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Modulus and hardness evaluation of polycrystalline superconductors
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Abstract

In this study, depth-sensing Vickers indentation tests were conducted on polycrystalline superconductors under different peak load (0.49,
0.73, 0.98, and 1.22 N). The load (P)–penetration depth (h) curves were analyzed in order to evaluate the mechanical characteristics such as
microhardness and elastic modulus. It was found that both of these characteristics exhibited significant peak load dependence which suggested
a need for calculation of the load-independent hardness and modulus. The load independent hardness (0.88, 0.95, and 1.12 GPa) and modulus
(1.98, 3.13, and 3.33 GPa) values were then calculated for YBCO, YBCO+ 0.5% ZnO, and YBCO+ 1% ZnO, respectively.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Practical applications of YBa2Cu3Ox (YBCO; Y-123),
Bi2Sr2Ca1Cu2O8 (BSCCO; Bi-2212), and Bi2Sr2Ca2Cu3
O10 (BSCCO; Bi-2223) superconducting compounds are
often limited by their poor mechanical performance, i.e.
extremely low ductility and elevated brittleness. For the
successful application of high-temperature oxide supercon-
ductors ceramic (poly or single crystals) materials such as
Y-123 (T = 92 K), Bi-2212 (T = 85 K), and Bi-2223
(T = 110 K), the information on its physical properties is
essential.

On the other hand, the mechanical properties such as hard-
ness, Young’s modulus, fracture toughness, ductility, etc. are
as important as the critical temperature, the critical current
density, and the critical magnetic field for industrial appli-
cations of high-temperature oxide superconductors. As the
superconducting material is drawn, rolled, or pressed, it may
be subjected to several mechanical deformation processes.
Optimization of these processes, minimization of the gener-
ation of deleterious microcracks, and achievement of struc-
tural reliability for applications require substantial knowl-
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edge of the mechanical behaviour of the ceramic supercon-
ductors.

Regarding mechanical properties, hardness testing pro-
vides useful information on the strength and deformative
characteristics of the materials (elastic modulus, elastic re-
covery hardness, etc.).1 Hardness is a mechanical parameter
which is strongly related to the structure and composition
of solids. Hence, microhardness is not only a mechanical
characteristic routinely measured but it has also been devel-
oped as an investigation method of structural parameters in
recent years. Therefore, hardness experiments have become
more and more important to characterize a material2–4.

The characteristic ability of a material to resist penetra-
tion of an indenter allows evaluation of a parameter that
we know hardness. The indentation hardness of materials is
measured in several ways by forcing an indenter having spe-
cific geometry (ball, cone, and pyramid) into the specimens’
surface.5

The conventional microhardness value can be determined
from the optical measurement of the residual impression left
behind upon load release. In recent decades, the development
of depth-sensing indentation equipment has allowed the easy
and reliable determination of two of the most commonly
measured mechanical properties of materials, the hardness
and Young’s modulus.6 The depth-sensing (or dynamic)
microindentation method offers great advantages over the
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conventional Vickers microhardness testing in two aspects.
Firstly, apart from microhardness (or microstrength), the
method can also provide well-defined mechanical parame-
ters such as elastic modulus of the interfacial zone. Sec-
ondly, as load and depth of an indentation are continuously
monitored, optical observation and measurement of diago-
nal length of the indent/impression, which can be difficult
and subjected to inaccuracy, is no longer required.

Although voluminous studies have been conducted on un-
derstanding the properties of superconductors such as the
critical temperature, current density, and magnetic field, the
studies on the mechanical properties (hardness, elastic mod-
ulus, fracture toughness, ductility, etc.) are limited. In this
study, we therefore aimed to examine the dynamical hard-
ness measurements of polycrystalline superconductors in or-
der to determine modulus and hardness values under differ-
ent applied peak load and evaluate load dependency of the
hardness and modulus.

2. Experimental

All of the samples were prepared by conventional
solid-state reaction method. The powders of Y2O3, BaCO3,
and CuO were thoroughly mixed in appropriate amounts
and calcined at 940◦C for 24 h. After calcination, the pow-
ders were mixed by a grinding machine for 4 h and then
pressed into pellets of 13 mm diameter at 375 MPa. The
pellets were sintered at 945◦C for 24 h and cooled down to
room temperature at a cooling rate of 1◦C/min by flowing
oxygen at temperatures between 700 and 250◦C. The sin-
tered pellets were divided into three groups. The ZnO was

Fig. 1. Schematic plots of (a) cross-section of an indentation and (b) a typical load–displacement curve showing the values used in the Oliver and Pharr
method.

added into the sintered pellets at the molar weight percent-
ages of 0, 0.5, and 1% (0, 0.0024 and 0.0048 g). Detailed
information for the samples characterization can be found
elsewhere.7 We use the sample labels Y1, Y2, and Y3 to
refer the samples with 0, 0.5 and 1% content of ZnO added
to YBCO, respectively. Density of samples was measured
by the Archimedes method using diethyphthalate as the
immersion liquid. The densities of sintered Y1, Y2, and Y3
pellets were 4.71, 5.34, and 5.93 g/cm3, respectively.

Test specimen was obtained from machined surfaces.
Damage on surface due to machinization was removed
mechanically by grinding on 1000 and 1200 grit and then
polishing on 6, 3, and 1�m diamond lap wheels.

A Vickers indenter was used in a dynamic ultra micro-
hardness tester (Shimadzu, DUH-W201S). All tests were
performed under the same operating conditions. For an eas-
ier interpretation of the material behaviour at various depths,
only the maximum load was changed at regular intervals;
0.49, 0.73, 0.98, and 1.22 N, where loading rate and dwell
time were 0.013 N/s and 15 s at each peak load. In the
depth-sensing hardness measurements, the indentation depth
(h) and the load (P) were recorded by a computer. The raw
data were then used to construct the load–displacement plots.

3. Theoretical background

Two mechanical properties, namely, elastic modulusE
and microhardnessH can be obtained with the load and pen-
etration depth data. A typical load–penetration depth curve
is shown inFig. 1. During indenter loading, test material is
subjected to both elastic and plastic deformation. The three
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key parameters needed to determine the hardness and mod-
ulus are the peak load (Pmax), the contact area (Ac) and the
initial unloading contact stiffness (S).

Similar to the conventional microhardness testing, the mi-
croindentation hardness is usually defined as the ratio of
the peak indentation load,Pmax, to the projected area of the
hardness impression,Ac, i.e.

H = Pmax

Ac
= Pmax

26.43h2
c

(Ac = 26.43h2
c) (1)

Different approaches for deducing the contact depth,hc,
from the resultant load displacement curve have been pur-
posed and perhaps the most widely used one is that of Oliver
and Pharr.8 The Oliver and Pharr data analysis procedure be-
gins by fitting unloading curve to and empirical power-law
relation.

P = α(h − hf )
m (2)

whereP is the indentation load,h is the penetration depth,
hf is the final unloading depth andα andm are empirically
determined fitting parameters. Using the initial part of the
unloading curve, both stiffness and contact depth are deter-
mined by differentiatingEq. (2) at the maximum depth of
penetration,h = hmax. Then, the stiffness of the contact is
given by

S = dP

dh
= 2√

π
E∗√Ac (3)

whereE∗ is the reduced elastic modulus.
In this study, the Oliver and Pharr method was used to

calculate the initial stiffness (S), contact depth (hc) and hence
reduced modulus (E∗) and hardness (HV).

Fig. 2. A series of load–displacement plots at different peak loads for Y1; YBCO sample. The inset depicts contact depth obtained from the analysis of
the unloading curve at 0.73 N for the same sample.

4. Results and discussion

A series of indentations were made on the polycrystalline
superconductors. The load–displacement curves shown in
Figs. 2–4(for Y1: YBCO, Y2: YBCO + 0.5% ZnO, and Y3:
YBCO + 1% ZnO, respectively) represent the applied load
as a function of the displacement (elastic and plastic) of the
indenter with respect to the initial position of the surface. It
is apparent that the indentation depth of Y2 (Fig. 3) and Y3
(Fig. 4) samples for each applied peak load are lower than
that of the Y1 (Fig. 2), which implies the higher hardness
for Y2 and Y3 samples.

Additionally, a typical contact depth (hc) obtained from
the analysis of the unloading curve is depicted as an inset
plot in each figure (Figs. 2–4). The inset plots show the seg-
ment of unloading parts at 0.73 N for each specimen. Us-
ing the best fit values of the contact depth,hc, HV numbers
of the samples are calculated usingEq. (1). The results are
plotted as a function of the peak load inFig. 5. This figure
clearly indicates that HV numbers decrease with increasing
applied peak load. Since hardness is accepted as an inher-
ent material property, it should not vary with indentation
load and size. However, investigations9–11 have confirmed
that HV numbers of bulk materials were indentation size
dependent especially at lower peak loads. Increase in hard-
ness with decreasing applied peak load and hence indenta-
tion depth is called indentation size effect (ISE).9–11 Fig. 6
exhibits this kind of behaviour. The figure was constructed
experimentally using the data taken from the loading part of
depth setting HV measurements at 0.73 N applied peak load
for each sample.

The indentation size effect has been examined extensively
for different kind of materials. Many attempts have been
made to clarify the load dependence and to develop more or
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Fig. 3. A series of load–displacement plots at different peak loads for Y2; YBCO + 0.5% ZnO sample. The inset depicts contact depth obtained from
the analysis of the unloading curve at 0.73 N for the same sample.

less realistic models to interpret hardness tests.12–17 The en-
ergy balance model, originally suggested by Fröhlich et al.,18

is commonly used to explain ISE behaviour. According to
this model, the indentation load,P, and the resultant inden-
tation size,d, can be correlated with an empirical equation,

Pd = α′d2 + β′HLd3
(

β′ 1
k

= 1

1.8544

)
(4)

whereα′ andβ′ are constants andHL is the true hardness
or load independent hardness. Derivation and explanation
of Eq. (4) were given in our earlier study.17 Note that the
indentation size,d, is proportional to the contact depth at
the peak load,hc based on the indenter geometry. Thus,

Fig. 4. A series of load–displacement plots at different peak loads for Y3; YBCO + 1% ZnO sample. The inset depicts contact depth obtained from the
analysis of the unloading curve at 0.73 N for the same sample.

an expression similar toEq. (4) can be obtained for the
depth-sensing microindentation test;

Pmaxhc = α(h2
c) + β(HL)h3

c (5)

whereα and β are constants. For a Vickers diamond tip,
the constantβ is given by the expressionβ = (1/K) =
1/0.03784= 26.43, whereK is a constant dependent only
on the geometry of Vickers indenter.

Eq. (5) can also be interpreted from a different point of
view. By dividing this equation byh2

c, one gets

Pmax

hc
= α + βHLhc (6)



O. Uzun et al. / Journal of the European Ceramic Society 25 (2005) 969–977 973

Fig. 5. Hardness variation with applied peak load.

which means that the load independent hardness is the slope
of P/h versush line. The existence linearity is shown in
Fig. 7constructed from the experimental data in the loading
segment of the load–displacement curve at 0.73 N peak load
for each specimen. If the deviation from the linearity for
initial part of the plot is ignored, we can get a good linearity
for each sample. Similar phenomenon was also observed in
literature.19

On the other hand, it can be clearly seen fromFig. 5 that
the hardness values are strongly dependent on peak load.
Hence, the hardness value obtained from the slope ofP/h−h

graph as seen inFig. 7 for one peak load cannot be appro-
priate. Because, the displacement,h, used to construct the
plot in Fig. 7 is not real contact depth and the displacement

Fig. 6. Hardness variation with penetration depth.

of the specimen surface at the perimeter of the contact.19

We, therefore, think that the slope of (Pmax/hc) − hc graph
constructed the using of real contact depths at different peak
loads leads to more realistic results. As mentioned above, the
hc value in each peak load was calculated by using Oliver
and Pharr method applied by making use of computer soft-
ware that provided by Shimadzu, the company which sup-
plied the dynamic ultra microhardness tester as well.

Fig. 8 shows such graphs constructed using the best fit
values of the contact depths at different peak loads (0.49,
0.73, 0.98, and 1.22 N) for our Y1, Y2 and Y3 samples.
There are good linearities with correlation coefficients of
0.99, 0.98 and, 0.99 for Y1, Y2, and Y3 specimens, respec-
tively. The lines on such a plot will have slopesβHL and
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Fig. 7. The experimental data in the loading segments of the load displacement curves at 0.73 N peak load shown inFigs. 2–4were re-plotted in aP/h
vs. h scale.

y-intercepts ofα for each specimen. So, it can be easily cal-
culated the load independent hardness value (HL) for each
specimen.

On the other hand, reduced elastic modulus,E∗, is ob-
tained from the analysis of the unloading curves using the
Oliver and Pharr method as mentioned previously. By sub-
stituting Ac (Eq. (1)) into Eq. (3), one can easily get the
following expression.

S = dP

dh
= 2√

π
E∗√26.43hc (7)

Eq. (9) is the basic equation for determination of reduced
elastic modulus by microindentation. The key quantities are
the initial unloading contact stiffness,S = dP /dh (i.e. the

Fig. 8. Pmax/hc vs. hc plots for each sample.

slope of the initial portion of the unloading curve) and the
real contact depth,hc in order to determineE∗.

Using the experimentally determinedS and hc, the re-
duced elastic modulus by microindentation was calculated
and the results are shown inFig. 9. It is clearly seen from
the figure that the extracted reduced elastic modulus also
exhibits a strong peak load dependency. Therefore, one can
conclude that reduced elastic modulus cannot be extracted
from the load–displacement curve resulting from only one
peak load.

As can be seen fromEq. (7), there is a linear relationship
between initial unloading stiffness,S, and the contact depth
at peak load,hc. Hence, the reduced elastic modulus can be
obtained directly from the slope of the best fit lines for all
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Fig. 9. The elastic modulus extracted from the analysis of the load displacement curves as a function of the peak loads for each sample.

specimens. InFig. 10, the experimentally determinedS is
plotted as a function of the contact depth at peak load,hc,
Obviously, a good linearity exists between these two quanti-
ties for all specimens. The correlation coefficients obtained
from the linear regression analysis are 0.98, 0.97, and 0.99
for Y1, Y2, and Y3 samples, respectively.

The load independent hardness,HL,values obtained from
the slopes of the best fit lines inFig. 8, the load independent
reduced elastic modulus,EL

∗ determined by using similar
way in Fig. 10and experimentally determined two key pa-
rameters (S and hc) are given inTable 1as combined for
each specimen. In general, the reduced elastic modulus in-
creases with increasing hardness.20 This simplest situation
is also observed from the table for our samples.

Fig. 10. Variation of the initial unloading stiffness with the contact depth at peak load for each sample.

On the other hand, the hardness and elastic modulus val-
ues from the present and previous investigations7 are not
in good agreement. Even, our previous reported hardness
results for the same compositions do not show conformity
with our present results. As an example, the highest hard-
ness value is 2.50 GPa for the Y3 sample with 0.49 N applied
load while the corresponding value for the same composi-
tion at the same applied load is about 18 GPa. It is clearly
seen that the microhardness value with 0.49 N applied load
is very low compare with the previous result. The similar
lover case also exists for other Y1 and Y2 samples. We be-
lieve that the lack of the conformity may arise from the dif-
ference in sample preparation method for microindentation
experiment and measurement technique between our present
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Table 1
Results of microindentation analysis and density measurement for each sample

Sample Peak load (N) Hv (GPa) HL (GPa) E∗ (GPa) EL
∗ (GPa) hc (�m) S (mN/�m) d (g/cm3)

Y1 0.49 1.59 0.88 13.27 1.98 3.41 262.59 4.71
0.73 1.36 10.47 4.51 273.93
0.98 1.31 9.11 5.32 281.24
1.22 1.30 8.46 5.97 293.15

Y2 0.49 2.13 0.95 17.09 3.13 2.95 292.45 5.34
0.73 1.93 14.38 3.78 315.46
0.98 1.68 11.94 4.70 325.86
1.22 1.62 10.92 5.33 337.90

Y3 0.49 2.50 1.12 22.51 3.33 2.72 355.13 5.93
0.73 2.24 18.05 3.51 367.56
0.98 1.99 15.19 4.32 380.63
1.22 1.90 13.70 4.93 391.90

and previous studies. As a matter of the fact that the sam-
ples in the previous study were not exposed to any grinding
and polishing treatment, although, the samples in the present
work were polished before microindentation experiment.

Another interesting point is that, there is a good agreement
between load independent hardness values of the present and
previous results for the same samples contrary to the lack
of conformity, mentioned above, hardness values with one
applied load. Therefore, a load independent hardness value
(HL) becomes important to make a meaningful comparison
among the literature results.

Accordingly, the elastic modulus values of the present
work are also lower than the reported literature results.21 In
literature, several measurements of the Young’s modulus for
similar HTS samples have resulted in values falling within
the rangeE = 40–370 GPa. We think that the lower elastic
modulus values as similar the hardness results in the present
study may arise from the polishing treatment before the dy-
namic microindentation. It is however obviously seen from
the literature that the reported elastic modulus values for
comparable YBCO materials show a significant variation.
As well, it was reported a very low elastic constant value
(about 5 GPa) for a YBCO material.22 These very different
values may probably arise from several factors (e.g. sample
production method, microstructural differences such as the
ratio and the distribution of minority phase (2 1 1), poros-
ity, bad contact between grains, test conditions and so on).
Additionally, one should point out that the elastic modulus
of YBCO samples in the present study shows strong depen-
dency on applied load. Hence, it is useful to compare the
load independent Young’s modulus among the literature re-
sults. In this study, we therefore focused on the load inde-
pendent hardness and elastic modulus values.

In addition, the hardness can be primarily related with
the porosity. The increase in bulk density is indication of
decrease in porosity which implies hardness increasing. This
relation between hardness and density was reported by some
other researchers.23,24 In order to estimate the effect of ZnO
addition on porosity of the samples, we measured the density

of the samples and results were given inTable 1. When the
results are examined comparatively, it is clearly seen that
all measured and calculated characteristic parameters of the
samples (i.e. density, reduced elastic modulus and hardness)
increase with increasing ZnO content.

5. Conclusion remarks

A microindentation method has been used to measure
the mechanical properties of polycrystalline superconductor
samples. The microhardness and reduced elastic modulus of
polycrystalline samples were deduced by analyzing the un-
loading segments of the load–displacement curves using the
widely adopted Oliver and Pharr method. Additionally, we
examined the relation between hardness and density results
of the samples and the following results were obtained.

1. Vickers microhardness values of the samples was obvi-
ously load dependent.

2. The variation of microhardness, with increasing peak
load range from 1.59 GPa at 0.49 N to 1.30 GPa at 1.22 N
for Y1. The correspondence values at the same peak loads
range from 2.13 to 1.62 GPa and 2.50 to 1.90 GPa for Y2
and Y3, respectively.

3. The peak load dependence of the hardness shows a typical
ISE behaviour. Application of the energy-balance model
can be used to determine the load independent hardness
values. The values obtained from the (P/hc) versushc
plots are 0.88, 0.95, and 1.22 GPa for Y1, Y2, and Y3,
respectively.

4. The hardness values and densities of the samples increase
with increasing ZnO content. The increase in bulk density
is indication of decrease in porosity.

5. The load independent reduced elastic modulus,EL
∗,

extracted directly using the conventional stiffness equa-
tion, Eq. (7), also exhibits a peak load dependency.
Therefore, a reasonable peak load independent modulus
can be determined directly from the slope of the best-fit
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straight line between initial unloading stiffness,S, and
the contact depth at peak load,hc. The obtained values
of EL

∗ are 1.98, 3.13, and 3.33 GPa for Y1, Y2, and Y3,
respectively.
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