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Abstract

In this study, effect of substitution ratio on the mechanical and structural properties of Bi,;_,Ru,Pb, ,Sr,CaCu,0,,5 system,
that is prepared in the ratios of x=0.0, 0.025, 0.050, 0.075, is investigated. Samples are prepared with glass ceramic method
and sintered at 845 °C. XRD and SEM measurements are performed for structural analyses, and Vickers micro-hardness
measurements are carried out at different applied load (0.245 <F<2.940 N) in order to investigate the mechanical perfor-
mance of the Ru doped Bi,_,Ru, Pb ,Sr,CaCu,0,,, s System. Experimental results of Vickers micro-hardness analyses are
performed using the Meyer’s law, the proportional samples resistance model, the elastic/plastic deformation model, the
Hays—Kendall approach and the indentation induced cracking (IIC) model. All analyses results are exhibited reverse inden-
tation size effect behavior. The measured hardness values increase with increasing the applied load. Finally, IIC model is
determined as the most successful model describing the mechanical properties of our samples.

1 Introduction

Glass ceramics are polycrystalline materials, produced from
crystallization of specially compound glasses which are suit-
able for crystallization. Crystallization is provided with an
appropriate and careful heat treatment program allowing
the nucleation and growth of crystalline phase in the glass.
As the grain size of the crystallized phase may be several
pm, production of submicron size is also possible. The
main effect, in improving the mechanical properties of glass
ceramics such as, fracture toughness, impact resistance,
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abrasion, is the small grain size of collapsed crystals in the
main glass [1-4].

Glass—ceramic materials generally are more resistant
and have lower density than some metals against chemical
effects and corrosion at high temperatures [4]. Neverthe-
less conventional ceramic materials have low toughness and
ductility (fragile and brittle). So the usage areas and aims
of these materials are limited. To improve these limitations,
the mechanical and micro-structure properties of ceramic
materials should be developed. The most important group
among advanced technology ceramics is the glass ceramic
material that is used instead of metals in industrial applica-
tions by improving mechanical properties [5—15]. Therefore,
it is believed that the investigation of mechanical characteri-
zations as well as the microstructure analyses of the glass
ceramic material produced will provide important contribu-
tion to the literature [16].

To perform the microhardness measurements, there are
different methods such as Brinell, Knoop, Rockwell and
Vickers microhardness test methods. In this study, Vickers
microhardness test method, the most common method, is
used to determine of mechanical characterization [17, 18].
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2 Experimental details

In the Bi, 3_,Ru,Pb,,Sr,CaCu,0,y,s (x=0.0, 0.025,
0.050, 0.075) glass—ceramic structure, high purity Bi,O;,
PbO, SrCO;, CaO, RuO, and CuO powders (Alfa Aesar)
are weighed in appropriate stoichiometric proportions.
Three grams of powder are prepared for each rate of con-
tribution. For example, 0.075 g Ru and 2.925 g Bi,0; pow-
der for 0.025% Ru doped; 0.150 g Ru and 2.850 g of Bi,O4
powder were used for 0.050% Ru doped; 0.225 g Ru and
2.775 g of Bi,0; powder were used for 0.075% Ru doped.
All bulk samples are named as RuO (undoped sample),
Ru025 (0.025% Ru doped), Ru050 (0.050% Ru doped) and
Ru075 (0.075% Ru) in other sections.

Chemical powders are mixed by grinding in the agate
mortar for about 4 h. The obtained mixture is placed into
the furnace in alumina crucibles, and heated up to 1150 °C
from the room temperature by heating rate of 10 °C/min.
The mixture is annealed for 1.5 h at this temperature. The
melting material is poured between two cooled copper
plates. As a result of this process, about 1-2 mm thick
black glass is obtained. The obtained samples are sintered
at 845 °C for 120 h under oxygen flow into the tube fur-
nace from room temperature with rate of 10 °C/min. As a
result of this process ceramic samples are obtained.

The determination of the crystal structure and lattice
parameters belonging to the samples studied in this work
is carried out by a Bruker D8 Advance model diffrac-
tometer with CuK, radiation (A=1.5418 A) in the range
20=5°-60° at a scan speed of 1.2°/min and a step incre-
ment of 0.08° at room temperature. SEM analyses are
performed in order to investigate the surface morphology
of samples by using a JEOL JSM-7000F model scanning
electron microscope. Vickers microhardness measure-
ments are made on the sample surfaces at the room tem-
perature to investigate the effect of Ru addition on the
mechanical properties using a digital microharness tester
(SHIMADZU). The load is applied for 10 s and changed
in the range 0.245-2.940 N.

3 Results and discussion
3.1 XRD measurements

The XRD patterns of the Ru0, Ru025, Ru050 and Ru075
samples prepared using the glass ceramic method at
845 °C for 120 h under oxygen flow are given in Fig. 1.
When the Ru0 sample is analyzed by XRD, it is deter-
mined that the main phase is Bi, (Pb, ,Sr,CaCu,0, (045-
0676-1CDD). The XRD peaks show that there are many
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Fig. 1 XRD patterns of all samples

Table 1 a, b and ¢ parameters and volume fracture values of all sam-
ples

Samples a=b (A) c (A) V=a*b*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

phases such as Bi-2212 (045-1058-1CDD), Bi-2201 (047-
0737-ICDD) phases seperated from main structure and
S1;PbO (083-1866-1CDD), SrBi, O, (046-0752-ICDD) and
CaySrgCu,, 0,4, (048-1502-ICDD) impurity phases.

As the amount of doping increases, the sample shifts
from the low temperature phase (% V2212) to the very low
temperature phase (% V2201). But the dominant phase
is the low temperature phase (% V2212). Furthermore,
no secondary phase containing Ru or any other cation is
observed even up to x=0.075, showing that the Ru atoms
are successfully introduced to the microstructure of the
Bi-2212 phase.

Furthermore, lattice parameters a and c¢ of all samples
are calculated and given in the Table 1. All samples pre-
pared have tetragonal crystal structure. As seen from the
table, a and ¢ parameters of the samples decrease with
increasing the doping. a parameter decreases to 5.38 from
5.40 A and ¢ parameter decreases to 30.78 from 30.87 A.
While the lattice volume is 900.619 A for undoped sample,
this value decrease to 892.350 A for Ru075 sample.
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3.2 SEM measurements

Surface morphology of the samples, prepared with glass
ceramic method, is performed by JEOL JSM-7000F scan-
ning electron microscopy. From the SEM images (Fig. 2),
it is observed that grain sizes decrease with increasing
Ru doping. Although samples are annealed at the same
temperature, melting is observed in Ru075 samples. This
means that increasing of doping is decreased resistance
of structure. It is observed that the crystallization of the
sample decreases depending on the doping rate. As a
result of this, plate and needle like structures occur only
in the undoped sample (Ru0). Increasing the doping rate
prevents the formation of acicular structure.

L

10pm WD 100mm

10gam WD 96mm

(b) Ru025

Fig.2 SEM micrographs of all samples

3.3 Vickers microhardness measurements

Microhardness measurements are carried using digital
microhardness tester to determine the effect of Ru doping
on the mechanical properties of Bi; g_ Ru,Pb, ,Sr,CaCu,0,
(x=0.0, 0.025, 0.050, 0.075) system at room temperature.

In this study, no polishing or mechanical process has been
done before indentation. Measurements are taken from the
untreated sample surface. Microhardness values are deter-
mined with an average of seven readings at different parts
of the sample surfaces making sure that the indentations do
not overlap.

The applied load (F) is changed between 0.245 and
2.940 N and applied on the surface of samples for 10 s. The
load dependent microhardness (H,), elastic modulus (E),
yield strength (Y), fracture toughness (K;¢) values are cal-
culated using Eq. (3—6) and given in the Table 1. In addition,

(d) Ru075
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3.5 - - —— Table2 H,, E, Y and K, load-dependent values of samples
a0 " Samples F(N) H,(GPa) E(GPa) Y(GPa) Kic (Pa/m'?)
Ru0 0.245 2.14 175.402 0.713 —242.114
2.5+ 0.490 2.543 208.433  0.848 —263.931
_ i e-mTTTTIToe 0980 3152 258349 1051  —293.836
g 27 e A 1960  3.421 280397 1140 —306.120
;> 15 < /"‘ i ,/‘/':,./ --- 2.940 3.464 283.922  1.155 —308.042
’ Py te Ru025 0.245 0.782 64.095 0.261 —223.047
o . / LT . mn 0490 1.106 90.652 0369  —265.254
| o3 o RU025 0980 1.512 123.929 0504  —310.145
os] &7 A Eﬁggg 1.960  2.182 178.844 0.727  —372.585
I— B 2940  2.195 179910 0732 —373.697
00 05 10 15 20 25 30 Ru050  0.245 0.583 47785 0.194  —222.013
F(N) 0490 0.925 75.816 0308  —279.660
0.980 1.360 111.470 0.453 —339.101
Fig. 3 Variations of microhardness with applied load for the samples 1.960 1.973 161.714 0.658 —408.436
2.940 2.08 170.484 0.693 —419.368
the optical trace photos of the indentations for each sample ~ Ru075 0245 0.477 39.097 0159 —189.631
under 2.940 N load are shown in Fig. 3. 0.490  0.826 67.702 0275 —249.539
H, hardness is determined by F/A ratio. Here, F is applied 0.980  1.263 103.520 0421 —308.577
load on the surface of material and A is surface area in terms 1.960 1752 143.600  0.584  —363.428
2.940 1.769 144.993  0.590 —365.184

of micrometers square [18-21]. A can be calculated by the
following formula:

P
= 2sin(136°/2) M
d2
~ 1854.4 )

In this study, Vickers microhardness test method is used
for hardness measurements. The pyramid-shaped indentation
tip is used in the measurements. The apex angle of pyramid
made from diamond is a=136° (Table 2).

The Vickers microhardness values (H,) of different
applied loads in the range of 0.245-2.940 N for a peak-load
time of 10 s, were calculated by using Eq. 3. The Vickers
microhardness values were calculated with an average of 7
readings.

H,=F/Ax 1854.4d—F2 3)

E=2819635H, 4)

Here, the constant 81.9635 in Eq. 4 is a constant used for
the elastic modulus calculations of ceramic materials in the
literature [18, 19].

Y~ =2
3 )

Yield strength (Y) is the indication of maximum stress
that can be developed in a material without causing plastic
deformation and can be calculated by using Eq. (5) [20, 21].

@ Springer

Yield strength is very important for engineering structural
design. For example, when designing a device, it must sup-
port the applied load, and the material must not deform plas-
tically. Therefore, a material with sufficient yield strength
should be selected.

K,.=+/2Ey (6)

y (gamma) is the surface energy of crack which is
obtained from intercept of the lines in F/d—d graph.

It can be seen from Fig. 3 that the microhardness values
increase with increasing applied load. This result indicates
that all materials exhibit reverse indentation size effect
(RISE) behavior. In addition, the microhardness values
decrease with increasing Ru doping. Also, E, Y and K.
values, that are important as microhardness in mechanical
characterization of the materials, increase with increasing
the applied load. Microhardness, E, Y and K values depend
on the applied load as in literature studies [16, 17, 22-24].

3.4 Analyses and modelling of microhardness
3.4.1 Meyer’s law
Meyer’ s law, used to explain behavior of materials (ISE/

RISE) with applied load, is a hardness analysing method. It
is given by Eq. (5)

F = Ad™ 7
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Fig.4 Variation of applied load InF with diagonal length Ind for the
samples

Table 3 Best-fit results of experimental data according to Meyer’s
law

Samples ng InA g (GPa) Hy (GPa)

Ru0 2.49 —8.047 3.421-3.464
Ru025 3.50 —12.483 2.182-2.195
Ru050 4.11 —14.941 1.973-2.080
Ru075 4.08 —15.126 1.752-1.769

here A is a load independent constant and n, is the Meyer
number, which is a measure of ISE or RISE behaviour. If
value of n, is > 2, RISE behaviour is observed, if <2, ISE
behaviour is observed [25-27].

The slope of InF-Ind graph (Fig. 4) gives the value of n;,
and we can see that, it is > 2 for all samples. It is confirmed
that the microhardness increases with applied load and the
material exhibits RISE behaviour (Table 3). In addition, as
noted in the literature, materials are classified as hard or
sorf materials. If value of n, is between 1 and 1.6, mate-
rial is hard; if n, > 1.6, material is soft [28]. According to
the obtained results, the produced glass ceramic samples
are soft materials. Also, it is shown in the literature that
microhardness of glass decreases with lead doping [29]. The
BSCCO (Bi—Sr—Ca—Cu—-0O) material, used in the production
of wire and strip, is known as a soft material because of this
property. In this study, the value of n; is >1.6. So, we can
say that, obtained results are consistent with the literature.

3.4.2 PSR model

Proportional samples resistance (PSR) model is developed
by Li and Bradt [5] to analyse the indentation size effect
(ISE) behavior. This model is expressed by,

15 20 25 30 35 40 45 50 55 60

Fig.5 Plot of F/d versus d for the samples

Table 4 Best-fit result of experimental data according to PSR model

Samples y x1073(N/  ex107*(N/  Hpgz (GPa) Hy (GPa)
pm) um?)

Ru0 —-16.71 232 4302 3.421-3.464

Ru025 —38.81 20.00 3.708 2.182-2.195

Ru050  —45.47 19.64 3.642 1.973-2.080

Ru075  —45.99 18.4 3.412 1.752-1.769

F =yd + ed* (8)

€ is determined from the slope of F/d—d graph (Fig. 5)
[30, 31] and this value is used to calculate the true hard-
ness value. According to the PSR model, load independent
microhardness is calculated by Eq. (9).

Hpg, = 1854.4 ¢ ©)

The resulting data are summarized in Table 4. As can
be seen from this table, the values of y are negative, an
expected result for materials that exhibit RISE behav-
iour. This situation confirms that only plastic deforma-
tions occur in these samples which shows RISE behavior.
There is no elastic deformation. Also, plateau values of
samples are far from microhardness values calculated by
PSR model [32, 33]. Therefore, PSR model is insufficient
to determine the exact hardness values of the materials.
The load-independent elastic modulus (E,), yield strength
(Y,) and fracture toughness (K;.) values are calculated as
well as load independent hardness value (Hpgg) and given
Table 5. In addition, it can be seen that E  and Y values
decrease with increasing the Ru doping (Fig. 6).

Fracture toughness is one of the basic mechanical prop-
erties of ceramic samples. It is an important parameter
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Table 5 Calculated load-independent H,, E,, Y, and K, for the sam-
ples

Samples H,(GPa) E,(GPa) Y,(GPa) K- (Pa/ Hy, (GPa)
m'?2)
Ru0 4.302 352.607 1.434 —343.177 3.421-3.464
Ru025  3.708 303.920 1.236 —485.636  2.182-2.195
Ru050  3.642 298.510 1.214 —521.018 1.973-2.080
Ru075 3.412 279.659 1.137 —-506.682  1.752-1.769
1,45 T T T
[ ] ® Ru
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A Ru075
1,35 - -
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Ru Concentration (%)

Fig.6 Variations of load independent a Y, and b E, values with Ru
concentration for the samples

for the determination of materials that will be used in
technological applications. With the increase of the Ru
concentration in the BSCCO system, the K; value tends
to increase significantly due to the increment of the sur-
face energy y. Thus, it can be concluded that, the Ru addi-
tion improves the mechanical properties of the BSCCO

@ Springer
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Fig.7 Plots of square root applied loads versus diagonal length for
the samples

Table 6 Best-fit results of experimental data according to EPD model

Samples A2 (N/um®)  d, (um) Hgpp (GPa)  Hy (GPa)

Ru0 0.0489 —021  4.434 3.421-3.464
Ru025  0.0488 —0.68  4.416 2.182-2.195
Ru050  0.0533 -096 5268 1.973-2.080
Ru075  0.0489 —0.92  4.434 1.752-1.769

superconducting system. The negative K- and y values
indicates that the material shows RISE behavior. K, and
y values are positive in materials exhibiting ISE behavior
[34, 35].

3.4.3 Elastic/plastic deformation model

According to Bull et al. [36, 37] the correlation between
applied load and indentation size is given by,

F=A,d,+d,)’ (10)

here d, and dp are indentation size values (Fig. 7), that are
formed with elastic and plastic deformation, respectively. In
this model, values of the load independent microhardness
are calculated by,

Hppp = 18544 A, 11D

As can be seen from Table 6, values of d, are negative for
undoped and Ru doped samples. There is only plastic defor-
mation for all samples. Elastic deformation is not observed.
Microhardness values, calculated by elastic/plastic deforma-
tion (EPD) model, are far from plateau region where micro-
hardness is not changed with applied load. As a result, it is
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Fig.8 Applied load versus the square of the impression semi-diago-
nal length for the samples

Table 7 Best-fit results of experimental data according to HK model

Samples A x107 Wy (N)  Hyi (GPa)  Hy (GPa)

Ru0 2.0 —-0.19 3.708 3.421-3.464
Ru025 1.4 —-0.66 2.725 2.182-2.195
Ru050 1.5 —-0.95 2.781 1.973-2.080
Ru075 1.2 —-0.88 2.355 1.752-1.769

clearly observed that the EPD model is not useful to deter-
mine the microhardness of the samples.

3.4.3.1 Hays—Kendall approach Hays and Kendall sug-
gested that minimum load value (W) can create permanent
deformation in a sample. If the applied load does not exceed
this resistance, permanent deformation does not occur and
only elastic deformation occurs [38].

F—=Wyg = AIHKd2 (12)
here Ay is an independent constant from the applied load.
W, and A, values are calculated from F — d? graph
(Fig. 8). In this model, load independent microhardness
values are calculated by using Eq. 13.

Hyp = 18544 Ay (13)

In Table 7, the values of Wy, A,y and Hyy values
are given. The values of W are negative for all samples.
Microhardness values, that are calculated according to the
Hays—Kendall (HK) model, are outside the plateau region.
Therefore, this model is not sufficient for determination
of the hardness. Until now, among the applied models for
samples showing the RISE behavior, microhardness values
can not be reached to the plateau region. Finally, indenta-
tion induced cracking (IIC) model, that is developed for

samples showing RISE behaviour in the literature, is used
to analyse the mechanical properties of undoped and Ru
doped samples.

In RISE behavior, hardness of the samples increases
with applied loads. Although observing this behavior in
various samples, the reason still not fully explained. There
are different approaches in the literature. It is expressed
that metallic samples can be hardener during the loading
and there may occur some cracks in fragile samples dur-
ing the loading of the indenter. According to Feltham and
Banerjee; this behavior is related to energy loss due to
some comminutions occurred around the indenter [39].
Because the slit in the sample causes the formation of a
smaller size and thus higher microhardness values can be
obtained with applying load during the indentation process
[40-42].

3.4.3.2 Indentation-induced cracking (IIC) model IIC
model is developed to explain the RISE behavior in the
samples [43]. According to the model, the applied test
load is offset by the total resistance of the sample at maxi-
mum depth. This resistance consists from four compo-
nents: (1) shift of sample or indenter at the interfaces, (2)
elastic deformation, (3) plastic deformation and (4) cracks
in sample.

According to this model, while the friction and elastic
effects led to normal ISE behavior, indentation cracks led
to RISE behavior. Li and Bradt reported the importance of
the elastic and frictional effects in the PSR model.

Eqn. 14 is directly related with true microhardness for
materials showing RISE behavior. Indentation-induced
specimen cracking model is the most suitable model for
understanding the mechanical properties of materials
showing RISE behavior. Determining the precise inden-
tation depth, h, is very important while applying load on
the surface of the material. Microhardness can also be cal-
culated with using indentation size and h values depend-
ing on d in this model. Namely, indentation depth (h) is
directly related with the indentation size after load remove.
A part of elastic strain energy in the sample releases with
the formation of indentation cracking. Consequently, elas-
tic recovery reduces. Furthermore, cracks usually occurs at
high loads where the elastic contribution is not significant
[44]. The hardness value in this model can be expressed
as [45]

5
F Fs
H, =AIK](E)+K2(;> (14)

here d is the trace’s diameter and 4,, K| and K, are constants.
While, K, value is dependent on the applied load, K value is
dependent on the geometry of the indenter. While, H, =K

@ Springer
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Table 8 Best-fit results of experimental data according to IIC model

Samples m Kx10* Hyc (GPa)  Hy (GPa)
(N(3-5 my/3;
Hm(2—3 m))
Ru0 0436  0.0102 3.458 3.421-3.464
Ru025 0.534  0.0333 2.158 2.182-2.195
Ru050 0.552 0.0414 1.952 1.973-2.080
Ru075 0.556  0.0434 1.886 1.752-1.769

(Fld*), ;=1 and K, (F*"*/d®)=0 for ideal plastic materi-
als, H,=K, (F*"/d®) and A, =0 for ideal brittle solids. If the
investigated material is a brittle material only second part
of the equation is used,

é m
u :K<£>
v d3

Values of K and m are load independent constants and
are obtained from the In(Hv)—In(F5/3/d3) graph (Fig. 9).
m is used to determine the ISE or the RISE behaviors. If

s)

if m < 0.6 the material shows RISE behavior [46]. These
values are given in the Table 8. According to the microhard-
ness results, we can conclude that, IIC model gives the most
appropriate results for Bi;_,Ru,Pb,,Sr,CaCu,0,,s samples
(Table 9).

In addition, Fig. 9 shows the results of the application of
the IIC model to the data from the four different samples
shown in Fig. 3. Despite the significant differences in micro-
hardness values, as well as the varying trends of applied
load, it is seen that all of the results fall on a single curve.
This confirms that the RISE is directly associated with the
indentation-induced specimen cracking. It is confirmed that
the RISE occurs because of IIC [44, 47].

4 Conclusion

In this study, the effects of Ru doping on the micro-
mechanical and microstructural properties of
Bi, 3_,Ru,Pb,,Sr,CaCu,0, (x=0.0, 0.025, 0.050, 0.075)
system are investigated. Obtained results are listed below.

1. Tt is shown from XRD analyses that, the main phase
is Bi; ¢Pb, 4S1,CaCu,0, (045-0676-ICDD) for the
undoped sample. When XRD patterns are investigated,
it is shown that there are many phases such as Bi-2212
(045-1058-1CDD), Bi-2201 (047-0737-ICDD) phases
seperated from main structure and Sr;PbO (083-1866-
ICDD), SrBi,O; (046-0752-ICDD) and CagSrgCu,,Oy;
(048-1502-1CDD) impurity phases.

2. All samples have tetragonal structure. Lattice parameters
a and ¢ generally decrease with doping.

3. A reduction is observed in the crystallinity of the sam-
ple by SEM analyses. As a result, plate and needle-like
structure occurs in only undoped sample. The increase
in Ru doping does not affect the formation of needle-like
structures.

4. The microhardness tests of produced samples are ana-
lyzed using Vickers microhardness method. According
to the microhardness results, it is found that microhar-
ness depend on applied load. All samples exhibit RISE

m > 0.6 the material shows a normal ISE behavior, however behavior.

Ifi::z:?s rz?ciéﬁiféizg?ﬁgés Samples Hpgg (GPa) Hgpp (GPa) Hyg (GPa) Hyc (Gpa) EYafjla)

fit the plateau region and load- region)

independent hardness values

calculated using PSR, EPD, HK Ry 4302 4.434 3.708 3.458 3.421-3.464

and I1C models Ru025 3.708 4416 2725 2.158 2.182-2.195
Ru050 4.024 5.268 2.781 1.952 1.973-2.080
Ru075 3.412 4434 2.355 1.886 1.752-1.769
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Values of Vickers microhardness increase with increas-
ing the applied load. Values of E, Y and K parameter
values increase with increasing the hardness. At the
same time, values of Vickers microhardness, elastic
modulus and yield strength decrease with Ru doping.
Experimental results of Vickers micro-hardness are ana-
lyzed by using the Meyer’s law, the PSR model, the EPD
model, the HK approach and the IIC model in literature.
All results supports the RISE behavior. The microhard-
ness values increase with increasing the applied load.
Finally, IIC model is determined as the most successful
model for describing the mechanical properties of our
samples.

In this study, effect of Ru substitution ratio on the

mechanical and structural properties of BSCCO system,
that is prepared in the ratios of x=0.0, 0.025, 0.050, 0.075,
is investigated. Samples are prepared with glass ceramic
method. In our future study, we will prepared this samples
using solid state reaction and sol—gel methods. And materi-
als, prepared these methods, will be compared in terms of
structural, electrical and mechanical properties. Our aim is
find the optimum method of material production. Especially,
mechanical characterizations are very important for indus-
trial applications.
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