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a b s t r a c t

X-ray powder diffraction (XRD), scanning electron microscopy (SEM), dc electrical resistivity, critical
current density and static microindentation measurements are performed to investigate some physi-
cal properties of Bi1.8Pb0.35Sr1.9Ca2.1Cu3GdxOy superconducting samples with x = 0.0, 0.1, 0.3 and 0.5. We
observe from the transport measurements that, for the Gd added sample, the critical transition tem-
perature (Tc) and the critical current density (Jc) are decreased in comparison with that of undoped
sample. In addition, surface morphology and grain connectivity of the samples are degraded and the
high-Tc phase of the samples decreases with increasing Gd addition. The indentation load versus diago-
nal length of the samples under different indentation loads in the range of 0.245–2.940 N are measured.
ndentation size effect
ick’s law
PSR model and HK model

The microindentation measurements showed that, for the Gd added sample, the load dependent (appar-
ent) microhardness value (Hv) is lower in comparison with that of the pure sample (x = 0). The values of
Hv are found to be load dependent. In addition, we extract the load independent (true) microhardness
using the Kick’s law, proportional specimen resistance (PSR), modified proportional specimen resistance
(MPSR) and the Hays–Kendall (HK) approach and compare the true hardness with the apparent hardness.
The possible reasons for the observed degradation in microstructure, superconducting and mechanical

ition
properties due to Gd add

. Introduction

Indentation microhardness measurement is a convenient
ethod to investigate the mechanical properties of a small volume

f specimens. The conventional procedure of hardness measure-
ent consists of applying a fixed load on a diamond indenter and
easuring the dimension of the resultant indentation on the sur-

ace of the specimen. Investigations on hardness measurements
ave confirmed that load dependent hardness of a given specimen

s a function of the applied load [1,2]. The Vickers microhardness
apparent) values of different applied loads can be calculated using
he relation

v = 1854.4
(

F

d2

)
(GPa) (1)

here F is the applied load in N and d is the diagonal length
f the indentation mark in �m. It is expected that the inden-

er makes geometrically similar indentation; hence it follows
hat the measured hardness must be independent of the applied
oad. However, it has been well known that microhardness cal-
ulated using Eq. (1) is load dependent for many materials. In
eneral, higher applied loads lead to lower hardness values. The

∗ Tel.: +90 374 254 1285; fax: +90 374 253 4642.
E-mail address: terioglu c@ibu.edu.tr.

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.08.105
are discussed.
© 2010 Elsevier B.V. All rights reserved.

reason for this behavior is explained by Khalil [3] as follows: a)
at larger indention loads, the Vickers hardness is found to be
small which might be due to the presence of weak grain bound-
aries of the superconducting ceramics; b) at smaller indention
loads, the Vickers hardness is higher which can be ascribed to the
fact that measured hardness values were more indicative of the
monocrystalline state without interference from grain boundaries.
A non-linear hardness versus load behavior has been observed
in the literature for Bi-2223 and Bi-2212 [3–7] and for MgB2
superconductors [8,9], and is known as the indentation size effect
(ISE).

In order to analyze the ISE behavior and to estimate the true
microhardness value, several relationships between the applied
load and the resulting indentation size has been suggested
[1,10–12]. One of those relations is known as Meyer’s law and can
be expressed as [2,13,14]

F = Kdn (2)

where the power n is the Meyer number, and K is the standard
hardness constant. When n = 2, the hardness is independent of the
applied load and is given by Kick’s law
F = Kd2 (3)

Kick’s law is hardly met for many materials because the expo-
nent n is not equal to 2 in most cases. Meyer’s law generally provides
a satisfactory description for the experimental data for most of the

dx.doi.org/10.1016/j.jallcom.2010.08.105
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aterials but cannot provide any explanation for the origin of the
bserved ISE [1,10,15].

It has been well known that the elastic recovery would occur
n the vicinity of the indentation impression after the indenter is
emoved so that the indentation size would shorten to a certain
egree [16]. In order to estimate the true hardness, H0, an elastic
omponent, de, should be added to the measured plastic indenta-
ion semidiagonal, dp [17]. This result is given by

0 = 1854.4
F

(dp + de)2
(GPa) (4)

The slope of the graph of measured indentation diagonals versus
he square root of the applied load gives (H0)−1/2 while its vertical
ntercept provides the elastic part of the indentation semidiagonal,
e.

The proportional specimen resistance (PSR) model is another
pproach used recently to investigate the ISE behavior of various
aterials [3,7,9,18]. According to the PSR model, ISE behavior is

overned by

F

d
= K1 + K2d (5)

here the coefficients K1 and K2 are the load dependent hardness
nd the load independent hardness, respectively [9]. Based on the
SR model, for the microindentation test with a Vickers indenter,
rue hardness, HPSR, can be determined directly by the relation [9]

PSR = 1854.4K2 (GPa) (6)

In order to account for the effect of the machining-induced plas-
ically deformed surface on the microhardness measurements, it
as proposed that the PSR model should be modified as [1]

= K3 + K4d + K5d2 (7)

here K3 corresponds to the minimum applied load to produce an
ndentation. K4 and K5 in this formula are related to energy dis-
ipated in creating a new surface of unit area and in producing a
ermanent deformation of unit volume, respectively. K5 is a mea-
ure of the load independent hardness estimated by the modified
roportional specimen resistance (MPSR) model. It should be noted
hat the K1 and K2 constants in Eq. (5) are the same as K4 and K5 in
q. (7). According to the MPSR model, the load independent (true)
ardness, HMPSR, can be calculated by Eq. (6).

In order to examine the ISE behavior, Hays and Kendall (HK)
11] proposed that there exist minimum levels of the applied test
oad, F0 HK, called minimum applied load to produce an indentation.
hey introduced an effective indentation load, Feff = F − F0 HK, and
roposed the following relationship (modified Kick’s law),

− F0 HK = K6d2 (8)

here K6 is the load independent hardness constant calculated by
K approach for a given sample. According to the HK approxi-
ation, load independent microhardness, HHK, can be calculated

s

HK = 1854.4K6 (GPa) (9)

Extensive substitution and doping studies have been carried
ut on Bi-based high-Tc superconductors in order to improve their
icrostructure, mechanical and superconducting properties and to

xplain the mechanism of superconductivity [7,19–22]. In previ-
us studies [18,23], we investigated the effect of Gd addition on

he mechanical and superconducting properties of the samples that
re used in the present study. Mechanical (microhardness, Young’s
odulus, yield strength and fracture toughness) and supercon-

ucting properties of the samples are found to depend on the
mount of Gd addition. The Gd addition was found to degrade
ompounds 509 (2011) 87–93

the microstructure, superconducting and mechanical properties of
Bi1.8Pb0.35Sr1.9Ca2.1Cu3GdxOy.

The aim of the present work is to present some experimental
data on the superconducting, microstructure and microindentation
hardness of the Gd added Bi-2223 samples and then, to analyze
the observed ISE behavior based on various models proposed in
the literature. The load dependence of microhardness is a result of
experimental techniques used to measure it. One would hope to
isolate load independent microhardness using several models that
are developed to understand the load–microhardness relation.

2. Experimental details

The Gd added Bi1.8Pb0.35Sr1.9Ca2.1Cu3GdxOy samples (x = 0.0, 0.1, 0.3, and 0.5)
were prepared by the standard solid-state reaction method using high purity chem-
icals Bi2O3 (99.99%), PbO (99.9+%), SrCO3 (99.9+%), CaCO3 (99+%), CuO (99+%) and
Gd2O3 (99+%) [18]. These oxides and carbonates were weighed and mixed in a
grinding machine for 24 h. After milling, the mixed powders were subjected to a
three-stage calcination process in air at different temperatures (700, 750 and 800 ◦C)
for 24 h. Following every calcination stage at these temperatures, the mixture was
cooled to room temperature and ground. After completing the process, the powder
material was pelletized into rectangular bars of 10 mm × 4 mm × 2 mm at 300 MPa.
The pellets were sintered in air at 830 ◦C for 48 h and then cooled down to room
temperature. The heating and cooling rates were chosen to be 10 and 3 ◦C min−1,
respectively. The calcinations and annealing processes of the samples were carried
out using a programmable tube furnace (PROTHERM-Model PTF 12/75/200). For
comparison, an undoped sample was also annealed under the same conditions. The
samples annealed at 830 ◦C for 48 h with different Gd additions of x = 0.0, 0.1, 0.3,
and 0.5 in Bi1.8Pb0.35Sr1.9Ca2.1Cu3GdxOy will be hereafter denoted as Gd0, Gd1, Gd3,
and Gd5, respectively.

Narrow rectangular pieces were cut out from the pellets. We measured temper-
ature dependence (40–130 K) of resistivity of these strips using four-point contact
technique with 5 mA dc current in a cryostat. The transition temperature Tc was
determined as the temperature at zero resistivity. Room temperature resistivities
were calculated from I–V curves at room temperature. The critical current density
Jc was determined from the current–voltage characteristics of the samples at 77 K.
The critical current Ic was determined at the onset of a voltage with a criterion of
1 �V/cm, and the Jc was obtained from Ic and the cross-sectional area of the samples.
We only measured the critical current density value for Gd0 and Gd1 samples since
Gd3 and Gd5 samples are not superconductors at 77 K.

The phase analysis of the samples was done using a Rigaku D/Max-IIIC diffrac-
tometer with CuK� radiation in the range 2� = 4–60◦ with a scan speed of 3◦/min and
a step increment of 0.02◦ at room temperature. These XRD patterns were obtained
from the surface of the bulk samples. The phase ratio and lattice parameters were
determined from these XRD patterns.

Microstructural examination of the samples was taken from fracture surfaces
of the bulk samples using a JEOL 6390-LV scanning electron microscope. The sur-
face morphologies of the samples were studied using a SEM in combination with
an energy dispersive X-ray spectrometer (EDS). The EDS analysis was used for
studying the chemical composition of the samples. Hardness measurements of
Bi1.8Pb0.35Sr1.9Ca2.1Cu3GdxOy samples were performed on the polished surface of
the examined samples with a digital microhardness tester (Instron Series 2100) at
room temperature. All samples were polished prior to being tested. The applied load,
F, was varied from 0.245 to 2.940 N and the applied time was 10 s for all trials, and
the diagonals of indentation were measured with an accuracy of ±0.1 �m. Inden-
tations were made at different parts of the samples’ surface in such a way that the
distance between any two indentations was not less than two times the diagonal
of the indentation mark to avoid surface effects due to neighboring indentation. An
average of 5 readings at different locations of the specimen surfaces was taken to
obtain reasonable mean values for each load.

3. Results and discussion

3.1. Microstructure and transport properties

In order to investigate the relationship between the mechani-
cal properties and the microstructure, and the transport properties
of the samples, we have performed XRD, SEM, EDS, dc electrical
resistivity and critical current density measurements.

Fig. 1 shows the X-ray powder diffraction patterns for all the

samples. Open circles (©), stars (�), and (&) in this figure indicate
the low-Tc, high-Tc and Ca2PbO4 phases, respectively. The calcu-
lated phase ratio, and lattice parameters a and c for high-Tc and
low-Tc phases are tabulated in Table 1. The lattice parameter a in
the low-Tc phase increases from 5.415 to 5.466 Å while the lattice
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Fig. 1. XRD patterns of the (a) Gd0, (b) Gd1, (c) Gd3 and (d) Gd5 samples.

arameter c decreases from 30.715 to 30.550 Å with increasing Gd

ontent. However, the lattice parameter a in the high-Tc phase is
stimated to be 5.416 and 5.420 Å while the lattice parameter c is
stimated to be 37.206 and 37.165 Å for the Gd0 and Gd1 samples,
espectively. The most important findings from the XRD patterns

able 1
ome characteristics of superconducting samples.

Samples Toffset
c (K) Volume fraction (%)

2212 2223

Gd0 105 ± 0.2 08 92
Gd1 80 ± 0.2 30 70
Gd3 62 ± 0.2 100 –
Gd5 42 ± 0.2 100 –

Fig. 2. SEM micrographs of the (a) Gd0, (b
ompounds 509 (2011) 87–93 89

depicted in Fig. 1 is an increase in the ratio of low-Tc (Bi-2212) to
the high-Tc (Bi-2223) phase as Gd-doping is increased. For the Gd3
and Gd5 samples Bi-2223 phase is completely absent. Thus, XRD
results indicate that Gd-doping favours the formation of Bi-2212
phase. It is also found that the peak intensity decreases with higher
Gd concentration. (0 0 2)L peak and Ca2PbO4 impurity peak exist in
the Gd-doped samples while they are absent in Gd0 sample. The lat-
tice parameter a (c) is found to increase (decrease) with increasing
Gd content.

Fig. 2 exhibits the SEM images of the fracture surface morphol-
ogy of the samples. The grain size of the Gd0 sample is relatively
larger than that of the Gd added samples. The Gd5 sample has
non-uniform surface with smaller grains, voids and signs of par-
tial melting on its micrograph. Based on those images, it can be
stated that grain size and texturing decrease with increasing Gd-
doping. The decrease in grain size with Gd addition suggests that
the doping element acts as a growth inhibitor which limits the
grain size [24]. Images also indicate that Gd addition has a neg-
ative effect on the surface morphology and grain connectivity of
Bi1.8Pb0.35Sr1.9Ca2.1Cu3Oy. We have performed EDS measurements
for elemental analysis as presented in Fig. 3. As can be seen from the
figure, it was observed that the added Gd is distributed in the Gd
and it increases with increasing Gd addition.
We have measured the resistivity as a function of temperature

to determine Tc in the range 40–130 K. Fig. 4 displays the measured
resistivity and derivative resistivity as a function of temperature.

a (Å) c (Å) Resistivity at
300 K (m� cm)

5.416 (2223)5.415 (2212) 37.206 (2223)30.715 (2212) 2.456
5.432 (2223)5.422 (2212) 37.165 (2223)30.702 (2212) 2.829
5.440(2212) 30.589 (2212) 6.321
5.466 (2212) 30.550 (2212) 11.639

) Gd1, (c) Gd3 and (d) Gd5 samples.
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Fig. 3. EDS results of the Gd adde

here is a clear difference between the data of Gd0 and Gd-doped
amples. The transition width of Gd0 is sharp and narrow while
he transitions of Gd-doped samples broaden with increasing Gd
ontent. The broadening of the transition indicates that Gd added
amples have lower percentage of the high-Tc phase and weak-
inks between the grains compared to that of pure sample, which is
onsistent with XRD and SEM measurements. A double transition is
bserved in resistivity curve for the sample Gd5. This phenomenon
ould be attributed to the transition of weak-links at the grain

oundaries and attests that the inter-grain region of this sample

s different from those of the other samples. This result agrees well
ith the SEM observation in the present work. The extracted Tc

nd room temperature resistivity values are given in Table 1. It is
ound that Tc decreases from 105 K for Gd0 to 42 K for Gd5 while the
ples (a) Gd1, (b) Gd3 and (c) Gd5.

room temperature resistivity increases from 2.456 m� cm for Gd0
to 11.639 m� cm for Gd5. The decrease in Tc is consistent with the
results of microhardness results which indicate on overall degra-
dation of the Bi-2223 phase with Gd-doping. Simon et al. [25] and
Nanda Kishore et al. [26] have investigated the effect of Gd sub-
stitution in place of Ca in Bi(Pb)SrCaCuO and reported a decrease
in Tc very similar to our findings. It might be possible that in our
case, some of the added Gd reside in grain boundaries as indi-
cated by an increase in the room temperature resistivity while

the remaining ones could substitute the calcium or strontium in
Bi1.8Pb0.35Sr1.9Ca2.1Cu3Oy [27].

We have also performed critical current density measurements
at 77 K and Jc values for Gd0 and Gd1 samples are estimated to be
90 A/cm2 and 10 A/cm2, respectively. Since Gd3 and Gd5 samples
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Fig. 5. Variation of applied load ln F with diagonal ln d for the samples.

Table 2
Best-fit results of experimental data according to Meyer’s law.

Samples Meyer number n ln K (GPa) Regression
coefficient (R)

Gd0 1.623 −6.4586 0.99933

of such curves correspond to the intrinsic hardness value of the
material. In the present work, this plateau is reached at an applied
load of 1.96 N for all the samples. It is obvious from Table 3 that the
true microhardness value according to the PSR model (0.412 GPa)

Table 3
Best-fit results of experimental data according to PSR model.

Samples K1 (N/�m) K2 (GPa) HPSR (GPa) R Hv (GPa) in
plateau region
ig. 4. (a) Derivative resistivity and (b) resistivity as a function of temperature
urves for the Gd0, Gd1, Gd3, and Gd5 samples.

re not superconducting at 77 K, there is no data on Jc of them. As
entioned before, Jc decreases with increasing Gd content which
ight be caused by the decrease of grain size, random orientation

f the grains, and weak-links caused by grain boundary regions
odified by the presence of Gd atoms.
In summary, from the microstructure and trans-

ort measurements, we have found that Gd-doping of
i1.8Pb0.35Sr1.9Ca2.1Cu3GdxOy samples degrades the transition
emperature, critical current density, grain connectivity, grain
ize and surface morphology of the samples. The effect of Gd
ddition might be two-fold; on the one hand it changes the
roperties of the grain boundaries, on the other substitute the Ca
f Bi(Pb)–Sr–Ca–Cu–O and causes a decrease in Tc and Jc. Also,
d-doping decreases the high-Tc phase fraction.

.2. Microhardness and modelling

We have investigated the mechanical (microhardness, Young’s
odulus, yield strength and fracture toughness) properties of the

ame samples used in the present study and found that increase in
d addition as well as the applied load would lead to a degradation
f mechanical properties. Also a non-linear relation between the
pplied load and microhardness was observed in the same study
18]. In the present study, we would like to use a number of models

o delineate the ISE behavior in Gd-doped samples.

We have done a series of hardness measurements on Gd0,
d1, Gd3 and Gd5 samples using indentation loads in the range
.245–2.94 N. The obtained data is plotted in Fig. 5 as the variation
Gd1 1.631 −6.8924 0.99920
Gd3 1.761 −4.7777 0.99969
Gd5 1.796 −8.0553 0.99977

of ln F versus ln d. From previous work [18], we know that Vick-
ers microhardness depends on the load. The variation of ln F versus
ln d shows an excellent linear behavior and is fitted Meyer’s law.
The results of linearly regressed n, ln K and regression coefficient R
are displayed in Table 2. As can be seen from the table, the fact that
R > 0.999 for all the samples indicates that the linear fit is very good.
Also we have found that when Gd content is increased, n increases
while K decreases. However, the results indicate that for the present
samples Kick’s law is not valid because n is found to be less than
2. From Table 2, Meyer’s law can explain the ISE behavior of our
data qualitatively well, but the physical sense of the parameter K
is still not well understood because its significance in the model is
not very clear.

Next, we use the PSR model to analyze the load versus indenta-
tion data for the samples Gd0, Gd1, Gd3 and Gd5. The PSR model
parameters K1 and K2 were obtained in our previous work [18].
These values and the R of the regression along with HPSR of Eq.
(6) are displayed in Table 3. We observe that K1 and K2 parame-
ters decrease with increasing Gd content, which is similar to the
case for the K of Meyer’s model. The variation of microhardness
as a function of indentation load for a variety of ceramic materials
was investigated by Quinn and Quinn [12]. It was observed that
such hardness–load curve shows distinct transition to a plateau of
the constant hardness level and concluded that the plateau value
Gd0 6.16 0.00022240 0.412 0.9990 0.534–0.538
Gd1 4.63 0.00013909 0.258 0.9991 0.330–0.333
Gd3 2.48 0.00011261 0.209 0.9992 0.242–0.243
Gd5 1.97 0.00010256 0.190 0.9990 0.215–0.216
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ig. 6. Variation of applied load with the indentation diagonal length for the sam-
les.

f Gd0 sample is lower than the hardness value in the saturated
egion (Hv = 0.534 GPa). This behavior is also observed in all the
ther samples (Gd1, Gd3, and Gd5). It was argued that the param-
ters of PSR model has a meaning and cannot be used to analyze
SE in nanoindentation regions for a large range of applied loads
15]. When examining the load dependence of the microhardness
f materials measured in a wide range, it was found that the resul-
ant F/d versus d curves show significant non-linearity [4,19] and
ong et al. [19] argued that the PSR model mentioned above may
nly be used to represent the experimental data in a narrower range
f applied loads.

According to the MPSR model, the indentation load is related to
he indentation diagonal length as in Eq. (7). Fig. 6 shows F versus
graph for our samples. From a conventional polynomial fit of the

xpression (Eq. (7)) to the data, the MPSR parameters K3, K4, K5
nd R of the fit were extracted for all the samples and tabulated
n Table 4. The resulting true hardness is also computed using the
ame equation and is given in this table. It was found that the val-
es of true hardness of the samples decreased with increasing the
d content similar to the case for Meyer’s and PSR models. As can
e seen from Table 4, true microhardness value (0.477 GPa) of Gd0
ample calculated using MPSR model is still lower than the hard-
ess result in the plateau region (Hv = 0.534 GPa). This behavior is
lso observed for all the samples (Gd1, Gd3, and Gd5) in this work.
he value of true microhardness calculated using Eq. (6) is closer
o the value of apparent microhardness in the plateau region than
hat of PSR model. On the other hand, as can be seen from the table,
ncreasing Gd-doping decreases K4, K5, HMPSR while its effect on K3
eems to be non-monotonous; K3 of Gd0 is 0.092. It increases to
.096 for Gd1 but decreases to 0.061 for Gd3.

Finally, we use the model proposed by Hays and Kendall (HK)
11] to examine our data. The experimental F versus d2 graph along

ith the least-square fit function are plotted in Fig. 7 and the best-
t parameters K6 and F0 HK, the R of the fit, HK true hardness and
lateau hardness values are displayed in Table 5. As can be seen
rom the table, the values of F0 HK and K6 of the samples decrease

able 4
est-fit results of experimental data according to MPSR model.

Samples K3 (N) K4 (N/�m) K5 (N/�m2)

Gd0 0.092 205.3 × 10−5 25.7 × 10−5

Gd1 0.096 123.0 × 10−5 16.2 × 10−5

Gd3 0.061 76.2 × 10−5 12.2 × 10−5

Gd5 0.057 46.8 × 10−5 11.0 × 10−5
Fig. 7. Applied load versus the square of the impression semidiagonal length for the
samples.

with increasing Gd content. Clearly, the present data for each sam-
ple shows an excellent linear relationship in HK approach and the
regression coefficient of each sample is very high, R > 0.9997, imply-
ing that Eq. (8) provides a satisfactory description of the indentation
data for the samples. The true hardness values estimated by HK
approach (HHK = 0.507 GPa) and the apparent hardness result of
Gd0 sample in the plateau region (Hv = 0.534 GPa) are compara-
ble. This behavior is also observed in the other samples (Gd1, Gd3
and Gd5) of this work. Based on the closeness of HHK and Hv, one
would speculate that among the models considered here, HK model
has the highest success in according for the indentation data. The
extracted values of F0 HK were found to vary from 0.143 to 0.077 N.
It means that the minimum load necessary to initiate permanent
deformation for Gd5 is higher than 0.077 N. On the other hand, the
estimated value of F0 HK was generally found too large to be accept-
able [15,28], which is consistent with our findings. Therefore, the
HK approach is not convenient to estimate the value of F0 HK of the
samples.

As a summary of the results presented above, we have used four
different empirical models to analyze the microindentation data on
Gd-doped Bi1.8Pb0.35Sr1.9Ca2.1Cu3Oy samples. We have found that
although each of the considered models might provide a satisfac-
tory description of the relationship between the applied load and
indentation diagonal length, they have different shortcomings in
estimating the intrinsic hardness. As a result, one can conclude that
indentation is a rather complex phenomenon that can be analyzed
based on a single mechanism.

We consider the effect of Gd content and display the microhard-
ness as a function of x for Bi1.8Pb0.35Sr1.9Ca2.1Cu3GdxOy samples at
various applied loads in Fig. 8. The microhardness value decreases
non-linearly as x increases from 0 to 0.5. It is observed that the
addition of Gd into Bi1.8Pb0.35Sr1.9Ca2.1Cu3Oy produces a soften-

ing effect in the investigated range (x = 0.1–0.5). This degradation
is attributed to the formation of impurity phases and irregular-
ities mainly distributed at the grain boundaries. This impurities
and irregularities cause distortion of the bond strength, and conse-

(R) HMPSR (GPa) Load dependent hardness
(in plateau region) Hv (GPa)

0.99971 0.477 0.534–0.538
0.99980 0.300 0.330–0.333
0.99990 0.226 0.242–0.243
0.99994 0.204 0.215–0.216
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Table 5
Best-fit results of experimental data according to HK model.

Samples K6 (GPa) F0 HK (N) R HHK (GPa) Load dependent hardness (in
plateau region) Hv (GPa)

Gd0 27.3 × 10−5 0.143 0.99
Gd1 17.0 × 10−5 0.135 0.99
Gd3 12.6 × 10−5 0.090 0.99
Gd5 11.3 × 10−5 0.077 0.99
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[

ig. 8. The variation of apparent microhardness as a function of Gd content at dif-
erent applied loads.

uently the apparent hardness of the specimen decreases [29,30].
his similar decrease in apparent hardness is revealed for the tran-
ition temperature in the present work.

. Conclusions

We have presented the results of a detailed analysis of
ndentation study of Gd-doped Bi1.8Pb0.35Sr1.9Ca2.1Cu3GdxOy

uperconducting ceramics. The study has emphasis on two aspects:
) Relation between hardness and applied load and its behavior
or different doping levels. We have used four different empiri-
al models to analyze the non-linear relation between the load
nd hardness and presented a comparison of the performance of
he considered models. ii) We have used XRD, SEM, dc resistivity
nd transport Jc measurements to characterize crystal structure,
orphology, Tc, room temperature resistivity and critical current

ensity as a function of temperature and doping level. The conclu-
ions based on the results can be summarized as follows:

Gd addition is found to decrease the hardness of the samples. This

degradation is due to increasing voids, impurity phase segrega-
tion and the modification of the grain boundaries which are also
observed in SEM images and XRD patterns.
Among the four empirical models used to analyze the load versus
indentation data, we have found that HK model is the best one for

[

[

[

966 0.507 0.534–0.538
977 0.315 0.330–0.333
988 0.234 0.242–0.243
993 0.210 0.215–0.216

obtaining a hardness value which is close to the intrinsic hard-
ness. But, the minimum applied load to produce an indentation,
F0 HK, found in this model seems to be too high to be acceptable.
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