5

1.0
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CZn00
CZn01
CZn05
CZn10

Fig. 6 Variation of applied load lnF with diagonal lnd for the

samples
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E ¼ 81:9635Hv ð2Þ
Y � HV=3 ð3Þ

KIC ¼
ffiffiffiffiffiffiffiffi
2Ec

p
ð4Þ

As microhardness changes with applied load, real value of

microhardness is indefinite. Some models are developed to

explain ISE and RISE behavior in the literature. In this study,

Meyer’s law, HK approach, proportional sample resistance

model, modified proportional sample resistance model, elastic/

plastic deformation model and induced indentation cracking

model are used to analyze microhardness results of our samples.

3.4.1 Analysis according to Meyer’s law

Meyer’s law is a frequently used model to explain ISE and

RISE behavior. This law is a simple expression between

applied load F and diagonal length d,

F ¼ AdnK ð5Þ

Here, nK is Meyer exponent and is obtained from the

curves that are fit with the experimental data (Fig. 6). nK is

also evaluated as the measure of ISE and RISE behaviors.

If the nK value is greater than 2, RISE behavior is obtained,

If the nK value is less than 2, ISE behavior is obtained.

When nK value is equal to 2, hardness is load independent,

which gives the Kick’s law [14, 26–28].

The slope of the graph in Fig. 6 gives nK, and the ver-

tical intercept is A1K. For undoped CZn00 sample, Meyer

number is greater than 2, which proves the load dependent

displacement has RISE behavior. For other Zn doped

samples, Meyer number is less than 2, which proves the

load dependent displacement has ISE behavior. The results

obtained from the graph are given in Table 4.

Table 3 The calculated values of load dependent Hv, E, Y and KIC for

the samples

Samples Load (N) HV (GPa) E (GPa) Y (GPa) KIC

(Pa/m1/2)

CZn00 0.245 2.022 165.725 0.674 2,281.17

0.490 2.304 188.826 0.768 2,434.98

0.980 2.756 225.871 0.919 2,663.14

1.960 3.104 254.402 1.035 2,826.34

2.940 3.153 258.465 1.051 2,848.83

CZn01 0.245 4.059 332.674 1.353 3,232.02

0.490 3.317 271.909 1.106 2,921.98

0.980 2.613 214.205 0.871 2,593.46

1.960 2.377 194.862 0.792 2,473.59

2.940 2.262 185.432 0.754 2,413.00

CZn05 0.245 5.710 468.016 1.903 3,833.5

0.490 4.597 376.747 1.532 3,439.45

0.980 4.291 351.689 15.707 3,323.11

1.960 4.154 340.474 1.385 3,269.69

2.940 4.072 333.769 1.357 3,237.34

CZn10 0.245 6.200 508.209 2.067 3,994.72

0.490 5.327 436.650 1.776 3,702.81

0.980 5.029 412.179 1.676 3,597.56

1.960 4.895 401.187 1.632 3,549.26

2.940 4.878 399.851 1.626 3,543.35

Table 4 Best-fit results of experimental data according to Meyer’s

law

Samples nK lnA1k (GPa) Hv (GPa)

CZn00 2.46 -8.06 3.104–3.153

CZn01 1.61 -5.23 2.262–2.613

CZn05 1.77 -5.34 4.072–4.291

CZn10 1.83 -5.37 4.878–5.029

d ( m)
0 10 20 30 40 50 60

F
/d

 (
N

/
m

)

0.00

0.02

0.04

0.06

0.08

0.10
CZn00
CZn01
CZn05
CZn10

µ

µ

Fig. 7 Plots of F/d versus d for the samples

Table 5 Best-fit results of experimental data according to PSR model

Samples a 9 10-2 (N/

mm)

b 9 10-3 (N/

mm)

HPSR

(GPa)

Hv (GPa)

CZn00 157 2.1 3.894 3.104–3.153

CZn01 132 0.9 1.669 2.262–2.613

CZn05 86 1.9 3.523 4.072–4.291

CZn10 68 2.4 4.451 4.878–5.029

Table 6 The calculated values of load independent Hv, E, Y and KIC

for the samples

Samples Eo (GPa) Yo (GPa) KIC (Pa/m1/2) Hv (GPa)

CZn00 319.17 1.30 3,165.72 3.104–3.153

CZn01 136.80 0.56 1,900.38 2.262–2.613

CZn05 288.76 1.17 2,228.59 4.072–4.291

CZn10 364.82 1.48 2,227.45 4.878–5.029

J Mater Sci: Mater Electron (2014) 25:3116–3126 3121

123



3.4.2 Analysis according to PSR model

Another model to analyze the ISE behavior is proportional

sample resistance (PSR) model. Li and Bradt [29] reported

that PSR model is suitable to explain ISE behavior in

various materials. The following expression is used in this

model:

F ¼ ad þ bd2 ð6Þ

where, a is the surface energy and b is a parameter in order

to calculate the real hardness value. a and b are calculated

from Fig. 7. The change in the value of a is related to the

energy dispersion of surface cracks [30]. Load-independent

hardness value in PSR model is calculated from

HPSR ¼ 1; 854:4b ð7Þ

In Table 5, values of a, b and HPSR are given. Here, a is

positive for all samples confirming that there is also elastic

deformation as well as plastic deformation in all samples

showing ISE behavior. When we compare the microhard-

ness values of the samples calculated using PSR model [25,

31, 32], that are given in Table 4, they are far from the

values of the plateau region obtained from Fig. 7.

In addition, load independent elastic modulus (E), yield

strength (Y) and fracture toughness (KIC) values are

calculated by Eqs. (2–4) using the load independent HPSR

values and these values were given in Table 6.

When compared with the load dependent values, load

independent Eo, Yo and KIC values increased for undoped

samples, but decreased for Zn doped CZn01, CZn05 and

CZn10 samples. The decrease in the value of KIC is related

with the reduction of surface energy a. Fracture toughness

(KIC), is one of the important mechanical property of

ceramic samples. The selection of materials used for

technological applications is an important parameter.

Elastic and plastic deformations are observed on the

materials obeying ISE behavior. So, a relaxation occurs on

the sample surface after the indenter removed. This situa-

tion causes a decrease in the hardness of the material. If the

materials have RISE behavior, only elastic deformation is

observed. Toughness also decreases or increases due to the

fact that the hardness of the samples decreased or

increased. We can say that the obtained results are also

consistent with the literature [33, 34].

3.4.3 Analysis according to modified PSR (MPSR) model

According to this model, the physical meaning of A0MPRS

and A1MPRS parameters are the same as the ones in PSR

d ( m)
0 10 20 30 40 50 60

F
 (

N
)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5
CZn00
CZn01
CZn05
CZn10

µ

Fig. 8 Plots of F versus d for the samples

Table 7 Best-fit results of experimental data according to MPSR

model

Samples A0MPSR A1MPSR WMPSR

(N)

HMPSR

(GPa)

Hv (GPa)

CZn00 0.0073 0.0019 0.1029 3.523 3.104–3.153

CZn01 0.0095 0.001 0.0391 1.854 2.262–2.613

CZn05 0.001 0.0021 0.0627 3.894 4.072–4.291

CZn10 0.0031 0.0027 0.0776 5.006 4.878–5.029

d ( m)
0 10 20 30 40 50 60

F
1/

2  (
N

)

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8
CZn00
CZn01
CZn05
CZn10

µ

Fig. 9 Plots of square root of applied loads versus diagonal length for

the samples

Table 8 Best-fit results of experimental data according to EPD

model

Samples A2 (N/mm2) de (mm) HEPD (GPa) Hv (GPa)

CZn00 0.046 -0.20 3.923 3.104–3.153

CZn01 0.031 0.16 1.782 2.262–2.613

CZn05 0.044 0.08 3.590 4.072–4.291

CZn10 0.049 0.06 4.452 4.878–5.029
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model [25]. MPSR model is defined with the following

equation;

F ¼ WMPSR þ A0MPSRd þ A1MPSRd2 ð8Þ

The load independent microhardness value due to

MPSR model can be calculated using;

HMPSR ¼ 1; 854:4 A1MPSR ð9Þ

WMPSR and AMPSR values obtained by fit of Fig. 8 and load-

independent hardness values related with these parameters

are given in Table 7. As can be seen from this table, load-

independent hardness values, calculated according to the

MPSR model, are so far from results in the plateau region.

3.4.4 Analysis according to elastic/plastic deformation

(EPD) model

According to Bull et al. [15, 35], the dependence of

indentation size on the applied load is given as;

F ¼ A2ðdp þ deÞ2 ð10Þ

where, A2 gives the load independent hardness constant.

Here, de (elastic deformation) is related to the dp (plastic

deformation). The values of de and A2 are calculated by the

variation of the square root of applied load (F1/2) with the

indentation size (d) as depicted in Fig. 9. Besides, the load

independent microhardness value due to this model is

computed by following relation,

HEPD ¼ 1; 854:4 A2 ð11Þ

All the values obtained according to EPD model are

listed in Table 8. It is seen from this table, the value of de is

found to be negative for the undoped CZn00 sample, which

means that there is not any clue on the elastic deformation

in the material. The elastic recovery is observed for CZn00

sample exhibiting the RISE behavior, confirming that both

the elastic and plastic deformations are produced in all

samples except CZn00 under the applied load. However,

the value of de is positive for doped samples. That means

for this range of applied loads elastic deformation is

observed along with plastic deformation. For these samples

elastic relaxation is present. Presence of elastic deforma-

tion along with plastic deformation is the reason of ISE

behavior for our samples.

As a result, as can be seen from Table 8, load-inde-

pendent hardness values, calculated according to the EDP

model, are so far from results in the plateau region.

3.4.5 Analysis according to Hays–Kendall approach

The microhardness measurements data on dependence of

Hv on applied indentation test load can be explained by the

HK approach [36]. Hays and Kendall suggested that, there

exists a minimum applied test load W, necessary to initiate

plastic deformation, which only elastic deformation occurs

(Fig. 10).

Feff ¼ Fmax �W ¼ C1d2 ð12Þ

d2 ( m2)

0 500 1000 1500 2000 2500 3000

F
 (

N
)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5
CZn00
CZn01
CZn05
CZn10

µ

Fig. 10 Applied load versus the square of the impression semi-

diagonal length for the samples

Table 9 Best-fit results of experimental data according to HK model

Samples C1 WHK (N) HHK (GPa) Hv (GPa)

CZn00 0.0018 -0.19 3.337 3.104–3.153

CZn01 0.0012 0.15 2.225 2.262–2.613

CZn05 0.0021 0.07 3.894 4.072–4.291

CZn10 0.0026 0.05 4.821 4.878–5.029

0,6

0,8

1

1,2

1,4

1,6

1,8

2

-10,5 -10 -9,5 -9 -8,5

CZn0.0
CZn0.1
CZn0.5
CZn1.0

In
 (

H
v
)

In (F5/3/d3)

Fig. 11 Plots of In Hv versus In(F5/3/d3) for the samples
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Here, C1 denotes a constant related to the applied test

load and W shows the minimum load necessary to initiate

the permanent deformation. The load independent W and

C1 values are summarized in Table 9.

As seen from Table 9, the value of WHK is positive for

the Zn-doped samples exhibiting the ISE behavior whereas

the undoped sample showing the RISE behavior obtains the

negative value of WHK. It may be attributed to the fact that

the positive value is sufficient to produce the elastic

(reversible) deformation as well as the plastic (irreversible)

deformation in the materials. On the other hand, the neg-

ative WHK value is due to dominant characterization of the

plastic deformation in the system [35]. According to this

result, elastic deformation was observed on CZn01, CZn05

and CZn10 pellet samples.

The hardness value obtained with HK model is closer

the hardness value in the plateau region. It is underlined

that the load independent hardness value should have been

close to value of the plateau region in the studies on dif-

ferent materials in the literature [25, 37, 38]. For this rea-

son, HK model is the most appropriate model in the

analysis of microhardness and determining the mechanical

properties of CZn01, CZn05 and CZn10 samples showing

the ISE behavior.

3.4.6 Analysis according to indentation-induced cracking

(IIC) model

This model is developed by Li and Bradt [29] to explain the

RISE behavior. Depending on the model, applied test load

is equilibrated by the total sample resistance in the maxi-

mum depth. According to Li and Bradt, friction (slip) and

elastic affects lead to the normal ISE behavior. In this

model, hardness value is obtained by the equation:

Hv ¼ k1K1

P

d2

� �
þ K2

P5=3

d3

� �
ð13Þ

where, d is the diameter of the indenter, k1, K1 and K2 are

constants. The constant K1 value changes with the indenter

geometry and K2 depends on the applied load.

For a perfect plastic material Hv = K1(P/d2), k1 = 1 and

K2(P5/3/d3) = 0, whereas for perfect brittle solids Hv =

K2(P5/3/d3) and k1 = 0. If the examined material is a brittle

material, only the second part of the equation is used, as

described below. In this study, elastic deformation was not

observed in Zn undoped sample. Hence, Eq. 13 can be

rewritten as,

HV ¼ K
P5=3

d3

� �m

ð14Þ

where, K and m demonstrate load independent constants.

The variation of microhardness value ln(HV) with ln(F5/3/

d3) for all the samples is given in Fig. 11. The extracted

values of K, m and HIIC are illustrated in Table 10. The

value of m is used to describe the ISE behavior for m [ 0.6

whereas m \ 0.6 points out the RISE behavior [33, 39, 40].

In the hardness analysis, this model only the most

appropriate for undoped material showing the RISE

behavior. As it is seen from Table 10, the power value, m,

is obtained to be about 1.17, 0.98 and 0.84 for the CZn01,

CZn05 and CZn10 samples, respectively, whereas the

value of m is found to be about 0.42 for CZn00 sample,

meaning that the Zn-doped samples exhibit the ISE

behavior while the undoped sample obeys the RISE

behavior (Table 11).

4 Conclusion

In this study, the effects of Zn doping on structural and

mechanical properties of Bi1.8Sr2Ca2Cu3.2-xZnxO10?d

(x = 0.0, 0.1, 0.5, 1.0) samples have been investigated.

Therefore, XRD, SEM, EDS and microhardness measure-

ments were done. The XRD analysis showed that the lattice

constant a increased with increasing the Zn doping while,

b and c initially increased and then decreased with

increasing the Zn doping. SEM results showed that crys-

tallization of the sample increased with increasing the Zn

doping. Sample crystallized partially and the amorphous

matrix began to decline with doping. In addition, a sig-

nificant decrease was observed in the percentage of Cu

from EDS measurements. Compared to other elements, this

Table 10 Best-fit results of experimental data according to IIC

model

Samples m K 9 104 [N(3-5 m)/3/

lm(2-3 m)]

HIIC

(GPa)

HV (plateau

region) (GPa)

CZn00 0.42 0.016 2.590 3.104–3.153

CZn01 1.17 26.83 3.133 2.262–2.613

CZn05 0.98 3.28 4.696 4.072–4.291

CZn10 0.84 0.91 5.542 4.878–5.029

Table 11 The results of load dependent Vickers microhardness at the

plateau region and load independent hardness values calculated using

PSR, MPSR, EPD, HK and IIC models

Samples HPSR

(GPa)

HMPSR

(GPa)

HEPD

(GPa)

HHK

(GPa)

HIIC

(GPa)

HV (GPa) (in

plateau

region)

CZn00 3.894 3.523 3.923 3.337 2.590 3.104–3.153

CZn01 1.669 1.854 1.782 2.225 3.133 2.262–2.613

CZn05 3.523 3.894 3.590 3.894 4.696 4.072–4.291

CZn10 4.451 5.006 4.452 4.821 5.542 4.878–5.029
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result is the indication of Zn atoms, in the doped structure,

entered into crystal structure substituting the Cu atoms,

predominantly. Microhardness measurements were per-

formed to investigate the effect of Zn doping on the

mechanical properties of materials. The increase in the

microhardness values of the undoped CZn00 sample

depends on the increase of applied load, which shows RISE

behavior. The microhardness of CZn01, CZn05 and CZn10

samples decreased with applied load. For these samples,

the microhardness values are load dependent which shows

ISE behavior. Behavior of the materials is changed with Zn

doping. In order to investigate this behavior, some models

have been used (Meyer Law, the PSR model, MPSR

Model, EPD Model, IIC Model and HK approach). When

all models were applied on the samples, it has been con-

cluded that HK approach is the most suitable model for

CZn00 sample showing ISE behavior and IIC model is the

most suitable model for CZn01, CZn05 and CZn10 sam-

ples showing RISE behavior.
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