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Abstract This study deals with the effects of Ru–Bi

partial substitutions on the thermal, structural and

mechanical properties of Bi1.8-xRuxPb0.2Sr2CaCu2O10?d

(x = 0.0, 0.025, 0.050, 0.075) system, produced by using

glass ceramics method. The effects of Ru–Bi partial sub-

stitutions on glass transition, nucleation and crystallization

temperature were analyzed via differential thermal ana-

lyzer (DTA). Besides, microstructure and micromechanical

properties of Ru–Bi partially substituted BSCCO glass

ceramics were also investigated by X-ray diffraction

(XRD), scanning electron microscopy (SEM) and Vickers

microhardness measurements. From the DTA results,

nucleation kinetics were studied by using Ozawa, Augis–

Bennett, Takhor and Kissinger equations. In addition to

this, activation energies and Avrami parameters were also

calculated. According to the results of the thermogravi-

metric analyses, the amount of oxidation was seen to be

increased with increasing Ru concentration. Moreover, the

lattice parameters, volume fractions and surface mor-

phologies of our newly produced glass ceramics were

investigated by XRD and SEM measurements, respec-

tively. RISE behavior obtained from the microhardness

measurements for all samples. Microhardness, elastic

modulus, yield strength and fracture toughness values

decreased with increasing Ru doping.

Keywords BSCCO � Thermal properties � Avrami

parameter � DTA/TG � Vickers microhardness

Introduction

Glass ceramics are polycrystalline materials, which are

produced by the crystallization of glass. They have higher

durability, higher impact resistance and lower thermal

expansion coefficient than glass [1]. Ceramic materials are

more resistant to corrosion and chemical effects at higher

temperatures than metals. They may also have lower den-

sity values, depending on the type of their application.

Nowadays, it has been pointed out that glass ceramic

materials have many high technology applications in

comparison with metals due to their superior corrosion,

abrasion and impact resistance and toughness properties.

Their specific area applications can be outlined as

biomedical materials, superconducting materials, vacuum

technology, bioactive glasses, high-dielectric-constant

materials and some base plates used in electronics [2–6].

Hardness test is a generally used technique for the

investigation of the mechanical properties of materials. The

principle of indentation hardness testing is based on the

application of load to the indenter and forming an inden-

tation on the surface of the material. The hardness is cal-

culated by using the sizes of the formed indentations.

Indentation hardness test is accepted as a nondestructive

test, since it produces only a small indention on the surface

of a material under investigation.

Hardness is related to the structure and composition of

materials; therefore, it is a popular method for the
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characterization of materials [7]. Three properties of

materials are effective in indentation which are (1) the

crystal structure of the grains, (2) grain orientation and (3)

porosity among grains [8]. Since the hardness is a measure

of porosity, the smaller value of hardness is obtained where

porosity is high [9]. Moreover, validation of the hardness

results obtained by XRD and SEM measurements must be

followed also.

In this study, the effect of Bi-site Ru substitution on

thermal, structural and mechanical properties of bulk Bi-

2212 superconducting samples was investigated. Crystal-

lization kinetic parameters for this type of Ru-doped glass

ceramics were investigated first time, in this study. Small

atomic radius of Ru, compared with Bi and Pb, may affect

the mechanical, structural and thermal properties of sam-

ples. For this reason, the characterization of the sample is

crucible for the application in the technology. Nowadays,

usage of the Bi-based ceramic materials for producing

cables shows the importance of mechanical characteriza-

tion. In this respect, characterization of Ru-doped Bi-based

glass ceramic structure will complete an important lack in

the literature.

The aim of this study was to investigate the effect of

Ru–Bi partial substitutions on the thermal, microstructural

and micromechanical properties of Bi1.8-xRuxPb0.2Sr2-

CaCu2O10?d glass ceramics by means of the differential

thermal analyzer (DTA) which determines the thermal

properties, Vickers microhardness measurements for

mechanical properties, XRD measurements for the phase

composition and lattice parameters and finally the scanning

electron microscopy (SEM) for microstructural examina-

tion of the samples.

Experimental

Glass synthesis

Required amounts of high-purity Bi2O3, PbO, SrCO3,

CaCO3, RuO2 and CuO powders were mixed in an agate

mortar about 4 h to obtain the Bi1.8-xRuxPb0.2Sr2CaCu2-

O10?d glass ceramic samples with x = 0.0, 0.025, 0.050,

0.075. The resulting mixture was placed into an alumina

crucible and heated up to 1150 �C for 1.5 h with a heating

rate of 12 �C min-1 in a programmable furnace under

ordinary atmospheric conditions. The molten mixture was

poured in between two cooled copper plates. Finally,

0.6–0.8 mm of thick black glasses were obtained. After this

process, glass ceramic samples obtained by sintering the

glass samples at 840 �C under an oxygen flow for 120 h in

a furnace.

Characterization studies

The differential thermal analyses and thermogravimetric

measurements of the glass ceramic samples (approximately

10 mg) were carried out by the DTA, model SII 7200

Exstar DTA/TG. Measurements were realized at four dif-

ferent heating rates under oxygen gas condition. The

measurement errors were ±0.5 lV in DTA and

±0.0005 % in thermogravimetric measurements at the

crystallization kinetic studies, respectively. Moreover, the

phase composition of the samples was characterized by

using a Bruker D8 Advance model X-ray diffractometer

with CuKa radiation (k = 1.5418 Å) in the range

2h = 3�–90� at a scan speed of 3� min-1 and a step

increment of 0.02� at room temperature. Phase purity and

lattice parameters of these XRD patterns were determined

via Bruker EVA 14.0.0.0 program. The accuracy in

determining the lattice parameters (a, b and c) was found to

be ±0.0001 Å. In addition, the grain sizes, separation

distances between these grains, surface morphology and

microstructure of the samples were measured and imaged

by field emission gun (FEG) type, JEOL 7000F SEM.

Moreover, microhardness measurements of the samples

produced were taken by using a digital microhardness

tester (Shimadzu HVM-2) at room temperature. The

applied load was within the range of 0.245–2.940 N for a

peak-load time of 10 s, and the diagonals of indentation

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

microhardness values were determined as an average of 10

readings gathered from different locations of the sample

surface. For simplicity, the abbreviations Ru0, Ru025,

Ru050 and Ru075 will be used for the samples x = 0.0,

0.025, 0.050 and 0.075, respectively, in rest of the fol-

lowing text.

Theoretical background

In general, activation energy is the most important crys-

tallization kinetic parameter almost for all amorphous

materials and it is defined as a measure of the resistance of

a material against the crystallization. Matsushita and Sakka

[10] proved that it is important to know and take into

account the growth mechanism of the glass. Otherwise, it is

not possible to reach a significant value.

Kinetic studies are performed by DTA which can ana-

lyze with non-isothermal technique. Numerical data,

belonging to crystallization and nucleation, can also be

obtained with this method. DTA method is based on the

ratio of temperature difference of the sample and reference

material to temperature of the reference material [11–13].
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Crystallization peaks, obtained as a function of heating

rate, are displayed as sequent peaks with increasing heating

rate. Crystallization ratio must be calculated separately for

each analysis at different heating rates [14, 15]. Figure 1

shows how a typical crystallization peak should be ana-

lyzed for non-isothermal analyzing methods, obtained from

the results of DTA measurements.

A common temperature value, which cuts all the crys-

tallization peaks obtained from analysis, is determined, and

thus, the crystallization ratio is calculated with the help of

the area under these peaks up to this common temperature

value. In Fig. 1, Ts and Tf are the temperatures which

crystallization begins and ends, respectively; T shows any

temperature value which is used to find the crystallization

ratio of the sample. A is the total area under the peak, and

AT represents the area between Ts and T [16].

The equation that is used to calculate the crystallization

rate from the curve obtained using non-isothermal ana-

lyzing method is defined as follows,

b ¼ AT

A

� �
ð1Þ

In Johnson–Mehl–Avrami equation, b is expressed as,

b tð Þ ¼ 1 � exp � ktð Þn½ � ð2Þ

where b is conversion rate, k is reaction rate constant, and n

is the Avrami constant. In order to calculate the size of the

crystallization, Johnson–Mehl–Avrami equation is rear-

ranged as,

dln �ln 1 � bð Þ½ �
dlna

¼ �n ð3Þ

where a is the heating rate. The slope of ln[-ln(1 - b)]

versus lna gives the value of -n.

According to Xie and Gao, the Avrami parameters found

from surface to inside are [16];

n = 1; surface nucleation and one-dimensional growth

n = 2; volume nucleation and one-dimensional growth

n = 3; volume nucleation and two-dimensional growth

n = 4; volume nucleation and three-dimensional

growth.

Displacement in exothermic peak temperature associ-

ated with the heating rate is also used in the activation

energy calculation [17]. In our study, crystallization acti-

vation energy was found by using Kissinger, Takhor and

Augis–Bennett methods. All three methods have been

developed by basing on the Johnson–Mehl–Avrami equa-

tion [18]. Activation energy of the samples by Kissinger

method can be calculated using equation,

ln a
.
T2

p

� �
¼ � E

�
RTp

� �� �
ð4Þ

where E is the activation energy and R is the universal gas

constant (R = 8.314 J mol-1 K) [19, 20]. According to the

crystallization temperature peaks obtained from DTA

curve, the slope of ln a=T2
p

� �
versus 1000/Tp plot is equal

to -E/R.

Another method for the calculation of the activation

energy is Takhor method [21]. According to this method,

activation energy is given by,

dlna

d 1=Tp

� � ¼ E

R
ð5Þ

As it is seen, the expressions here are same with Kis-

singer method. Activation energy can be calculated from

the slope lna versus 1000/Tp plot. Another alternative

method is Augis–Bennett method. According to this

method, activation energy is given by following formula

[22].

dln a= Tp � T0

� �� �
d 1=Tp

� � ¼ �E

R
ð6Þ

where T0 is absolute temperature. Similarly as in the other

methods, the activation energy can be calculated from the

slope of ln(a/(Tp – T0)) versus 1000/Tp plot. Their possible

technological applications in future should be considered

during the characterization of the materials. Investigating

the micromechanical properties of a material is another

useful method in order to realize the eligibility of the

material in technology. Determining the micromechanical

properties of a material is as important as determining the

structural, thermal, optical, electrical and magnetic prop-

erties of the materials.

Hardness of the material is one of the most fundamental

quantities in mechanical characterization. Hardness can be

expressed as the resistance of the surface of a material to

the applied load. Although hardness does not give basic

information, it is widely used in industry to determine the

production quality of materials and especially controlling

the efficiency of thermal process and it is also quickly and

Temperature/K

D
TA

/μ
V

E
nd

o
E

kz
o

ΔT

A

T

Tx

Tg
AT

Fig. 1 Crystallization peak for non-isothermal analyzing methods

obtained from DTA results
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simple applied nondestructive test. Mechanical properties

of ceramic materials such as elastic modulus, yield

strength, fracture toughness and hardness are important as

electrical, thermal, magnetic and microstructural properties

of the material [23–25]. Determination of the mechanical

properties of materials plays a very important role in the

improvement in the commercial applications of materials

under study.

Hardness (Hv), elastic modules (E), yield strength (Y)

and fracture toughness (KIC) were determined to analyze

the mechanical characterization of materials by using

Eqs. (7–10).

Hv ¼ 1854:4
F

d2
ð7Þ

E ¼ 81:9635Hv ð8Þ

Y � Hv

3
ð9Þ

KIC ¼
ffiffiffiffiffiffiffiffi
2Ea

p
a; surface energyð Þ ð10Þ

Results and discussion

Crystallization kinetics and thermogravimetric

analyses

The DTA plots of the sample without Ru doping at a = 5,

10, 15, 20 K min-1 heating rates are given in Fig. 2, and at

a = 5 K min-1 heating rate, two exothermic peaks

appeared at 742.5 and 815 K. At this temperature region,

the first peak (Tp), occurred at exothermic events in

BSCCO system, corresponds to Bi-2201 phase formation.

The second peak between 815 and 854 K (depending on

the heating rate) can be due to the formation of low-tem-

perature impurity phases, such as Ca2PbO4 or CuO con-

tained impurity phases [26]. The third peak, occurred at

high heating rates in 850- to 900-K region, belongs to 2212

phase and consistent with the literature [27]. First and

second peak values for all samples are given in Table 1.

The slope of the line in ln[-ln(1 - b)] versus lna graph

(Fig. 3), plotted by using Ozawa equation (Eq. 3), gives the

Avrami parameter. The Avrami parameters, calculated for

doped and undoped samples via Ozawa equation, were

found approximately as 3 (Table 1). This result is the

indication of the volume nucleation and two-dimensional

growth for the samples. Ru–Bi partial substitution has no

effect on nucleation characteristics.

First crystallization temperature was obtained in the

range of 742.5 and 759.1 K for undoped Bi1.8-xRuxPb0.2-

Sr2CaCu2O10?d sample. Taking into account the

10-K min-1 heating rate given in Table 1, the peak tem-

peratures were determined as 752.8, 763.0 and 763.6 K for

x = 0.025, 0.050 and 0.075, respectively. When the Tp2

values were analyzed, a decrease in the temperature value

was observed with Ru doping with respect to the undoped

sample. Both cases indicate that low concentration Ru ions

in the structure have an active effect at the system.

Increasing Ru and decreasing Bi concentration, causing

an increase in 2201 peak temperature, were also observed

as independent of nucleation. The crystallization tempera-

ture shifted to high-temperature region when the heating

rate was increased from 5 to 20 K min-1. This is directly

related to the nucleation rate of the sample. For slow

heating rate, nucleation will increase in the sample, due to

the increase in energy storage time. In contrary to this, if

the heating rate is high, the energy required for nucleation

will pass very fast. Thus, nucleation cross section will be

reduced. This implies that energy needed for nucleation is

provided at higher temperatures.

The crystallized fraction value as a function of tem-

perature and time at 10 K min-1 heating rate is plotted in

Fig. 4. From this figure, the crystallization beginning–final

temperature rates were determined as 738.4–777.3,

754–777, 752.2–778 and 759.2–786 K for Ru0, Ru025,

Ru050 and Ru075 samples, respectively. Bi-2201 temper-

ature rates were found to be reduced for samples containing

Ru. By taking into account the constant heating rate

10 K min-1, the time for Bi-2201 was 3.69, 3.43, 2.78 and

2.91 min for Ru0, Ru025, Ru050 and Ru075 samples,

respectively. It is clearly seen that the time for nucleation

was reduced with increasing doping. This situation shows

us the increasing Ru concentration may reduce the amount

of nucleation. In Fig. 5, the crystallization rate as a func-

tion of temperature was given for Ru–Bi partial substituted

samples at 10 K min-1 heating rate. When the beginning

and ending values of the peaks are analyzed, it is seen that
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D
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 = 5 K min–1
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α 

α 

α

Fig. 2 DTA plots of Bi1.8Pb0.2Sr2CaCu2O10?d sample for various

heating rates
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temperature value increases with increasing Ru

concentration.

The activation energies for the first peak Bi-2201 of the

samples were calculated by using Kissinger, Augis–Ben-

nett and Takhor Models. Graphics and results by using

these models are given in Figs. 6–8 and Table 2.

Activation energies required for Bi-2201, calculated

with Kissinger, Augis–Bennett and Takhor models, are

consistent with the studies in the literature [27, 28]. Acti-

vation energy for undoped sample, calculated from the

slope of the line in Figs. 6–8 by using Eqs. (4)–(6) with the

help of three methods, was approximately 158 kJ mol-1

higher than that of Ru025 sample. In order for crystal-

lization, low-doped sample requires less energy by com-

paring to undoped sample. The activation energy values

were increased by doping. Accordingly, the difference in

activation energy values between the samples was reduced.

The reason for the low activation energy required for

nucleation can be related to high viscosity in the molten

and subsequent supercooled state. Furthermore, in the

Ru025 sample, having the lowest activation energy, crys-

tallization and viscous flow were easier than other samples.
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Fig. 3 ln[-ln(1 - b)] versus ln(a) graph for the samples, obtained

by Ozawa equation
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Fig. 4 Crystallized fraction as a function of temperature and time at

10 K min-1 for the samples

Table 1 The DTA results of the samples

Samples a/K min-1 Ts/K Tp1/K Tp2/K b Avrami parameter (n)

x = 0.00 5 731.0 742.5 815.0 0.935 3.452

10 738.0 750.2 820.0 0.399

15 740.0 755.2 828.0 0.105

20 743.1 759.1 835.0 0.019

x = 0.025 5 730.2 751.2 – 0.934 3.103

10 741.2 752.8 – 0.706

15 745.7 768.7 850.0 0.063

20 748.5 773.4 854.0 0.053

x = 0.050 5 746.1 753.8 – 0.992 3.633

10 753.6 763.0 – 0.367

15 756.0 771.0 840.5 0.096

20 758.9 773.3 847.1 0.030

x = 0.075 5 750.0 759.4 – 0.937 3.449

10 759.6 767.6 833.2 0.361

15 762.9 769.6 841.1 0.186

20 765.9 777.5 842.7 0.014
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The curves given in Fig. 9 represent the thermogravi-

metric (TG) plots of all samples at 10 K min-1 heating rate.

All data obtained from TG curves and calculation results by

using these data are listed in Table 3. It is obvious from

this table that the total mass gain was increased from

1.55 9 10-4 to 3.48 9 10-4 g with increasing Ru con-

centration at 10 K min-1 heating rate. This situation is the

735 742 749 756 763 770 777 784

0

4

8
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16

20
dχ

/d
t
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Fig. 5 Crystallized rate as a function of temperature at 10 K min-1

for all samples
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Fig. 6 Kissinger plots for the crystallization of the samples Ru0,

Ru025, Ru050 and Ru075
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Fig. 8 Augis–Bennett plots for the crystallization of the samples
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Fig. 9 TG plots of all samples under oxygen atmosphere at

10 K min-1 heating rate

Table 2 Activation energy of glass compositions

Samples Activation energy Ea/±0.1 kJ mol-1

Kissinger Augis–Bennett Takhor

Ru0 380.366 383.026 392.837

Ru025 222.732 225.476 235.369

Ru050 315.267 318.094 327.987

Ru075 371.968 374.878 384.772
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Fig. 7 Takhor plots for the crystallization of the samples Ru0,

Ru025, Ru050 and Ru075
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same for all heating rates, in general. Considering the total

mass gain (Dm) and temperature difference (DT) ratio, a

slight decrease was observed for Ru025 sample at all

heating rates, but an increase with increasing Ru concen-

tration. That is worth to say, low Ru doping and Bi defi-

ciency caused a certain reduction in the amount of

oxidation. When the relationship between the resulting

mass gain and the time of acquisition was examined, it may

be noted that the oxidation was faster on undoped sample,

but it was slowed down by increasing partial Ru–Bi sub-

stitution oxidation. For instance, the mass gain per unit of

time was 6.62 g s-1 for RuO sample at 10 K min-1, and

this value was increased to 8.91 g s-1 for Ru075 sample.

Since the obtained mass gain is directly related to oxida-

tion, the oxygen gain per temperature of the samples was

similarly calculated as 11.47 atom K-1 for Ru0 and

15.57 atom K-1 for Ru075. The obtained and calculated

values show similar behavior at all heating rates.

XRD analyses

XRD graphs belonging to samples Ru0, Ru025, Ru050 and

Ru075, prepared by using glass ceramic method and with

120 h of heat treatment at 845 �C, are given in Fig. 10.

Main phase was determined as Bi1.6Pb0.4Sr2CaCu2Ox (045-

0676-ICDD) from undoped Ru0 sample. According to this

figure, some of the XRD peaks are belonging to Bi-2212

(045-1058-ICDD), Bi-2201 (047-0737-ICDD) phases

observed in addition to the main structure, and some of

them are belonging to Sr3PbO (083-1866-ICDD), SrBi4O7

(046-0752-ICDD) and Ca6Sr8Cu24O41 (048-1502-ICDD)

impurity phases.

It was found that all the samples have tetragonal crystal

structure, and their calculated lattice parameters are given

in Table 4. As it can be seen from this table, a and c pa-

rameters of the samples were decreased with Ru doping.

Lattice parameter a was decreased from 5.40 to 5.38 Å,

and parameter c was decreased from 30.87 to 30.78 Å, and

in conjunction with these values, the related lattice
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Fig. 10 XRD patterns for all samples

Table 3 The average oxidation rates of sample for different heating rates

Heating

rate/

K min-1

Samples Total mass

gain Dm/

±0.1 9 10-6 g

Total mass gain per

temperature Dm/DT/

±0.1 9 10-6 g K-1

Total mass gain per

second Dm/DT/

±0.1 9 10-6 g s-1

Mass gain per unit oxygen

atom and temperature (Dm/

DT)�moxygen/atom K-1

Mass gain per unit oxygen

atom and temperature

(Dm/DT)�moxygen/atom s-1

5 Ru0 1.33 9 10-4 0.61 2.80 9.72 44.81

Ru025 1.50 9 10-4 0.62 2.84 9.89 45.81

Ru050 2.15 9 10-4 0.98 4.51 15.71 72.20

Ru075 2.00 9 10-4 0.89 4.07 14.20 65.08

10 Ru0 1.55 9 10-4 0.72 6.62 11.47 105.88

Ru025 1.62 9 10-4 0.52 4.74 8.28 75.90

Ru050 2.34 9 10-4 0.74 6.84 11.90 109.49

Ru075 3.48 9 10-4 0.97 8.91 15.57 142.64

15 Ru0 2.78 9 10-4 1.01 14.06 16.19 225.03

Ru025 2.02 9 10-4 0.79 11.01 12.71 176.20

Ru050 2.63 9 10-4 0.96 13.30 15.36 212.76

Ru075 2.75 9 10-4 0.81 11.17 12.92 178.64

20 Ru0 2.23 9 10-4 0.79 14.76 12.70 236.22

Ru025 1.53 9 10-4 0.59 11.01 9.49 176.20

Ru050 1.71 9 10-4 0.65 12.12 10.44 193.92

Ru075 2.33 9 10-4 0.77 14.22 12.25 227.59
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volumes increased from 900.619 Å for undoped sample to

892.350 Å for Ru075 sample.

SEM analyses

To investigate the surface morphology and grain orienta-

tions of the glass samples, JEOL 7000F SEM was used. As

it can be seen from SEM images in Fig. 11, grain sizes and

the porosity between grains were decreased with doping.

Although all samples were sintered at the same tempera-

ture, locally melting was observed for Ru075 sample. From

DTA curves, a decrease in the temperature of the crystal-

lization determined with the decreasing amount of doping.

This means that the resistance of the structure to temper-

ature decreased by doping. Namely, the crystallization was

decreased by the amount of doping. Hence, flaky-like and

needle grains occurred only at the undoped sample.

Increase in the amount of doping prevented the formation

of the needle-like structure.

Micromechanical characterization

Figure 12 shows the Vickers microhardness values as a

function of the applied load for the samples. According to

curves in this figure, it is understood that Vickers micro-

hardness values of the samples increase with decreasing Ru

doping and increase with the applied load. The micro-

hardness values reach to plateau limits at about 2 N for all

samples. According to the similar studies in the literature,

all microhardness values must reach to plateau limit [29–

32]. Beyond this limit, the load, applied to the surface of

the sample, does not cause any significant changes on

hardness. Reverse indentation size effect (RISE) behaviors

were seen for undoped and all Ru-doped samples according

to Fig. 12. Shortly, RISE behavior is defined as the

increase in microhardness with applied load [33, 34].

Whereas small effect of indenter for low load and vibration

effect, having a defective region in the crystal, energy loss

resulting from deformation around the trace formed during

(a) (b)

(c) (d)

Fig. 11 SEM micrographs for all samples. a Ru0, b Ru025, c Ru050, d Ru075

Table 4 Lattice parameters and volume values of the samples

Samples a = b/Å c/Å V = a 9 b 9 c

Ru0 5.401 30.874 900.619

Ru025 5.398 30.796 897.346

Ru050 5.375 30.902 892.778

Ru075 5.384 30.784 892.350
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indentation, cracks formed during indentation is among the

reasons for the RISE behavior, this phenomenon is not

fully elucidated.

E, Y and KIC values depending on the hardness of Ru0,

Ru025, Ru050 and Ru075 samples are given in Table 5. It

is an expected result that, like hardness values, these values

decrease with Ru addition. We can explain this as elastic

modulus, in other words rigidity, is the resistivity to elastic

deformation of a material. High elastic modulus means the

material is rigid or elastic unit deformation caused by stress

is small.

Conclusions

In this study, the effects of Ru–Bi partial substitutions on

thermal, microstructural and micromechanical properties of

Bi1.8-xRuxPb0.2Sr2CaCu2O10?d glass ceramics have been

investigated. Two crucial results obtained from DTA data.

First, crystallization peak temperatures of undoped sample

occur at lower temperatures than the other samples. On

account of this situation, Ru doping causes the crystal-

lization at higher temperature by reducing the thermal

activities of ions in the structure. The activation energies of

the samples for crystallization were calculated by using

Kissinger, Augis–Bennett and Takhor methods. Activation

energy was reduced for x = 0.025, and it was found to be

increased for higher doping values. Hence, it was deter-

mined that thermodynamically more unstable samples were

obtained with Ru doping. The most stable sample was the

undoped Bi1.8-xRuxPb0.2Sr2CaCu2O10?d sample. The

Avrami parameters, calculated via Ozawa equation for all

samples, were found approximately 3. This result is the

indication of volume nucleation and two-dimensional

growth. With Ru–Bi substitution, nucleation and crystal-

lization transition temperatures of the glass materials

shifted to higher temperatures and the nucleation time was

reduced. These results show that the number of nucleation

will decrease with Ru doping. Furthermore, with this study,

it is seen that Ru doping has also an effect on oxidation

increase. Mechanical characterization of the samples was

obtained by Vickers microhardness test method. Micro-

hardness increased with increasing applied load for all

samples, and RISE behavior was observed. Furthermore,

microhardness decreased with increasing Ru doping;

accordingly, elastic modulus, yield strength and fracture

toughness values decreased.
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