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Abstract In this study, the effect of various annealing

time (0.5, 1, 1.5 and 2 h) on microstructural, mechanical

and superconducting properties of the Cu-diffused bulk

MgB2 superconducting samples is investigated using X-ray

diffraction (XRD), scanning electron microscopy (SEM),

Vickers microhardness (Hv) and dc resistivity measure-

ments for the first time. The critical transition temperature,

grain size, phase purity, lattice parameter, surface mor-

phology, crystallinity and room temperature resistivity

values of the bulk samples prepared are compared with

each other. Electrical-resistivity measurements show that

the sample (annealed at 850 �C for 1 h), exhibiting the

highest room temperature resistivity, obtains the maximum

zero resistivity transition temperature (Tc). From the XRD

results, all the samples contain MgB2 as the main phase

with a very small amount of Mg2Cu phase. Moreover, SEM

investigations conducted for the microstructural charac-

terization illustrate that not only does the grain size of the

samples studied enhance gradually, but the surface mor-

phology and grain connectivity also improve with the

increase in the diffusion-annealing time up to 1 h beyond

which all the properties obtained start to degrade. Indeed,

the worst surface morphology is observed for the

Cu-diffused bulk MgB2 superconductor exposed to 2 h

annealing duration. At the same time, Vickers microhard-

ness, elastic modulus, load independent hardness, yield

strength, fracture toughness and brittleness index values are

calculated separately for the pure and Cu-diffused samples.

It is found that the microhardness values depend strongly

on the diffusion-annealing time. Furthermore, the diffusion

coefficient of the Cu ion in the bulk MgB2 superconductor

is obtained to change from 1.63 9 10-7 to 2.58 9 10-7

cm2 s-1. The maximum diffusion coefficient is observed

for the sample prepared at 850 �C for 1 h whereas the

minimum one is noted for the sample annealed at 850 �C

for 2 h, confirming that the annealing-time of 1 h is the

best ambient to improve the mechanical, microstructural

and superconducting properties of the samples produced.

1 Introduction

Magnesium diboride (MgB2) material, a simple binary

superconductor at 39 K [1], exhibits the highest transition

temperature among the inter-metallic compounds. MgB2

material has been described as 1.5 type superconductor due

to the fact that this material presents both the properties of

type-I and type-II superconductors. Moreover, the MgB2

superconductor, composed of two conduction bands and

two superconducting gaps, is a unique superconductor for

potential technological and industrial applications [2, 3]

owing to the remarkably high critical temperature, high

critical current density, large coherence length, low

anisotropy, light weight, absence of weak–links and simple

crystal structure properties around 20 K [4–6]. Thus, the

MgB2 superconductor in the forms of polycrystalline bulk,

wire, tape and thin film is one of the most attractive
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materials to investigate the superconductivity in two com-

ponent superconductors.

Since the discovery of the MgB2 superconductor materi-

als, researchers have endeavored to improve its supercon-

ducting, electrical, mechanical, physical, microstructural

and flux pinning properties to make them suitable for high

temperature and magnetic field applications [7–9]. How-

ever, the preparation of the pure MgB2 phase is a very

difficult task due to the presence of several phases such

as MgB6, MgB12 and MgO during the phase formation

[10–13]. A number of the preparation conditions such as the

annealing ambient, composition, type and quantity of the

dopant, heat-treatment method and operational procedures

also affect the formation of the MgB2 phase and the

mechanical, microstructural, superconducting and flux pin-

ning properties of them. Thus, scientists have tried to

determine the best condition for the improvement of these

properties in the MgB2 material for many years. In our

previous study [14], we examined the role of diffusion-

annealing temperature on the microstructural and super-

conducting properties of the Cu-diffused bulk MgB2

superconductor and found the improvement of the micro-

structural and superconducting properties of the samples

with the increase in the diffusion-annealing temperature.

According to the literature research, no detailed work

has been published on the mechanical, microstructural and

superconducting properties of the Cu-diffused bulk MgB2

sample in terms of the change in the diffusion-annealing

time. In the present study, we investigate the effect of the

annealing time on the microstructural and superconducting

properties of the Cu-diffused MgB2 bulk samples in detail

by means of the scanning electron microscopy, Vickers

microhardness, X-ray diffraction and dc resistivity mea-

surements. Moreover, the microhardness, elastic modulus,

yield strength, fracture toughness, brittleness index and

ductility, which are the important parameters for industrial

applications of the superconductor materials, are clearly

discussed [15]. It is observed that the microstructural,

superconducting and mechanical properties of the bulk

MgB2 superconductors are strongly dependent upon the

diffusion-annealing time.

2 Experimental details

The starting material in this work is commercially available

MgB2 powder (Alfa Aesar, -325 mesh, \44 micron). At

room temperature the precursor powder of 0.25 g is pres-

sed into the rectangular pellets form in the size of

40 9 4 mm2 under 350 MPa pressure to obtain 5 identical

bulk samples. The fine samples produced are placed in a

stainless steel tube and sintered at 850 �C for various time

such as 0.5, 1, 1.5 and 2 h in tube furnace (Protherm-Model

PTF12/75/200). During the annealing process, Argon gas

atmosphere is maintained to be 5 bars in the steel tube and

all the samples are cooled down to room temperature with

the constant cooling rate of 5 �C min-1 in the furnace.

Among them, 4 samples chosen are exposed to copper (Cu)

diffusion process conducted by an AUTO306 vacuum

coater (EDWARDS). The Cu-diffused bulk MgB2 samples

are sintered at 850 �C for 0.5, 1, 1.5 and 2 h and herein

after denoted as Cu1, Cu2, Cu3 and Cu4, respectively.

Likewise, the pure sample annealed at 850 �C for 1 h will

be presented as Cu0.

The electrical property of the samples is investigated by

dc resistivity versus temperature measurements using 5 mA

dc current through the samples in the He gas contact cryo-

cooler from CRYO Industries in the temperature range from

10 to 50 K. Both voltage and current contacts are made with

silver glue contact. A Keithley 220 programmable current

source and a Keithley 2182A nano-voltmeter system are

used for the conventional four-probe measurements.

The phase and crystal structure of the Cu-diffused and

pure samples are analyzed by means of a Rigaku Multi-

flex? XRD 12 kW rotating anode powder X-ray diffrac-

tometer. The diffraction data are obtained from the

diffraction angle in the range 3� B 2h B 90� at room

temperature (300 K). The parameters measured are dif-

fracted beam graphite (0002) monochromator, CuKa
radiation (k = 1.5418 Å), a tube voltage of 38 kV and a

tube current of 30 mA, a step scan-size of 0.02�, with a

counting time of 3 s per point. Phase purity and lattice

parameters are evaluated from the XRD patterns. The

accuracy in determining the lattice parameters (a and c) is

±0.0001 Å. Average grain size of the samples prepared is

also found by the Scherrer–Warren approach [16, 17].

Further, the surface morphology and grain connectivity of

the pure and Cu-diffused samples are studied by using

scanning electron microscope (SEM) JEOL 6390-LV,

operated at 20 kV in the secondary electron image (SEI)

mode with a resolution power of 3 nm.

Vickers microhardness measurements are performed in

air with the aid of a digital microhardness tester (Shimadzu

HVM-2) at room temperature to characterize the mechan-

ical properties of samples annealed at different duration. A

rigid Vickers pyramidal indenter with various loads such as

0.245, 0.490, 0.980, 1.960 and 2.940 N is applied for a

single loading time of 10 s and the diagonals of indentation

are measured with an accuracy of ±0.1 lm. The Vickers

microhardness values are determined with an average of 20

readings at different locations of specimen surfaces to

obtain reasonable mean values for each load. All the results

obtained for the Cu-diffused samples are compared with

that for the pure sample.
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3 Result and discussion

X-Ray diffraction analysis, Scanning electron microscopy,

Vickers microhardness and resistivity measurements are

used to determine the effect of diffusion-annealing time on

the microstructural, mechanical and superconducting of the

Cu-diffused bulk MgB2 superconductors.

3.1 Electrical resistivity measurements

Dc electrical resistivity as a function of temperature is

measured in the range from 10 to 50 K to examine the

influence of Cu diffusion on superconducting properties of

the samples and the results obtained are given in Fig. 1. As

can be seen from the figure, all the samples show metallic

behavior above the Tc value. Resistivity of the samples at

room temperature (300 K) is listed in Table 1. It is

apparent form the table that the resistivity value of the

samples gradually increases from 62 to 129 lXcm with the

enhancement in the diffusion-annealing time up to 1 h

beyond which the resistivity values start to decrease sys-

tematically to a local minimum (86 lXcm) for the Cu4

sample. Moreover, the onset critical Tc
onset and offset crit-

ical Tc
offset temperature determined from the normalized

resistance graphs (Fig. 2) are tabulated in Table 1. As seen

from the table the offset and onset critical temperatures of

the samples studied in this work are observed to be in a

range of 38.1–39.3 K and 38.3–36.2 K, respectively. All

the results obtained show that both Tc
onset and Tc

offset values

regularly increase with ascending the diffusion-annealing

time up to 1 h after which they decrease slowly; in fact, the

minimum critical temperature values (Tc
offset = 38.1 and

Tc
onset = 36.2 K) are obtained for the Cu4 sample as a

result of the degradation of the crystallinity and connec-

tivity between grains and decrement in the grain size. At

the same time, the variation of DTc = Tc
onset-Tc

offset is

illustrated in Table 1. One can see from the table, the

minimum DTc is found to be about 1.0 K for the Cu2

sample whereas the maximum variation is obtained to be

about 1.9 K for the Cu4 sample due to the grain misori-

entations and decrement of the crystallinity [18]. Accord-

ing to the findings of the resistivity survey, the duration of

1 h is determined to be the best annealing-time for the

Cu-diffused bulk MgB2 sample, which confirms that the

annealing ambient (time, temperature, atmosphere and

pressure) plays a very significant role on the supercon-

ducting, pinning mechanism, microstructural, mechanical,

electronical and physical properties of the superconductor

materials due to the contribution of the phonon subsystem

and the electron–phonon anharmonicity described by the

third rank polar tensors explaining the local non-centro

symmetry contribution to the superconductor materials

[19].

3.2 XRD Analyses

The XRD patterns of the samples prepared are pictured in

Fig. 3 where the corresponding (h k l) Miller indices

belonging to MgB2 main lines are also shown. As seen

from the figure, the pure and Cu-diffused samples (except

for the Cu4) contain the MgB2 phase only and exhibit the

polycrystalline superconducting phase. Moreover, the Cu2
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Fig. 1 Resistance versus temperature as a function of temperature

curves for the samples

Table 1 Resistivity measurement results for the samples

Samples Tonset
c

(K)
Toffset

c

(K)

DTc

(K)

Resistivity

at 300 K (X m)

Cu0 38.4 36.9 1.5 0.0062

Cu1 38.8 37.5 1.3 0.0098

Cu2 39.3 38.3 1.0 0.0129

Cu3 39.2 38.0 1.2 0.0115

Cu4 38.1 36.2 1.9 0.0086
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Fig. 2 Normalized resistivity as a function of temperature curves for

the samples
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sample has the highest peak intensities belonging to the

main phase of the MgB2 diffraction patterns. According to

the results, the best ambient is determined to be 850 �C for

1 h to obtain the formation of MgB2 phase. On the other

hand, the Cu4 sample has the Mg2Cu phase formation as a

result of the decomposition of the MgB2 phase and rapid

evaporation of Mg at 850 �C for 2 h [4]. In addition, the

cell parameters a and c are calculated with respect to the

hexagonal unit cell structure using the least square method

through d value and (h k l) planes. The a and c parameters

computed are depicted in Table 2. It is visible from the

table that a systematic expansion in the a and c axis lengths

is observed with ascending diffusion-annealing time until

1 h beyond which a regular contraction in the cell param-

eters is noticed for the samples, presenting that the Cu2

sample obtains the best crystallinity and grain connectivity.

Additionally, the broadening nature of the XRD peaks

reveals that the crystallite size of the samples is found to be

within the nanometer scale by using the Scherrer–Warren

equation [19–22]. In point of the Eq. (1), the average size

of a crystal in the broadening region is defined as,

d ¼ 0:941k=B cos hB ð1Þ

where d is the thickness of the crystal, k presents the wave-

length, B denotes the full width half maximum (FWHM) of

the Bragg peak corrected using the corresponding peak in

micron-sized powder and hB is the Bragg angle. Also,

B2 ¼ B2
m � B2

s ð2Þ

where Bs denotes the half width of the standard material in

radians. The grain size values obtained for the samples are

displayed in Table 2. It is found that the Cu2 sample has

the highest grain size (74 nm) whereas the crystallite size

of 39 nm is the smallest value for the Cu4 sample, showing

that the best crystal structure for the Cu-diffused MgB2

superconductor is obtained at 850 �C for 1 h.

3.3 SEM analyses

The surface morphology of the Cu-diffused MgB2 samples

is studied for the determination of the possible precipitation

at the grain boundaries by Scanning Electron Microscopy

(SEM) investigations. Figure 4 a–e depicts the SEM pic-

tures (taken in the secondary electron image mode) of the

surfaces of the Cu0, Cu1, Cu2, Cu3 and Cu4 samples,

respectively. It is visible from the figure that the diffusion-

annealing time affects the surface morphology. The micro-

tructures of the Cu1, Cu2 and Cu3 samples are significantly

different from that of the Cu0 and Cu4 samples. Among the

samples, the Cu2 sample has the best surface morphology

(densest and smoothest) and grain connectivity and lowest

porosity. On the other hand, the grains in the Cu0 and

Cu4 samples are randomly oriented and poorly connected

(Fig. 4). In fact, the latter obtains the non-uniform surface

appearance with smaller grains. Based on these results, the

surface morphology is found to improve with the increment

in the diffusion-annealing time until 1 h beyond which the

grain connectivity is observed to degrade, confirming that

the quality of the microstructure depends strongly on the

annealing duration.

3.4 Calculation of diffusion coefficient

As well known several methods are studied for the esti-

mation of the diffusion parameter in polycrystalline high-

Tc superconductors [14, 21]. In this paper, the diffusion

coefficients of Copper (Cu) ions in the bulk MgB2 super-

conductors prepared at 850 �C for different annealing-time

such as 0.5, 1, 1.5 and 2 h are calculated for the first time.

Here, the coefficients are found by means of the resistivity

measurements of the samples after the successive removal

of thin layers on the samples studied. It is argued that the

conditions of impurity diffusion from a constant source

into a semi-infinite solid can be defined by following

equation [23, 24]:

N x; tð Þ ¼ N0
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Fig. 3 XRD patterns of Cu0, Cu1, Cu2, Cu3 and Cu4

Table 2 XRD measurement results for the samples

Samples Lattice parameter

a (Å)

Lattice parameter

c (Å)

Grain size

(nm)

Cu0 3.0831 3.5193 55

Cu1 3.0847 3.5334 58

Cu2 3.0886 3.5345 74

Cu3 3.0856 3.5341 65

Cu4 3.0823 3.5303 39
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1� erf x=2
ffiffiffiffiffi

Dt
p� �h i

ð3Þ

where erf [x/2(Dt)1/2] displays the error function with

argument y ¼ x=2
ffiffiffiffiffi

Dt
p

� �

erfðyÞ ¼ 2=
ffiffiffi

p
p� �

Z

y

0

erfð�y2Þ ð4Þ

where N0 = N(0, t) is the constant concentration on the

surface of the sample, N(x, t) presents the impurity con-

centration at the distance x from the surface, D shows the

diffusion coefficient and t denotes the diffusion-annealing

time. The equations given give that the resistivity (q) with

thickness of the sample studied is similar to the concen-

tration distribution of the diffused impurity. Figure 5

exhibits the variation of resistivity Dq/q0 (q0 denotes the

resistivity of the pure region of the sample) as a function of

thickness of the samples produced. The solid curve reveals

the calculated concentration profile of Cu in the bulk MgB2

sample. As seen from the figure the experimental data

obtained fit well with the theoretical curve, and the diffu-

sion coefficients calculated by using Eq. (3) are found to be

about 6.32 9 10-7, 9.48 9 10-7, 8.22 9 10-7 and

3.57 9 10-7 cm2 s-1 for the Cu1, Cu2, Cu3 and Cu4

samples, respectively. According to these results, the dif-

fusion coefficient of the copper varies with the annealing

time, and the annealing duration of 1 h is much more

significant compared to the others, showing that the Cu

diffusion in the bulk MgB2 superconductor depends

strongly on the diffusion-annealing time.

Fig. 4 SEM micrographs of a Cu0, b Cu1, c Cu2, d Cu3 and e Cu4
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3.5 Vickers microhardness measurements

The diagonal length as a function of test load is measured

to describe the effect of Cu-diffusion on mechanical

properties of the samples prepared in this work. As well

known, standard Vickers microhardness measurements

consist of a load (F) on the test material through geomet-

rically defined indenter and after the indenter is removed,

measuring the characteristic dimension (d) of the resultant

impression.

The Vickers microhardness values of different applied

loads in the range from 0.245 to 2.940 N are calculated by

means of the following equation,

HV ¼ 81:9635
F

d2

	 


ðGPaÞ ð5Þ

where Hv denotes the Vickers hardness, d (in lm unit) is

diagonal length of indentation and F presents the applied

load in Newton. The Vickers hardness (Hv), elastic mod-

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

brittleness index (B) calculated with the aid of Eqs.

5–8 [25, 26] are listed in Table 3.

E ¼ 81:9635HV ð6Þ

Y � HV

3
ð7Þ
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Fig. 5 Concentration profile of Cu over the thickness of the samples exposed to Cu diffusion for 0.5, 1, 1.5 and 2 h
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KIC ¼
ffiffiffiffiffiffiffiffi

2Ec
p

ðc; surface energyÞ ð8Þ

B ¼ Hv

KIC
ð9Þ

The variation of microhardness as a function of the

applied load for all the samples is displayed in Fig. 6. It is

obvious from the figure that the microhardness values are

strongly dependent upon the Indentation load (ISE,

indentation size effect) and diffusion-annealing time. The

Vickers microhardness values obtained are depicted in

Table 3. As seen from the table, the microhardness values

change from 0.307 to 2.402 GPa at the constant load of

2.940 N for the samples produced. The microhardness value

of 2.402 GPa is found to be the maximum for the Cu2

sample whereas the minimum value (0.307 GPa) is obtained

for the Cu4 sample. Moreover, the elastic modulus, yield

strength, fracture toughness and brittleness index values

deduced from the Vickers microhardness measurements

enhance with the increment in the diffusion-annealing time

up to 1 h beyond which these values start to decrease, in fact

the Cu4 sample has the smallest values (Table 3) as a result

of the distortion in the bond strength of the sample and more

porous structure [27], supported by the SEM images (see

Fig. 4).

The change in the microhardness values is noticed with

increasing the applied load from 0.245 to 2.000 N only due to

the weakness grain boundaries [27]. Moreover, Fig. 4 shows

that the Vickers microhardness values are load dependent for

the samples and the microhardness values calculated

decrease non-linearly as the applied load increases up to 2 N

Table 3 The calculated load

dependent Hv, E, Y, KIC and

B for the samples

Samples Load (N) d (lm) Hv (GPa) E (GPa) Y (GPa) KIc (Pa/m1/2) B (lm1/2)

Cu0 0.245 14.09 2.288 187.57 0.762 2.411 0.948

0.490 23.50 1.644 134.78 0.548 2.044 0.804

0.980 37.04 1.325 108.56 0.441 1.834 0.722

1.960 62.03 0.945 77.42 0.314 1.549 0.610

2.940 85.20 0.751 61.55 0.250 1.381 0.543

Cu1 0.245 13.87 2.361 193.56 0.787 2.208 1.069

0.490 22.78 1.751 143.52 0.583 1.901 0.921

0.980 34.10 1.562 128.06 0.520 1.796 0.869

1.960 56.98 1.119 91.75 0.373 1.520 0.736

2.940 70.32 1.102 90.36 0.367 1.508 0.730

Cu2 0.245 9.15 5.423 444.55 1.807 4.310 1.258

0.490 14.21 4.496 368.52 1.498 3.924 1.145

0.980 23.39 3.320 272.17 1.106 3.372 0.984

1.960 38.67 2.429 199.16 0.809 2.885 0.841

2.940 47.64 2.402 196.88 0.800 2.868 0.837

Cu3 0.245 12.67 2.830 231.97 0.943 2.398 1.180

0.490 20.43 2.175 178.33 0.725 2.102 1.034

0.980 31.57 1.823 149.45 0.607 1.925 0.947

1.960 48.14 1.568 128.54 0.522 1.785 0.878

2.940 62.01 1.417 116.21 0.472 1.697 0.835

Cu4 0.245 16.19 1.733 142.06 0.577 2.001 0.866

0.490 30.61 0.969 79.46 0.323 1.496 0.647

0.980 56.57 0.567 46.53 0.189 1.145 0.495

1.960 100.45 0.360 29.52 0.120 0.912 0.394

2.940 133.23 0.307 25.17 0.102 0.842 0.364

0

1

2

3

4

5

0 0,5 1 1,5 2 2,5 3

Cu0

Cu1

Cu2

Cu3

Cu4

H
v
(G

P
a)

F(N)

Fig. 6 The variations of microhardness with load for the samples
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beyond which the curves shift to the saturation (plateau)

region. This non-linearity known as ISE can be seen in the

literature [28, 29]. It is apparent from Table 3 that the cal-

culated microhardness values of the Cu2 sample are higher

than the other samples as a result of better crystallinity and

connectivity between grains, supported by the XRD and

SEM findings.

There are two different methods to describe the load

dependence of a sample: elastic portion and energy dissi-

pative processes. According to the former method, the

indentation includes an elastic portion. The elastic part of

the deformation is relaxed on unloading, which can be

accounted for by adding an elastic component (de) to the

measured plastic indentation semidiagonal (dp). Hence the

true hardness value (H0) can be found by the following

formula [30]:

H0 ¼ 1854:4
F

dp þ de

� �2

$ %

ð10Þ

From the Eq. (10), the indentation diagonals measured are

linear with the square root of the applied load, and the

slope of such a curve is proportional to (H0)1/2. Addition-

ally, the vertical intercept of the curve directly gives the

elastic part of the indentation semidiagonal (de) [26].

Moreover, Fig. 7 indicates the applied load dependence of

the indentation diagonals examined by means of dp versus

F1/2 plots. H0, de and LRC (linear regression coefficients)

values evaluated from Fig. 7 are also depicted in Table 4.

Like the Vickers microhardness results, the H0 values ini-

tially increase with the enhancement in the diffusion-

annealing time up to 1 h, but they start to reduce abruptly.

On the other hand, the de values computed regularly

decrease with the increment in the diffusion-annealing

time.

Moreover, in literature it is indicated that the hardness–

load curve exhibits distinct transition (associated with the

intrinsic hardness value of the material) to a plateau of

constant hardness [31], and the H0 values are nearly close

to the experimentally estimated Hv values in the plateau

region [32]. In this study, the plateau (saturated) region is

reached at 2 N applied load for the samples studied. From

the Table 4, the true microhardness value of the Cu2

sample (1.754 GPa) is smaller than the hardness results

(see Table 3) in plateau region (Hv = 2.402 and 2.429

GPa). This behavior can also be seen for the other samples.

In other words, the true hardness values of all the samples

are smaller than conventionally calculated ones. Based on

the results, the elastic portion method is not suitable for the

determination of the microhardness values for the Cu-dif-

fused bulk MgB2 superconductors due to the difference

between the calculated results and true hardness values

[33].

The second method considers the energy dissipative

processes rather than the elastic processes during the

indentation. According to the former model, a true

microhardness defined by subtracting a dissipative part F0

from the applied load can be described by using following

equation [33]:

Hv ¼ 1854:4
F � F0

d2

	 


ðGPaÞ ð11Þ

The variation of the applied load inferred from the

square of the impression semidiagonal length is pictured in

Fig. 8. When the slope of each line coincides with the load

independent hardness constant (H0), the vertical intercept

of each line exhibits the sample resistance pressure (F0). As

can be seen from the figure, all the samples studied indicate

the excellent linear relationship. The values of F0 and H0

are calculated via the Eq. (11). The F0, H0 and LRC values

obtained are listed in Table 5. One can see from the table,

the H0 values obtained reduce with the enhancement in the

diffusion-annealing time up to 1 h beyond which the values

are found to increase and the maximum point is observed

for the Cu4 sample. On the other hand, the change of the
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Fig. 7 Plots of diagonal length versus square root of applied loads

for the samples

Table 4 Best-fit results of experimental data according to Eq. 10

Samples H0 (GPa) de (lm) LRC Hv (GPa)

Cu0 0.551 17.08 0.9956 0.751–0.945

Cu1 0.835 10.31 0.9983 1.102–1.119

Cu2 1.756 7.78 0.9984 2.402–2.429

Cu3 1.139 7.82 0.9996 1.417–1.568

Cu4 0.195 35.9 0.9980 0.307–0.360
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resistance pressures is randomly found in the samples

produced.

According to the experimental observations, the diago-

nal length is obtained to be exactly dependent on the

applied load. This expression can be explained using the

following equation [34]:

F

d
¼ H0d þ c ð12Þ

Figure 9 reveals that how we fit the F/d versus diagonal

length of indentation (d) for all samples. As seen from the

figure, each set of data exhibits an excellent linear

relationship. The slope of the lines corresponds to the

true hardness (H0) when the intercept of the lines denotes

the surface energy (c) value. The H0, c and LRC values

obtained are listed in Table 6. It is clear from the table that

when the true hardness and surface energy values enhance

with the increase in the annealing time up to 1 h, these

parameters tend to decrease for the Cu3 and Cu4 sample.

Similar to the Vickers microhardness results, the minimum

values are observed for the Cu4 sample.

Additionally, the load independent values of the elastic

modulus (E0), yield strength (Y0), fracture toughness (KIC)

and brittleness index (B0) of the samples, calculated with

aid of the true microhardness (load independent, H0), are

given in Table 7. According to the table, all the E0, Y0, KIC

and B0 values obtained enhance with the decrement in the

applied loads; on the other hand, the E0, Y0, KIC and B0

values increase with ascending the diffusion-annealing

time up to 1 h but they decrease for the Cu3 and Cu4

sample. In fact the minimum values are observed for the
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Fig. 8 Graph of applied load against the square of the diagonal

length for the samples

Table 5 Best-fit results of experimental data according to Eq. 11

Samples H0 (GPa) F0 (N) LRC Hv (GPa)

Cu0 0.696 0.328 0.9905 0.751–0.945

Cu1 1.021 0.214 0.9976 1.102–1.119

Cu2 2.208 0.227 0.9980 2.402–2.429

Cu3 1.351 0.195 0.9982 1.417–1.568

Cu4 0.277 0.357 0.9942 0.307–0.360
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Fig. 9 Plots of F/d versus d for the samples

Table 6 Best-fit results of experimental data according to Eq. 12

Samples H0 (GPa) c (N/lm) LRC Hv (GPa)

Cu0 0.444 0.015 0.9749 0.751–0.945

Cu1 0.756 0.012 0.9896 1.102–1.119

Cu2 1.542 0.021 0.9895 2.402–2.429

Cu3 1.065 0.013 0.9988 1.417–1.568

Cu4 0.106 0.014 0.9959 0.307–0.360

Table 7 The calculated load

independent H0, E0, Y0 and KIC

for the samples

Samples H0 (GPa) E0 (GPa) Y0 (GPa) KIC (Pa/m1/2) B0 (lm1/2) Hv (GPa)

Cu0 0.444 36.39 0.148 1.062 0.418 0.751–0.945

Cu1 0.756 61.96 0.252 1.249 0.605 1.102–1.119

Cu2 1.542 126.38 0.514 2.298 0.671 2.402–2.429

Cu3 1.065 87.29 0.355 1.483 0.618 1.417–1.568

Cu4 0.106 8.68 0.035 0.494 0.214 0.307–0.360
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Cu4 sample. Based on the results, the load independent

values obtained for all the samples are found to be closer to

the experimentally estimated values in the plateau region,

compared to the load dependent values. As a result, the

energy dissipation method allows us to investigate the

behavior of the samples in the plateau region rather than

the elastic portion method. The similar results were also

observed in the literature [31, 35, 36].

4 Conclusion

In this study, the influence of the different annealing time

(0.5, 1, 1.5 and 2 h) on the microstructural, superconducting

and mechanical properties of the Cu diffused bulk MgB2

superconductor with the aid of the dc resistivity, X-ray dif-

fraction, scanning electron microscopy and Vickers microh-

ardness measurements. The results obtained demonstrate that

the microstructural, superconducting and mechanical prop-

erties of the bulk MgB2 superconductors produced depend

strongly on the annealing time and following findings are

concluded:

• Both the onset and offset transition temperature

increase with the enhancement in the diffusion-anneal-

ing time up to 1 h after which they start to decrease.

• According to results of XRD and SEM investigations, the

Cu2 sample obtaining the largest lattice parameters

shows the best surface morphology, best grain connec-

tivity, largest grain size and lowest porosity among the

samples.

• The maximum diffusion coefficient is obtained to be

about 2.58 9 10-7 cm2 s-1 for the Cu2 sample.

• The Vickers microhardness values of all the samples

studied show the typical ISE behavior. The Vickers

microhardness, elastic modulus, yield strength, fracture

toughness and brittleness index values decrease with

the increase in the applied load. Moreover, the load

independent microhardness (H0), elastic modulus (E0),

yield strength (Y0) fracture toughness (KIC) and brittle-

ness index (B0) are found to be lower than load

dependent values (Hv, E, Y, KIC and B), confirming that

the energy dissipation method examining the behavior

of the samples in the plateau region is superior to the

elastic portion method.
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