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Abstract In the present study, we investigate the effects

of Bi2Sr2Ca1Cu2O8?j (Bi-2212) addition on structural and

mechanical properties of bulk MgB2 obtained by hot-press

method by means of X-ray diffraction, the Scanning

Electron Microscopy and Vickers microhardness mea-

surements. The amount of Bi-2212 was varied between

0 and 10 wt% (0, 2, 4, 6, 8 and 10 wt%) of the total MgB2.

All samples were prepared by using elemental magnesium

(Mg) powder, amorphous nano boron (B) powder and Bi-

2212 powder which are produced by hot-press method. As

a result of the hot-press process, the compact pellet

samples were manufactured. The microhardness results

were analyzed by Meyer’s law, Proportional Sample

Resistance Model, Elastic–Plastic Deformation Model,

Hays Kendall Approach, and Indentation Induced Cracking

(IIC) Model. IIC model was identified as the most appro-

priate model for samples exhibiting the reverse indentation

size effect behavior.

1 Introduction

For the bulk superconductor materials, the mechanical

properties are as vital as the superconducting properties

like critical temperature, critical current density, and crit-

ical magnetic field for industrial applications in the form of

wires and tapes [1]. Superconductivity in MgB2, which is a

binary intermetallic compound, was discovered by Akim-

itsu’s group in 2001 [2]. The superconducting properties of

MgB2 can be improved by methods such as chemical

addition or doping, thermo-mechanical processing,

mechanical alloying [3], hot-press [4] or proton irradiation.

Amongst these, the chemical addition and doping are

simple and effective techniques to improve the supercon-

ducting properties of MgB2 [5]. Numerous researches up to

the present on chemical doping in MgB2 have been con-

centrated on the addition of normal type of dopants [6].

The effects of the addition of high temperature supercon-

ductors with higher Tc than MgB2 superconductor have

rarely been studied until now [6–10]. To our best knowl-

edge, none of these studies has been interested in the

effects of Bi-2212 on the mechanical properties of MgB2

bulk superconductors. Shen et al. [8] studied on bulk

samples of MgB2 with Bi-2212 powder addition [0, 3, 5,

and 10 wt% Bi2Sr2CaCu2O8 (Bi-2212) particles] prepared

by using conventional solid-state reaction method. They
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reported that after Bi-2212 addition (which acts as repul-

sive pins in this system), the critical current density and

flux pinning of MgB2 bulk samples were enhanced [8]. Due

to discovery of its superconductivity, use of MgB2 com-

pound in various technological and industrial applications

has drawn attention to the mechanical properties of the

material. Many scientists have carried out a lot of work to

improve the mechanical properties of this material [11–17].

For these reasons, we have focused on mechanical prop-

erties of Bi2Sr2Ca1Cu2O8?j (Bi-2212) added (from 0 to

10 wt% of the total MgB2) into MgB2 bulk samples via

performing Vickers microhardness measurements in the

current study. In addition, other mechanical parameters

such as elastic modulus (E), yield strength (Y), fracture

toughness (KIC) were also examined.

2 Experimental details

All samples were prepared from elemental magnesium

(Mg) powder (Alfa Aesar, purity 99.8 %, -325 mesh),

amorphous nano boron (B) powder (supplied from Pave-

zyum Turkish co., purity 98.5 %) and Bi2Sr2Ca1Cu2O8?j

(Bi-2212) powder (purchased from Merck Chemical

Company). Bulk MgB2 superconductors were fabricated as

described in our previous study [18]. In order to investigate

the effect of Bi-2212 additions on the mechanical and

structural properties of the MgB2 bulk, Bi-2212 powder in

different adding levels was added to each reacted powder

(in amount of 2 g). The level of added Bi-2212 powder was

0, 2, 4, 6, 8, 10 wt% of the reacted powder (in amount of

2 g).

The phase and crystal structure of the prepared samples

were investigated by Rigaku D/Max-III diffractometer with

a step size of 0.02 over the range of 20�–80� using Cu Ka

(k = 1.5406 Å) target at room temperature. The MgB2 bulk

samples were mounted into the epoxy-resin then mechani-

cally grinded and polished finely without using water. The

samples were coated by carbon to make the whole sample

conductive for measuring in SEM. The quantitative and

microstructural analysis were made by Oxford Instruments

Energy dispersive x-ray EDX detector, Jeol 5510 SEM at

20 kV and Jeol 840 F equipped Field emission gun at 5 kV.

Vickers Microhardness measurements were performed to

determine the mechanical properties of Bi-2212 added MgB2

samples. Measurements were taken by Shimadzu HVM-2

model at room temperature. A pyramid-shaped indenter with

different loads such as 0.245, 0.490, 0.980, 1.960 and

2.940 N were applied for loading time of 10 s and diagonals

of the resultant impression were measured by an optical

microscope with an accuracy of ±0.1 m. All the measure-

ment results were compared with pure MgB2 and Bi-2212

added MgB2 bulk samples.

3 Results and discussion

3.1 Structural characterization

Figure 1 displays the X-ray diffraction patterns of pure and

Bi-2212 superconductor added MgB2 samples as detailed

in our previous study [18]. The analysis shows that most of

the reflections correspond to MgB2 phase in all samples.

Besides these reflections, different reflections were

observed impurity phases as MgO, Mg. Again from these

reflections, it can be seen that residual B was not detected

because of its amorphous feature in all samples. The

presence of MgO is expected in MgB2 due to the strong

affinity of Mg to get oxidized [5]. The peaks of unreacted

Mg were formed since excess Mg was added in the pre-

cursor. The aim of using excess Mg in this preparation

method was to prevent the loss of Mg during reaction and

to improve rigidity of the final product of MgB2. In addi-

tion to MgO and Mg impurity phases, some unknown

peaks were detected with the increasing amounts of Bi-

2212 additions. XRD patterns also indicate that Bi-2212

addition does not display any shift of the diffraction angles

of MgB2. These results suggest no Bi-2212 substitution in

Mg and B sites [7, 19].

The lattice parameters of both pure and Bi-2212

superconductor added MgB2 samples were calculated by

using the following Eq. (1) for hexagonal system [20]:

sin2h ¼ k2

4

4

3

h2 þ hk þ k2

a2

� �
þ l2

c2

� �
ð1Þ

Here k (k = 1.5406 Å) is Cu Ka wave length, h is peak

position, h, k, l are miller index, and a, c are the lattice

parameters. The lattice parameters and their ratio, unit cell
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Fig. 1 The X-ray diffraction patterns for pure, 2 and 10 wt% Bi-2212

added MgB2 samples
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volume for both pure and Bi-2212 superconductor added

MgB2 samples are listed in Table 1. It is seen in the

Table 1 that there is no significant change in lattice

parameters and c/a ratio for Bi-2212 added MgB2 samples

and hence this shows absence of substitution effect [6].

As shown in Fig. 2, SEM images showed that the par-

ticle size of the MgB2 sample was mostly distributed

around between 900 nm and 6 lm (micro scale) and

showed randomly oriented hexagonal MgB2 grains with

clear grain boundaries. All samples seemed to have high

porosity between the contributed atoms.

The EDX layered image and maps of the pure MgB2

sample indicated that Mg, B, O atoms distributed ran-

domly. Mg has the highest volume fraction as high con-

tent of Mg added to the sample during the sample

preparation process to prevent the loss of Mg during

reaction and to improve rigidity of the final product of

MgB2. Unreacted Mg peaks were also detected at the

XRD data. Therefore, it can be seen from the Fig. 3 maps

that MgO also was segregated as the two-step heat

treatment method was applied during the sample prepa-

ration process.

As seen in Fig. 4, the EDX layered image and elemental

maps of the 2 wt% Bi-2212 added MgB2 sample revealed

that Bi, Ca and Sr were separated from Bi-2212 structure. It

might be because of the higher sintering temperature of the

process as the general process temperature of Bi-2212 is

850 �C. However, in this study a different sintering method

was applied at 1000 �C. We thought that the higher sin-

tering temperature may destroy the Bi-2212 structure. The

melted Bi-2212 atoms at 1000 �C might diffuse into the

pores and might affect the MgB2 structure. The Fig. 5

showed clearly that Sr and Bi segregated completely and

there is no sign for Bi-2212 structure in the 10 wt% Bi-

2212 added MgB2 sample.

Table 1 Lattice parameters and their ratio, unit cell volume for pure

and Bi-2212 superconductor added MgB2 samples

Samples Lattice parameters Volume (Å3)

a = b (Å) c (Å) c/a

Pure MgB2 3.0886 3.5239 1.1409 29.1124

2 wt% Bi-2212 3.0858 3.5213 1.1411 29.0382

4 wt% Bi-2212 3.1005 3.5449 1.1433 29.5120

6 wt% Bi-2212 3.0769 3.5110 1.1411 28.7865

10 wt% Bi-2212 3.0822 3.5287 1.1449 29.0313

Fig. 2 SEM images of a pure MgB2, b 2 wt% Bi-2212 added and c 10 wt% Bi-2212 added MgB2 samples
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3.2 Mechanical characterization

In order to investigate mechanical properties of the sam-

ples, Vickers microhardness was used in this study. As it is

known, Vickers microhardness test is performed by

applying a controlled load for standard period of time with

a square-based diamond pyramid indenter and then the

indenter is removed. The diagonal of the resultant

impression is measured with a microscope. The Vickers

microhardness values of the samples are calculated by

using a specific formula as presented in Eq. (2),

HV ¼ 1854:4 F=d2
� �

GPað Þ ð2Þ

Here, Hv denotes the Vickers microhardness, F is the

applied load in N, d is the diagonal length of indentation in

lm. The Vickers microhardness (HV) values, elastic mod-

ulus (E), yield strength (Y), fracture toughness (KIC) values

are calculated by using Eqs. (3–5) for all samples given in

Table 2.

E ¼ 81:9635HV ð3Þ

Y � HV=3 ð4Þ

KIC ¼
ffiffiffiffiffiffiffiffi
2Ec

p
c : surface energy is calculated using PSR model a1ð Þð Þ

ð5Þ

The variation in load-dependent microhardness as a

function of the applied load for all the samples is shown in

Fig. 6. From the figure, it can be said that microhardness

values strongly depend on indentation applied load and

dopant. Also, the microhardness values of the samples are

given in Table 2. From the table, it can be said that

microhardness values increase with the increasing inden-

tation load. This behavior is defined as reverse indentation

size effect (RISE) in the literature [21–23]. In addition to

this, other mechanical parameters such as elastic modulus

(E), fracture toughness (KIC), yield strength (Y) are cal-

culated by Vickers microhardness measurements

(Table 2). It is seen that all these mechanical parameters

increased with the increasing applied load and Bi-2212

adding.

Fig. 3 EDX layered image and elemental maps of the pure MgB2 sample
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There are different models to describe the load depen-

dence of the samples such as Meyer Law, Proportional

Sample Resistance (PSR) Model, Elastic/Plastic Deforma-

tion Model (EPD) Hays-Kendall (HK) Model, and Indenta-

tion Induced Cracks (IIC) model [24–29]. In order to analyse

microhardness results, all these models have been applied to

the samples whose results are listed below.

3.2.1 Meyer law

Meyer’s Law is an empirical equation which is used to

describe ISE and RISE behavior. It exhibits the correlation

between indentation applied load and resultant indentation

size using the following equation [30],

F ¼ Adn ð6Þ

where A and n (Meyer index) are the constants obtained

from curve fitting of experimental data. The ‘‘n’’ value

plays an important role in describing ISE and RISE

behaviors in the samples. In addition, the values of ‘‘n’’

obtained from the Fig. 7 are shown in Table 3. According

to the table, the ‘‘n’’ values of all the samples are higher

than 2 confirming RISE behavior of the samples.

3.2.2 PSR model

Proportional Specimen Resistance (PSR) model suggests a

relationship between the applied indentation load and the

Fig. 4 EDX layered image and elemental maps of the 2 wt% Bi-2212 added MgB2 sample
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resultant indentation size [31]. This relationship can be

written as

F ¼ a1d þ a2d
2 ð7Þ

where a1 and a2 are constants related to the sample. In PSR

model, the hardness value is calculated by the following

equation

HPSR ¼ 1884:4 a2 ð8Þ

Figure 8 shows the variation of F/d versus d of the

samples. The calculated hardness values of PSR model are

given in Table 4. The load-independent elastic modulus

(Eo), stress (Yo), fracture toughness (KIC) values are also

given in Table 5. As seen from the tables, the hardness

values of the sample increased with the increasing adding

concentration. In addition, calculated load-independent

PSR hardness values as well as (Eo), (Yo) and (KIC) are

quite far from the load dependent hardness value. So that,

PSR model is not sufficient to explain the microhardness

values of the samples.

3.2.3 EPD model

In Elastic/Plastic Deformation EPD Model, the dependence

of indentation size on the applied load is defined by the

following equation [32]

F1=2 ¼ A
1=2
1 dp þ A

1=2
2 de ð9Þ

where A1 and A2 are constant, de is a correction term added

to dp since elastic recovery occurs around the indentation

trace after removing the indenter. Figure 9 shows the

applied indentation load dependence of the indentation

diagonals of the samples. In EPD model, the hardness

value is calculated by the following equation

HEPD ¼ 1854:4A2 ð10Þ

Fig. 5 EDX layered image and elemental maps of the 10 wt% Bi-2212 added MgB2 sample
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All the calculated load-independent microhardness values

and de are listed in Table 6. It is clear from the table that all

the microhardness values increased with the increasing

adding concentration. Besides, it can be said that all the de
values are negative confirming no elastic deformation.

Considering the HEPD values given in Table 6, it can be

said that EPD Model is not suitable for describing micro-

hardness values of the samples.

3.2.4 HK approach

Hays and Kendall have pointed out that there exists a

minimum load value (WHK) to create a permanent defor-

mation in the material. If the applied load does not exceed

this resistance, permanent deformation does not occur and

only elastic deformation takes place [33]. And they sug-

gested that experimentally obtained indentation diagonal

length is proportional to an effective load (Feff.) instead of

the applied load (F)

F �WHK ¼ A1HKd
2 ð11Þ

where WHK is the minimum applied load to create inden-

tation, and A1HK is the load-independent hardness constant.

In this model, hardness value is calculated by the following

equation

HHK ¼ 1854:4A1HK ð12Þ

F - d2 graph and WHK, A1HK and HHK values calculated

are given in Fig. 10 and Table 7, respectively. From the

Table 7, it is seen that the WHK value is negative for all the

samples confirming RISE behavior in the samples. This

means that the applied load is enough to create both elastic

and plastic deformations [34]. In addition, it is seen from

the table that the HHK values of the samples are not close to

the Hv values of the samples (Table 7). So, it does not

Table 2 The load dependent

Hv, E, Y and KIC for the samples
Samples Load (N) Hv (GPa) E (GPa) Y (GPa) Kıc (Pa/m1/2)

Pure MgB2 0.245 0.165 13.523 0.055 34.46

0.490 0.242 19.835 0.080 41.74

0.980 0.389 31.883 0.129 52.92

1.960 0.472 38.686 0.157 58.28

2.940 0.485 39.752 0.161 59.09

2 wt% Bi-2212 0.245 0.194 15.900 0.064 45.46

0.490 0.284 23.277 0.094 54.99

0.980 0.487 39.916 0.162 72.02

1.960 0.610 49.997 0.203 80.60

2.940 0.654 53.604 0.218 83.47

4 wt% Bi-2212 0.245 0.255 20.900 0.085 49.41

0.490 0.312 25.572 0.104 54.65

0.980 0.521 42.702 0.173 70.63

1.960 0.652 53.440 0.217 79.01

2.940 0.662 54.259 0.220 79.61

6 wt% Bi-2212 0.245 0.306 25.080 0.102 55.20

0.490 0.356 29.179 0.118 59.53

0.980 0.570 46.719 0.190 75.34

1.960 0.712 58.358 0.237 84.20

2.940 0.721 59.095 0.240 84.73

8 wt% Bi-2212 0.245 0.413 33.850 0.137 63.85

0.490 0.491 40.244 0.163 69.61

0.980 0.652 53.440 0.217 80.22

1.960 0.797 65.324 0.265 88.69

2.940 0.802 65.734 0.267 88.97

10 wt% Bi-2212 0.245 0.491 40.244 0.163 73.29

0.490 0.594 48.686 0.198 80.61

0.980 0.720 59.013 0.240 88.75

1.960 0.901 73.849 0.300 99.28

2.940 0.915 74.996 0.305 100.05

6066 J Mater Sci: Mater Electron (2016) 27:6060–6070
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make sense to explain the hardness value of the samples by

Hays-Kendall model.

3.2.5 IIC model

The Indentation-Induced Cracking model is reported by Li

and Bradt [35] in order to study RISE behavior in the

sample. According to Li and Bradt, applied load is bal-

anced by the total resistance which consists of friction at

the indenter/specimen facet interface (Re), elastic

deformation (Rf), plastic deformation (Rp), and specimen

cracking (Rc). This total resistance can be expressed as

F ¼ Re þ Rf þ Rp þ Rc ð13Þ

where F is the applied test load. In this model hardness can

be defined by the following expression

Hv ¼ k1K1

F

d2

� �
þ K2

F5=3

d3

� �
ð14Þ

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

constants. While K2 is load-dependent, K1 is a constant

dependent on the indenter geometry. For ideal plastic

materials, k1 = 1, K2 = 0; but for perfect brittle solids

k1 = 0. If the sample being tested is fragile, only the second

portion of the equation is used. In this study, the second part

of the equation is used due to elastic deformation of all

samples. Starting from here, the hardness value of all sam-

ples can be calculated by the equation below
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Table 3 Regression analysis of the experimental data according to

Meyer’s law

Samples Slope nk lnAk (GPa)

Pure MgB2 3.513 -15.139

2 wt% Bi-2212 3.908 -16.402

4 wt% Bi-2212 3.368 -13.978

6 wt% Bi-2212 3.182 -13.024

8 wt% Bi-2212 2.798 -11.987

10 wt% Bi-2212 2.713 -10.658
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Fig. 8 Plots of F/d versus d for the samples
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Hv ¼ K
F5=3

d3

� �m

ð15Þ

where K and m values are independent of load obtained

using ln(Hv) versus ln(F5/3/d3) graph. Also, index m is an

indication of either the ISE or RISE behavior in the

material (m[ 0.6 normal ISE, m\ 0.6 RISE) [21, 35].

ln(Hv) versus ln(F5/3/d3) graph and hardness values calcu-

lated are given in Fig. 11 and Table 8, respectively. In

addition to these, all the comparative hardness values cal-

culated based on applied models are given in Table 9. It is

clear from the table that IIC model hardness values are

close to hardness values of the plateau region for all

Table 4 Regression analysis of

the experimental data according

PSR Model

Samples a1 9 10-3 (N) a2 9 10-5 (N/lm) HPSR (GPa) HV (GPa)

Pure MgB2 -17.59 43.92 0.814 0.472–0.485

2 wt% Bi-2212 -25.97 64.99 1.224 0.610–0.654

4 wt% Bi-2212 -19.71 58.42 1.100 0.652–0.662

6 wt% Bi-2212 -18.01 60.76 1.144 0.712–0.721

8 wt% Bi-2212 -13.17 60.22 1.134 0.797–0.802

10 wt% Bi-2212 -12.94 66.75 1.257 0.901–0.915

Table 5 The load independent

Ho, Eo, Yo, KIC values for the

samples

Samples H0 (GPa) E0 (GPa) Y0 (GPa) Kıc (Pa/m1/2) Hv (GPa)

Pure MgB2 0.814 66.71 0.271 76.483 0.472–0.485

2 wt% Bi-2212 1.224 100.32 0.408 114.191 0.610–0.654

4 wt% Bi-2212 1.100 90.15 0.366 102.631 0.652–0.662

6 wt% Bi-2212 1.144 93.76 0.381 106.74 0.712–0.721

8 wt% Bi-2212 1.134 92.94 0.378 105.80 0.797–0.802

10 wt% Bi-2212 1.257 103.02 0.419 117.27 0.901–0.915
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Fig. 9 Plots of F1/2 versus dp for the samples

Table 6 Regression analysis of the experimental data according EPD

Model

Samples A
1=2
2

de (lm) HEPD (GPa) Hv (GPa)

Pure MgB2 0.022 -0.663 0.897 0.472–0.485

2 wt% Bi-2212 0.028 -0.862 1.453 0.610–0.654

4 wt% Bi-2212 0.026 -0.619 1.253 0.652–0.662

6 wt% Bi-2212 0.026 -0.541 1.253 0.712–0.721

8 wt% Bi-2212 0.025 -0.361 1.159 0.797–0.802

10 wt% Bi-2212 0.026 -0.329 1.253 0.901–0.915
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samples. As a result, IIC Model is the most appropriate

model for the Bi-2212 added MgB2 samples.

4 Conclusion

With this study, as different from the literature the effects

of Bi-2212 addition on the mechanical properties of bulk

MgB2 superconductors were reported. XRD patterns indi-

cate that there is no significant change in lattice parameters

and c/a ratio for Bi-2212 added MgB2 samples and hence

this shows absence of substitution effect. SEM images

showed that hexagonal MgB2 grains with clear grain

boundaries oriented randomly. All samples seemed to have

high porosity between the contributed atoms. Increasing

adding amount caused an increase in porosity. Namely,

pores and cracks increased. Microhardness measurements

clearly show that (Fig. 6) melted Bi-2212 structure fills

these cracks and pores which cause regular increase in the

hardness of the samples. The EDX layered image and

Table 7 Regression analysis of

the experimental data according

to HK model

Samples A1HK 9 10-5 WHK (N) HHK (GPa) Hv (GPa)

Pure MgB2 32.24 9 10-5 -0.617 0.597 0.472–0.485

2 wt% Bi-2212 45.90 9 10-5 -0.837 0.851 0.610–0.654

4 wt% Bi-2212 43.57 9 10-5 -0.593 0.807 0.652–0.662

6 wt% Bi-2212 46.38 9 10-5 -0.521 0.860 0.712–0.721

8 wt% Bi-2212 48.75 9 10-5 -0.342 0.904 0.797–0.802

10 wt% Bi-2212 54.96 9 10-5 -0.321 1.091 0.901–0.915

-2
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-1

-0.5

0
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2

MgB
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 +6 wt% Bi-2212 

MgB
2
 +8 wt% Bi-2212 

MgB
2
 + 10 wt% Bi-2212 

ln
 (H

v)

ln (F5/3/d3)

Fig. 11 Plots of ln(HV) versus ln(F5/3/d)3 according to IIC model for

the samples

Table 8 Regression analysis of

the experimental data according

to IIC model

Samples m K 9 104 [N(3–5m)/3/lm(2–3m)] HIIC (GPa) Hv (GPa)

Pure MgB2 0.54 5.89 0.349 0.472–0.485

2 wt% Bi-2212 0.55 6.06 0.438 0.610–0.654

4 wt% Bi-2212 0.53 5.85 0.481 0.652–0.662

6 wt% Bi-2212 0.52 5.74 0.538 0.712–0.721

8 wt% Bi-2212 0.48 5.34 0.638 0.797–0.802

10 wt% Bi-2212 0.47 5.21 0.713 0.901–0.915

Table 9 The results of load

dependent Vickers

microhardness at the plateau

region and load independent

hardness values calculated using

PSR, EPD, HK and IIC models

Samples HPSR (GPa) HEPD (GPa) HHK (GPa) HIIC (GPa) Hv (GPa)

Pure MgB2 0.814 0.897 0.597 0.349 0.472–0.485

2 wt% Bi-2212 1.224 1.453 0.851 0.438 0.610–0.654

4 wt% Bi-2212 1.100 1.253 0.807 0.481 0.652–0.662

6 wt% Bi-2212 1.144 1.253 0.860 0.538 0.712–0.721

8 wt% Bi-2212 1.134 1.159 0.904 0.638 0.797–0.802

10 wt% Bi-2212 1.257 1.253 1.091 0.713 0.901–0.915
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elemental maps revealed that Bi, Ca and Sr were separated

from Bi-2212 structure and segregated. It might be because

of higher sintering temperature of the process as the gen-

eral process temperature of Bi-2212 is 850 �C. However, in

this study a different sintering method was applied at

1000 �C. According to Vickers Microhardness measure-

ments, it is seen that all the hardness values are load

dependent. All the samples show the RISE behavior which

is described as increasing hardness values with increasing

applied load. The melted Bi-2212 phase might diffuse into

the pores or cracks and might affect the increase of the

hardness in the surface of MgB2 structure. Moreover, all

the results of the Vickers Microhardness measurements are

analysed by different models such as; Meyer Law, pro-

portional sample resistance (PSR) model, Elastic/Plastic

Deformation Model, Hays-Kendall (HK) Model and

Indentation Induced Cracks (IIC) model. IIC model is

found to be the most suitable model to analyze Bi-2212

added MgB2 produced in this study.
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