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Abstract Cug sTlysBayCay_Pr,Cu3Oj0_s superconduct-
ing samples, with 0 < x < 0.15, were prepared by a single-
step solid state reaction on a form of rectangular bar. The
prepared samples were characterized using X-ray pow-
der diffraction (XRD) and scanning electron microscope
(SEM). The room temperature Vickers microhardness was
measured at different loads (0.25-3 N). The experimental
results were analyzed using Meyer’s law, Hays—Kendall
approach, elastic/plastic deformation model, proportional
specimen resistance model, and the indentation-induced
cracking (IIC) model. Surprising results were obtained and
showed that all samples in the form of rectangular bars ex-
hibited reverse indentation size effect in contrary with those
in the form of discs. Vickers microhardness values were
decreased as Pr-content increased that consisting with the
porosity results. Furthermore, the Young’s modulus was de-
termined using the dynamic resonance technique. A relation
between Young’s modulus (E) and Vickers microhardness
(Hvy) was obtained.
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1 Introduction

Mechanical properties of high-temperature superconduc-
tors, HTSCs, are intimately connected with their physical
properties. They determine the performance of devices pre-
pared from it. Consequently, it is important for assessing the
mechanical properties of HTSCs. Among the various exper-
imental techniques, for determining the mechanical proper-
ties, microhardness testing is frequently used to assess the
mechanical properties of solids in the form of bulk samples
and thin films.

Vickers microhardness test is one of the convenient
methods to estimate the mechanical properties of mate-
rials. Vickers microhardness test was applied to different
kind of materials (superconductors, ceramics, semiconduc-
tors, thin films, polymers and alloys) [1-7]. Terzioglu et
al. [8] investigated the effect of annealing temperature on
the mechanical properties of MgB, superconductor. They
found that the Vickers microhardness of these samples
was dependent on the annealing temperature and the ap-
plied load. The maximum Vickers microhardness (Hy)
of 3.824 GPa was obtained at annealing temperature of
850°C and load 0.245 N. Kolemen et al. [3] studied the
effect of Sm-substitution on the Vickers microhardness
of B11_6Pb0_4Sr2Ca2_xSmeugolo_g with x = 0.0, 0.001,
0.005 and 0.1. They showed that Kick’s law failed to ex-
plain the variation in the Vickers microhardness with ap-
plied load. Whereas the modified proportional specimen re-
sistance (PSR) model was more suitable than Hays—Kendall
approach to estimate the load independent Vickers micro-
hardness of these samples for loads greater than 1.0 N.
Cetinkara et al. [9] studied the influence of cooling rate
on the mechanical properties of Bij gPbg.4SrpCazCuzOq9—s
superconductor. They found that the mechanical properties
of the prepared samples were dependent on the load and
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the cooling rate. The effect of Gd-addition on the mechani-
cal properties of Bij gPbg 35 Srq.9Caj 1Cu3Gd,O19—s, with
0 < x < 0.4, was studied by Aydin et al. [10]. The results
showed that Gd-addition degraded the mechanical proper-
ties due to increase in voids, an impurity phase, and resis-
tance to crack propagation. Leenders et al. [11] investigated
the influence of thermal cycling on the mechanical proper-
ties of vertical gradient freeze (VGF) melt-textured YBCO.
They showed that the Vickers microhardness was found to
be load dependent. On the other hand, the thermal cycling
changed the measured Vickers microhardness but did not af-
fect the true Vickers microhardness. Mohammed et al. [12]
studied the effect of nano-SnO, addition on the mechan-
ical properties of (Cugs5Tlp5)-1223. Their results showed
that the samples had normal indentation effect. Moreover,
the addition of nano-SnO; resulted in an increase of Vick-
ers microhardness and Young’s modulus. The comparison
between the effect of nano-SnO; and nano-In,O3 addi-
tion on (Cug 5Tl 5)-1223 was studied by Mohamed et al.
[13]. The results showed that the addition of nano-SnO;
up to x = 1 wt.% improved the mechanical properties of
(Cug5Tlg 5)-1223, while only low addition of nano-In,O3,
x = 0.1 wt.%, enhanced the microhardness of the phase.
Furthermore, the values of Young’s modulus, yield strength,
fracture toughness and brittleness index for (Cug5Tlp5)-
1223 added by nano-SnO, were found to be much higher
than those for (Cug 5Tlg 5)-1223 added by nano-In,O3.

The determination of Young’s modulus of different types
of HTSCs was done by many authors [11, 14-19]. Most of
them used an empirical formula [20] to estimate Young’s
modulus from the Vickers microhardness. This formula was
based on the measurements of Biy_,Pb,SroCar,Cu3zOig_s
superconductors [20]. In this work, we try to obtain the
best fit relation between Vickers microhardness and Young’s
modulus for (Cug sTly5)-1223 system. For this purpose, su-
perconducting samples of type Cug 5Tl sBayCay_, Pry
with 0 < x < 0.15, were prepared by a single-step solid state
reaction technique and characterized by EDX and SEM.
Furthermore, the Vickers microhardness and Young’s modu-
lus were measured at room temperature using Vickers tester
and dynamic resonance technique, respectively.

2 Experimental Technique

Superconducting samples of the nominal compositions
Cuo,5Tlo,5Ba2Ca2_xPrx Cu3010_5, with x = 0.00, 0.025,
0.05, 0.075, 0.10 and 0.15,were prepared by a single-step
solid state reaction technique. High purity starting oxides of
T1,03, BaO,, CaO, PrgO11, and CuO taken in stoichiomet-
ric ratios 0.6:2:2-x: x: 3.5 were grind in agate mortar and
sifted twice by a 65 um sieve. The powder was pressed, to
a pressure of 15 Tons/inch? using a hydrostatic press, on
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form of rectangular bar of dimensions 5 x 0.3 x 0.2 cm?.
The samples were then wrapped in a silver foil to minimize
the thallium losses during the sintering process. The sam-
ples were heated in a sealed quartz tube (2 cm diameter and
12 cm long) at a rate of 4 °C/min up to 760 °C, followed
by heating rate of 2 °C/min up to 850 °C, and held at this
temperature for 5 hours. At the end of this step, the sam-
ples were slowly cooled to room temperature by a rate of
2°C/min.

The samples were characterized by X-ray powder diffrac-
tion (XRD) qsing Shimadzu-7000 with Cu K, -radiation
(A = 1.5418 A) in the range 3° < 26 < 70°. The grain size
and microstructure morphology of the samples were iden-
tified using Jeol scanning electron microscope JSM-5300,
operated at 25 kV, with a resolution power of 4 nm. Vickers
microhardness measurements of the studied samples were
performed in atmospheric air using a digital Vickers micro-
hardness tester FM-7 at room temperature. The applied load
was varied from 0.25 to 3 N for a loading time of 10 sec-
onds, and the diagonals of indentation were measured with
an accuracy of £0.1 um. An average value of the Vickers
microhardness, for each load, was calculated by taking five
readings at different locations on the specimen surface. The
Vickers microhardness is calculated from the relation [11]:

F
Hy = 1854.4ﬁ GPa, €))
where F is the applied load in Newton (N), and d is the
diagonal length in um.

The Young’s modulus of some selected samples were
measured at room temperature using a hand made appa-
ratus based on dynamic resonance technique as shown in
Fig. 1. Determination of Young’s modulus (E) by the dy-
namic method is based on measurement of the density, ge-
ometrical dimensions, and frequency of natural oscillations

Cu3010_€f0) of bar specimens. In the presence of longitudinal oscil-

lations of a bar specimen with a constant right-angled cross
section with free ends, the Young’s modulus is determined
from the relation [21-23]:

38.32pL% f2
E=——p—" 0. 2)

where p, L, and ¢ are the density, length, and thickness of
the measured sample, respectively.

3 Results and Discussion

3.1 Sample Characterization

X-ray diffraction patterns for CugsTlps5BarCasr—_,Pry
Cu3019—s samples, with 0.0 < x < (.15 are shown in Fig. 2.
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Table 1 The volume fractions " "
of (Cug 5Tlo 5)-1223, X (Cug 5Tl 5)-1223 % (Cug5Tly5)-1212 % BaCuO, % a(A) c(A)
(Cup5Tlp5)-1212, and BaCuO
as well as the lattice parameters 0 86.2 6.2 7.6 3.850 (8) 15.905 (4)
a and c estimated from XRD for 0,025 89 3.7 7.3 3.849 (1) 15.938 (5)
CupsTlosBasCar . PriCusOr05 g5 g48 8.7 6.5 3.848 (6) 15.964 (8)
with Pr-content
0.075 81.6 10.9 7.5 3.847 (3) 16.025 (2)
0.1 76.8 15 8.2 3.845 (8) 16.106 (5)
0.15 63.5 25.3 11.2 3.844 (1) 16.255 (5)

Most of the diffraction peaks are well indexed by a tetrago-
nal structure with the space group P4/mmm, indicating that
the dominant phase in all prepared samples is (Cug5Tlp 5)-
1223. In addition, few weak diffraction peaks corresponds to
(Cug.5Tlp 5)-1212 phase, typically found in the (Cug s5Tlg 5)-
1223 phase prepared by solid-state reaction technique due
to its low formation temperature [24]. Also, few small peaks
of the nonsuperconducting BaCuO, phase are indexed. The
volume fractions of these phases are calculated and listed
in Table 1. The volume fraction of (Cug 5Tlg 5)-1223 phase
increases as Pr-content increases up to x = 0.025, then it
decreases as Pr-content increases. This means that low-
content of Pr stabilizes the (Cug sTly5)-1223 phase, while
the high-content reduces the formation of the (Cug 5Tlg 5)-
1223 phase and enhances the formation of the (Cug sTlp 5)-
1212 phase.

The lattice parameters a and c, for all prepared samples,
were calculated by least square method from the knowledge
of the Miller indices (hkl) and the interplanar distance d.
The calculated values are listed in Table 1. A systematic in-
crease in the lattice parameter c is observed with increasing
of Pr-content in the final compound, while a decrease in the
lattice parameter a is noticed. This behavior is expected be-
cause the ionic radius of Pr3* ion (1.13 A) is slightly larger

than that of Ca®t ion (1.12 A). This is a direct evidence for
increasing the bond lengths and decreasing the interplane
couplings.

SEM micrographs for Cug5Tlg5BayCa;CuzOqp—s,
Cuyg.5Tlp sBaxCay.975Prp.025Cu3010_s, and CugsTlpsBas
Caj g5Prp.15Cu3019_s are shown in Figs. 3a, b, and c, re-
spectively. The images for x = 0.0 and 0.025 show more
regular plate-like grains and less irregular or spherical grains
than that for x = 0.15. The regular plate-like grains indicate
the presence of (Cug 5Tlp 5)-1223 phase, whereas the irreg-
ular shaped and spherical grains represent impurity phases
such as (Cug5Tlp5)-1212 and BaCuO», respectively. It is
observed that the number of irregular shaped and spherical
grains decrease in the sample with x = 0.025, indicating that
this sample is of the highest volume fraction of (Cug 5Tlp 5)-
1223 phase. Although the grain size looks larger for x = 0.0
than that for x = 0.025, the volume fraction is larger for
smaller grain size. The increase in the number of irregular
shaped and spherical grains for x = 0.15 samples indicates
the lower volume fraction of this sample. These results are
consistent with those obtained from X-ray data which show
that the sample with x = 0.025 has the highest volume frac-
tion of (Cug 5Tl 5)-1223 phase.
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Fig. 2 XRD patterns for Cugs5TlgsBaxCay_,PryCuzOjo_s, with
0<x<0.15

The porosity of these samples was calculated using the
relation:

p= [1 - ﬂ] x 100%, 3)
Ptheo.

where pexp. and pineo. are the experimental and theoretical
densities, respectively. The results show that the porosity in-
creases as the Pr-content increases as shown in Fig. 4. The
increasing of porosity with Pr-content can be observed from
the SEM micrographs, where the density of voids increases
as the Pr-content increases.

3.2 Vickers Microhardness Measurements

The superconductivity of the samples studied in this work
was investigated through electrical resistivity measurements
and the data showed that the superconducting transition tem-
perature increased from 107.4 K to 124.3 K as x increased
from 0 to 0.025 and then it decreased with further increase
in x [25].

The Vickers microhardness Hy was calculated accord-
ing to (1), and plotted as a function of the applied load for
Cug5TlpsBayCap—, PryOq9—s (0 < x < 0.15) in Fig. Sa.
Hy increases rapidly as the applied load increases up to
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Fig. 3 SEM micrographs for (a) CugsTlps5BayCa;CuzOjp—s,
(b) Cug5TlpsBayCaj 975Pro.025010-s and (¢) CugsTlosBayCa;j gs
Pro.15010-5
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1.00 N, then it tends to attain saturation (nearly plateau)
for higher loads (>1.00 N). This behavior was explained by
Foerster et al. [26] on the basis of the penetration depth of
the indenter. At small loads, the indenter affects only sur-
face layers and surface effect dominates, while at higher
loads the depth of penetration increases and the effect of
inner layers becomes more prominent and ultimately there
is no change in the microhardness values with increas-
ing the applied load. This nonlinear behavior was also re-
ported in many literatures [9-13, 19, 20] and it is known as
the indentation size effect (ISE). As seen, all samples ex-
hibit a reverse ISE, i.e., Hy increases with increasing the
applied load. The dependence of the Vickers microhard-
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Fig. 4 Variation of porosity with x for CugsTlys5BayCap_,Pry
CuzOjo_s with0 <x <0.15

ness of Cug5TlpsBayCar_Pr,CuzOj9_s samples on the
Pr-content is shown in Fig. 5b. A decrease of Vickers mi-
crohardness as Pr-content increases is observed. This be-
havior may be attributed to the increasing of density of
voids and the low resistance to crack propagation with in-
creasing the Pr-content. The decrease of the measured Vick-
ers microhardness with increasing of substitution content
is quite similar to that obtained by Aydin et al. [10] in
Bij gPbg35Sr1 9Cas 1 CuzGd, Oy phase. They attributed this
behavior to the formation of impurity phases and irregular-
ities, which is mainly distributed at the grain boundaries.
These impurities and irregularities cause distortion in the
bond strength, and consequently the microhardness values
decrease [20]. These results are confirmed by the increase
of porosity as Pr-content increases (see Fig. 4). The depen-
dence of Vickers microhardness on porosity was reported in
many literatures [27-29].

In order to describe the ISE behavior of the samples stud-
ied, several relationships between the applied load and the
indentation diagonal length are discussed in the following.

3.2.1 Meyer’s Law

The simplest way to describe the ISE is Meyer’s law [30-36]
and the applied load is related to the indentation size d ac-
cording to the formula:

F=Ad", “

where A is a constant and it represents the load needed to
initiate unit indentation. The exponent #n is called Meyer’s
index which describe the ISE. The value of n is less than 2
for normal ISE, n < 2, while for reverse ISE the value of

Fig. 5 (a) The dependence of 4.2 — e 4
Vickers microhardness Hy on e X:O‘OO X:O'OZS
the applied load F for ** x=0.05 x=0.075
CugsTlysBaxCaz—, PryCusOry 37 |7 x010 - moexas . 3
with 0 < x < 0.15. (b) The Rtk & 3.5 3
dependence of Vickers 32 - §-‘
microhardness Hy on x for :
Cug 5Tlp sBapCay_PryCuzOjp_s D L ieeseseeer i- ------------- o 3 |
with 0 < x <0.15 =274 " o
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Table 2 The calculated parameters according to different models for Cug 5Tl sBaxCas—PryCuzOjo—s

X Mayer’s law Hays—Kendall Elastic/Plastic Proportional specimen Indentation-induced cracking
model deformation model resistance model (IIC) model
n Ax107* A x1073  w Ay x 1073 dy ax1072  Bx1073 K x10° m
(Nfum?)  (N/um?) (N) (N/um?) (um)  (N/um) (Njum?)  (NG=5m/3/mm@=3m)
0 252 333 2.00 —0.13 2.50 —3.68 —1.40 2.00 2.94 0.47
0.025 256  2.20 1.91 —0.17 2.02 —4.80 —1.50 1.89 2.18 0.45
0.05 2.53 2.13 1.80 —0.13 1.68 —4.46 —1.20 1.72 1.20 0.40
0.075 240 233 1.59 —0.11 1.22 —4.14 —0.80 1.63 1.53 0.43
0.1 2.63 1.32 1.40 —0.11 1.15 —4.35 —0.80 1.50 1.35 0.42
0.15 243 1.74 1.20 —0.14 1.09 —5.18 —-0.90 1.31 1.27 0.42
1.5 3.5
©x=0.00 Wx=0.025 a ¢x=0.00 ®=x=0.025
X=0.075  Xx=0.15 AW &K x=0.075 Xx=0.15
0.5 | 2.5 :
0 ¥R 8 _ 2 'y ¥ 1
= . . 3 .
= 05 e ol |
VS B 15
a o 1 8%
] 3 K 24
-1.5 05 -
-2 T T T 0
24 29 34 ind 39 4.4 0 500 1000 1500 2000 2500 3000 3500

Fig. 6 Variation of InHy with Ind for Cug;5Tlgs5BarCas_yPry
Cu3019—s with x =0.00, 0.025, 0.075 and 0.15

n is greater than 2, n > 2. When n =2, Hy is independent
of the applied load. Figure 6 shows typical plots of the de-
pendence of In F on Ind for some examined samples and
the analysis of our experimental data according to (4) are
listed in Table 2. It is obvious from Table 2 that all prepared
samples have n > 2, indicating a reverse ISE behavior. It is
clear that the calculated values of A are very small to be ac-
ceptable for ceramic materials which need higher loads to
initiate indentation due to its hard nature.

3.2.2 Hays—Kendall Approach

Hayes and Kendall [37] proposed that there is a minimum
test load w which is necessary to initiate plastic deforma-
tion and below it only elastic deformation occurs. Hence,
the load dependence of indentation size is expressed as

F=w+Ad* (&)

where A is a constant independent of applied load. The val-
ues of w and A can be calculated for some selected samples
by plotting F against d” as shown in Fig. 7.

The calculated values of Hays—Kendall parameters are
summarized in Table 2. It is noted that the values of w are
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& (um?)

Fig. 7 Variation of the applied load with d? according to Hays—
Kendall approach for CugsTlpsBayCas_Pr,Cu3019—s with
x =0.00, 0.025, 0.075 and 0.15

negative for all examined samples, suggesting that the ap-
plied loads were large enough to create plastic deformation.
The elastic deformation has not been observed in our work
since the minimum load has been used was 0.025 N, which
is sufficient to create plastic deformation in our samples.

3.2.3 Elastic/Plastic Deformation Model

According to Bull et al. [32, 38], the load dependence of
indentation size is given by

F = Asx(d + dp)?, (6)

where A is a constant and dj is the correction in d due
to a blunt indenter tip and elastic recovery associated with
new bands of plastic deformation. A, and dy can be cal-
culated by plotting F!/? against d as shown in Fig. 8 for
Cu0_5T10_5Ba2Ca2_xPrXCu3010_3 (x = 0.00, 0.025, 0.075
and 0.15). The calculated values of A, and dy are given in
Table 2.

It is clear that the values of dp are negative which sup-
port that no elastic deformation is observed at this range of
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Fig. 8 Plot of F!/2 vs. d according to Elastic/Plastic deformation
model for CugpsTlgsBayCay_,PryCuszO9_s with x = 0.00, 0.025,
0.075 and 0.15

applied loads for the examined samples. Moreover, the con-
stant A, decreases as the Pr-content increases, confirming
the decreasing of Hy with further increase in x.

3.2.4 Proportional Specimen Resistance (PSR) Model

According to several authors [33, 39-42], the ISE may be
described by the relation:

F =ad + Bd>, @)

where the parameter « characterizes the load dependence
of the Vickers microhardness. The term «d is attributed to
the specimen surface energy [40, 42], the deformed surface
layer [43, 44], the indenter edges acting as plastic hinges
[38], and the proportional specimen resistance [33, 34]. Li
and Bradt [33] pointed out that the constants « and g of (7)
are related with the elastic and plastic properties of the mate-
rial, respectively. Moreover, they suggested that the constant
o consists of two components; the first one is the elastic re-
sistance of the test specimen, whereas the second one is the
friction resistance developed at the indenter facet/specimen
interface. Equation (7) can be rearranged as

F/d=a+ pd,

which enables to calculate o and B from the plots of F/d
against d as shown in Fig. 9. The calculated values of both
« and B are displayed in Table 2. As seen from the table, the
values of « for all samples are negative in consistence with
the results obtained from Hays—Kendall approach, where the
term ad in the PSR model is equivalent to the constant w
in Hays—Kendall approach. This fact confirms the absence
of elastic deformation in the studied samples. Moreover, the
constant § is suggested to be a measure of the so called “true
hardness.” It is noted that B decreases with the increasing
of the Pr-content in agreement with the decreasing of the

Fig. 9 Plot of F/d vs. d according to Proportional specimen re-
sistance model for Cug 5Tl s5BayCay_yPryCu3zOj9_s with x = 0.00,
0.025, 0.075 and 0.15

measured Hy as Pr-content increases as shown in the inset
of Fig. 5.

3.2.5 Indentation-Induced Cracking (IIC) Model

The reverse ISE can be described by Li and Bradt [45]. They
considered that, at the point of maximum penetration dur-
ing the loading half-cycle, the applied indentation test load
is balanced by the total specimen resistance composed of
four components: friction at the indenter facet/specimen in-
terface (frictional component), elastic deformation, plastic
deformation, and specimen cracking. The first three compo-
nents lead to the normal ISE, while the last one contributes
to the reverse ISE. In the case of indentation cracking, the
apparent Vickers microhardness measured by a Vickers dia-
mond indenter may be given by

F F3/3
HVZMKl(E) +K2(?>7 (¥

where A1, Ki and K, are constants. The constant K, de-
pends on the applied load F while K| is a geometri-
cal conversion factor whose value depends on the inden-
ter geometry. For an ideally perfect plastic body, Hy =
Ki(F/d?*),»1 =1, and Ko(F/3/d3) = 0. In the case of a
perfect brittle solid, Hy = K»(F>/3/d®) and A; = 0. In (8),
the indentation diagonal is assumed to be d = 7h, where & is
the indentation depth. The applicability of (8) is to examine
the Hy data by taking only the second term of this equation.
Then (8) can be written as follows:

FS/3\m
Hv=K(7> , ©)

where K and the exponent m are constants that are load in-
dependent. Figure 10a shows the dependence of In(Hy) on
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Fig. 10 (a) Variation of In Hy 8.4 35
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Fig. 11 Variation of the measured Hy and calculated Hy according to
different models with the applied load for Cug 5Tly.sBa;CayCuzO9—s

In (F/ 3 /d 3) for some selected samples. The calculated val-
ues of K and m are given in Table 2. The value of the expo-
nent m can be used to identify the type of the ISE; for nor-
mal ISE m > 0.6, while m < 0.6 for the reverse ISE [46].
As noted from Table 2, the values of m lie between 0.4 and
0.47 which confirms the existence of the reverse ISE in our
samples. From the analysis of data, we notice that there is
a correlation between K and m as shown in Fig. 10b. The
results in Fig. 10b are well fitted according to the empirical
formula:

K = 690.72¢'273m (10)

In order to test the applicability of the above mentioned
models for our samples, the microhardness is calculated ac-
cording to each model and compared with the measured Hy .
Figures 11 and 12 show a comparison between the ex-
perimental Hy and the theoretical values calculated from
the different models for CugsTlypsBayCa,CuszOjg9_s and
CU()’5T1().5B212Ca1.95PI‘(),05CU3010_3 as examples.

@ Springer
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Fig. 12 Variation of the measured Hy and calculated Hy
according to different models with the applied load for
Cup 5Tlo.sBazCaj 95Pr.0sCuzO10-s

From the above analysis, it is concluded that Hays—
Kendall approach and Elastic/Plastic deformation model
cannot explain the Vickers microhardness behavior of the
Cug 5Tlp.sBayCay_ Pr,CuzOq9_s samples. This is because
both models based on the elastic deformation that could
not observed in our case. Consequently, the theoretical
microhardness calculated from both models has large de-
viations from the measured Hy. On the other hand, the
proportional specimen resistance model is partially suc-
cessful for describing the Vickers microhardness behav-
ior of these samples. It is successful in describing the
behavior of Hy with the load, while the Hy calculated
from this model is much lower than that of measured.
Therefore, the best model describes the Vickers microhard-
ness of CugsTlps5BayCar—PryCuzOj0_s samples is the
Indentation-induced cracking (IIC) model. This conclusion
is confirmed by Figs. 11 and 12 where the calculated micro-
hardness according to IIC model is well fitted with the ex-
perimental values. The suitability of the (IIC) model to the
examined samples comes from two reasons: the first one is
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Fig. 13 Resonance curves for Cug 5Tlg sBayCay—Pr,Cu3Oj9_s with
x =0.00, 0.05, and 0.15

that the specimen does not offer resistance or undergo elastic
recovery as postulated in the Hays—Kendall approach, pro-
portional specimen resistance, and elastic/plastic deforma-
tion models, but undergoes relaxation involving a release of
the indentation stress away from the indentation site. This
leads to a larger indentation size, and hence lower Vickers
microhardness at low loads [46]. Whereas the second one is
that the reverse ISE phenomenon essentially takes place in
crystals which readily undergo plastic deformation, which
requires that these samples are perfectly brittle and this is
the case of the ceramic samples studied. The high brittle-
ness of our samples may be attributed to the absence of the
slip planes due to the strong bonding between atoms in the
prepared samples.

3.3 Young’s Modulus Determination

Figure 13 shows the resonance curves for Cug;TlysBas
Cay_Pr,Cu3z0i9_s with x =0.00, 0.05, and 0.15. The val-
ues of E are calculated using (2). The value of E decreases
as Pr-content increases which is consistent with the Vickers
microhardness results. The decreasing of E reflects the fact
that E is dependent on the density of the material.

It is well known that Young’s modulus is directly propor-
tional to Vickers microhardness:

E = const. Hy. (11

The value of the constant of proportionality seems to be de-
pendent on the type of the material studied. Veerender et
al. [20] proposed a relation between Young’s modulus and
Vickers microhardness values for BizPb,Ca;Sr;CuzO,,
given by

E = 81.9635Hy. (12)

In order to examine the validity of this relation to our sam-
ples, the Young’s modulus values determined from the dy-
namic resonance technique are plotted versus the Vickers

200
180 - E=48.774H,
160 R*=0.9944
140 -
120 -
100 -
80 -
60 -
40 -
20 -

E (G Pa)

0 0.5 1 15 2 25 3 35 4
Hv (G Pa)

Fig. 14 The correlation between Young’s modulus (E) and Vickers
microhardness (Hy ) for Cug 5Tl sBayCas_,PryCu3zOjo_s

microhardness values in Fig. 14. It is found that, for all sam-
ples, Young’s modulus is related to the apparent Vickers mi-
crohardness by the relation:

E =48.774Hy. (13)

This relation indicates that the dependence of E on the Hy
is as that predicted, but with a new proportionality constant.
This confirms that the proportionality constant depends on
the structure of the studied material.

4 Conclusions

From the above analysis, the following conclusions can be
drawn:

e The (CugsTlys)-1223 superconducting phase was pre-
pared by a single-step solid state reaction with a tetrag-
onal unit cell. Moreover, the substitution by Pr in the Ca
site does not change this crystal structure.

e (Cug5Tlp5)-1223 samples of a rectangular bar form ex-
hibited reverse indentation size effect in contrary to those
of a disc form [13].

e Hays—Kendall approach, elastic/plastic deformation
model, and the proportional specimen resistance model
failed to describe the reverse ISE for Cug sTlg sBayCap_
Pr,CuzOj0_s samples.

e The dependence of Vickers microhardness for Cug 5Tl 5
BayCajy_,Pr,CuzO1p_s samples on the applied load was
best fitted with the indentation-induced cracking (IIC)
model.

e The Pr-substitution in (Cugs5Tlg5)-1223 reduced both
Vickers microhardness and Young’s modulus.

e A relation between Young’s modulus and Vickers mi-
crohardness was obtained for Cugs5Tlys5Ba;Cay_,Pr,
Cu3019—s samples.

@ Springer
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