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Abstract
Recently the interest about Bi-2212 superconductor for high magnetic field use has been enhancing despite the fact that an
increase of the critical current is still needed to boost its successful use in such applications. The sintering time effect is
investigated with using the Vickers hardness number for the BSCCO samples. The results of the Vickers hardness number are
used to describe the indentation size effect (ISE) according to Oliver-Phar model. The different theoretical models are
examined with the results of the hardness. It is found that the modified PSR model is convenient to analyzing the results of the
hardness. The true hardness is related with the long sintering time, according to modified PSR model. From the relationship
between the true hardness and sintering time, one can be drawn that the increase with the hardness range of sintering time 15h
to 85h is positively affected the true hardness. But the longer sintering time than the 85 h is damagingly affected on the true
hardness. From this it can be concluded that the grain size may be decrease for the longer sintering time than the 85 h in the
bulk BSCCO samples. This can be attractive for the obtaining high magnetic field with superconducting Bi-2212 wire.
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1. Introduction
Mechanical properties such as the hardness, the elastic
modulus, the yield strength, the fracture toughness, the
brittleness index and the ductility are also important
parameters for industrial applications of the superconductor
materials [1]. The indentation micro-hardness measurements
are convenient method to investigate the mechanical
properties of superconducting materials.
It is widely known that the hardness of a polycrystalline
material, usually defined as the ratio of the applied test load
to the resulting indentation area, depends on the applied test
load [2-4]. If the hardness value decreases with increasing
applied load, i.e., with increasing indentation size, this
process is called as the indentation size effect (ISE). Several
empirical or semi-empirical equations studies, such as
* Corresponding author
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including the Meyer’s law [2, 3], the Hays–Kendall approach
[5] the elastic recovery model, [6] the energy-balance
approach [7, 8] the proportional specimen resistance (PSR)
model [9] and modified proportional specimen resistance
(MPSR) model [10] etc., have been proposed for describing
the variation of the indentation size with the applied test load.
With the exception of the Meyer’s law, the other methods all
involve the determination of a so-called true hardness, i.e., a
load-independent hardness number. These equations have
been usually employed to define the hardness appropriate for
several materials and studies associated with these have been
conducted to fınd general relationships among these
equations [9-14]. Probably the most widely used empirical
equation for describing the ISE is Meyer law, which gives an
expression relating the load ( ) and the size of indentation
( ) of the form
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(1)
where the exponent n, is Meyer index, and are constant. If
<2 there is an ISE on hardness and when =2, the hardness
is independent of the applied load. The investigations up to
now concerning the ISE in ceramics have focused mainly on
single crystals, monolithic and composite ceramics and only
a limited investigation has been carried out on micro and
nano ceramic composites.
The aim of the present investigation is to study the measured
Vickers hardness of effects of the sintering time and to
describe the indentation size effect (ISE) using different
models.

micro cracks and propagate along the grain boundaries,
causing visible surface relief on the polished surface. A
similar observation has been made in [15-17]. For the T3
sample shown in Fig. 1c, a slightly different micro-hardness
indenter shape because of the homogeneity of the Bi-2212
phases and low porosity of the other phases. Finally, from all
the above findings, it was concluded tentatively that the best
sintering time to obtain a good Bi-2212 superconductor with
an adequate and wide-ranging mechanical properties.
According to indenter tip shapes, there are seen any cracks
on the surface of the samples, since the plastic deformation
has not composed during the measurements.

2. Experimental Procedure
In this study, selected sintering times are 15, 60, 85 and 130h
and the samples are named T1, T2, T3 and T4, respectively.
The indenter was kept in contact with the surface for 10 s for
all the trials. Five measurements were carried out at different
sites on the middle of each wafer, and the average values
were taken as the hardness of the wafers. The distance
between two indentation points was five times more than the
pit diagonal length to avoid any mutual influence of the
indentations. The photographs of the indentation were taken
with an Olympus camera placed on a transmission Olympus
BH2 optical microscope by using x5, x10, x20, x50, and
x100 objectives.
Vickers hardness measurements are performed at room
temperature by the Future-Tech FM-700 Vickers hardness
tester [15]. The Vickers indenter is a diamond square-based
pyramid with an angle of 136° between faces.
The micro-hardness measurement with using the Vickers
hardness method basically defined as the ratio of the load
applied to the projected area of the indentation. Thus, it is
expressed by the following relation [16]:
1.854

(2)

where
is the Vickers hardness; is the applied load and
is the diagonal length of the impression in µm.

3. Results and Discussion
3.1. Indenter Size Micrograph
Figure 1(a-d) shows the metallographic microscopy images
of the surface which initiated by the Vickers indenter shapes
on the samples as called T1, T2, T3 and T4. T1, T2 and T4
samples exhibit a more similar morphology. This similarity
attribute that the samples consist of low size of the grains.
These grains are distributed randomly with the crystal growth

Fig. 1. (a-d) The diagonal indenter size (load is 9.8 N) images of the
metallographic microscopy; T1, T2, T3 and T4 samples, respectively.

3.2. Indentation Size Effect (ISE) Behavior
Hardness can be defined as the property of the resistance of a
material to irreversible deformation, indentation, or
penetration measured by the hardness tests such as Brinell,
Knoop, Rockwell, or Vickers. Indentation hardness testing is
a useful in terms of examining the mechanical properties of a
micro or nano size of the materials in the laboratory
conditions.
The indenter geometry for the Vickers hardness apparatus is
the preferred one among a variety of the indenters used in the
hardness tests. Li and Bradt [18] suggested that the diagonal
of the Vickers indentation as the hardness measure with
which they calculated for several compounds. In their work,
the indentation diagonal is measured in µm whereas the
data is measured in GPa using the relation given in Equation
2 [19].
This study reports that the Vickers hardness of the samples
exhibits the typical indentation size effect (ISE) behavior
which is seen from figure 2. This is consistent with the
literature [20-24].
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correction in indentation size should be well thought out
since the elastic recovery related with the new plastic
deformation as reported by Bull et al. [26].
3.3. Meyer’s Law
The most widely used empirical equation for describing the
ISE is the Meyer’s law, which correlates the test load and the
resultant indentation size using a simple power law,[28-33],
as the same it is given in Eq.(1);
(3)

Fig. 2. Variation of micro-indentation hardness with the applied load for the
test materials.

The micro-hardness value calculated non-linearly decreasing
as the applied load decreases up to 490 mN, and then it tends
to attain saturation behavior between 490mN and 9800mN.
The Vickers hardness values increase a decrease of an
applied test load. This can be divided in two parts as
mentioned to Khalil [25]; higher indention loads region and
lower indention loads region. The presence of weak grain
boundaries of the superconducting ceramics results in the
smaller values of Vickers hardness in the larger indentation
loads region. But the lower indentation loads region, the
Vickers hardness records higher values, because of the fact
that the resulting Vickers hardness values are revealing more
single crystalline structure during in absence of the noninterference from grain boundaries.
As can be seen in Fig 2, variation of micro-indentation
hardness with the applied load for the test materials, T2 and
T4 samples, on the other hand, exhibit a more similar
morphology showing its high porosity due to prolonged
sintering for each sample. It is obvious that the indentation
size is good agreement for all samples observed but clearly
size shape occurs in to T3 sample. Sintering time effect
mainly affected during the thermal process. Nevertheless, T3
sample, sintering time 85 hours, is presented enough time to
obtain Bi-2212 phase dominantly occurs in the matrix.
Each of the records values characterizes an average of
measurements from five or six tests. For the all samples, it is
obvious that the hardness decreases with increasing applied
load and shows a typical indentation size eﬀect (ISE).
Although the load–displacement curves such as those shown
in Fig. 2 are recorded at the end of the indentation test, the
indentation size, d, used for the hardness calculation can also
be considered as the measured size after the elastic recovery
occurs. Additionally, some authors have pointed out that, for
calculating the hardness from the recorded indentation
examinations for example the micro-indentation, similar

where and
are constants that can be derived directly
from curve fitting of the experimental data. Especially, the
exponent , sometimes referred to as the Meyer’s index, is
usually considered as a measure of the ISE. If the exponent
<2, it refers to the normal ISE behavior, but the exponent
>2, there is the reverse ISE behavior. When =2, the
hardness is independent of the applied test load, and is given
by Kick’s law [26, 27]
(4)
where
used.

is a geometric conversion factor for the indenter

Equation 4 rearranged as;
ln

ln

.

(5)

The regression analysis of the experimental data using the eq.
(5) is shown in Figure 3. The slope of the linear fit is the
Meyer’s index, and observed to be n value changing between
1.6886 and 1.9242 for the samples. When =2, the microhardness is expected to be independent of the applied load.
However, ≤ 2 indicates the existence of the ISE behavior,
the measured micro-hardness decreasing with applied load
[2].
The micro-hardness indentation data are now plotted in a
ln
ln scale in Fig. 3 for the materials examined in the
present study. They show an excellent linear relationship
which is involving that the traditional Meyer’s law is suitable
to describe of the micro-indentation data. Linear regression
analysis for the all curve of the samples according to Meyer’s
law, the best-fit values of the parameters
and
were
obtained and the results are summarized in Table 1.
Especially, for T4 sample, the Meyer’s law examination is
figure out in Fig. 4.
Table 1. The best fit values of the parameters
Sample
T1
T2
T3
T4

-8,1428
-7,0745
-7,7863
-7,8364

1,9242
1,6886
1,9209
1,9071

and .

Correlation Factor,
0,9947
0,9855
0,9951
0,9643
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The micro-indentation data for the all samples are plotted in a
ln
ln scale in Fig. 3. It is found that, in the case of
samples exhibiting ISE behavior, samples plots of
against
represent the data for specimens showing a
nearly linear increase in
with increasing
which is
ranging 490 mN to 9800 mN applied loads.

study used a fixed hardness of the samples and to reveal the
investigations the value of the underlying causes of behavior
ISE were carried out with other models in addition to the
Meyer's law.
It was found that, in the case of samples exhibiting ISE,
samples plots of
against
might represent the data for
the all samples show a nearly linear increase in the Vickers
hardness ( ) with increasing the applied test load ( ) of
ranging from 490 to 9800mN at a room temperature. The
samples are exhibiting the Meyer index
2 that is seen in
table 1.
3.4. Hays–Kendall Approach

Fig. 3. Dependency of

on

according to the Meyer’s law for the
samples.

The samples are exhibiting the Meyer index
2 that can
be seen in table 1. Compared with the deﬁnition of the
apparent hardness, Eq.1, one can see that no ISE would be
observed when n>2. Particularly, to clarify the ISE behavior,
the Meyer’s law examination for the T4 sample is figure out
in Fig. 4.

When the examining of the ISE behavior in the Vickers
hardness testing of materials, Hays and Kendall [38]
proposed a concept that there exists a minimum level of the
applied test load, ! , named the test specimen resistance,
below which permanent deformation due to indentation does
not initiate, but only elastic deformation occurs. They
introduced an effective indentation load, "##
!, and
proposed the following relationship,
!

$

(6)

where ! and $ are constants independent of the test load
for a given material. Eq.6 predicts that a plot of versus
would yield a straight line.
Typical examples according to the Hays–Kendall approach of
the plots of against
are shown in Fig. 5, while the
calculated values of ! and $ for the samples are illustrated
in Fig. 6. This plot shows a plot according to the Hays and
Kendall approach for the T4 sample as plots of ! and $ .

Fig. 4. Meyer’s law examination for the T4 sample.

As seen from this table 1, the values are smaller than two
(i.e.
2), also reveals the existence of ISE behavior [3133]. This is also seen in Figure 2, the ISE behavior is ended
from the flat area in the vicinity of about 490 mN (plateau),
and the transition is clearly verified. This curve depending on
the load and load-independent region, which is well-known
in the literature, points two separated region. Meyer's law the
load independent hardness value obtained for the region is
not suitable for characterization and definition. In addition,
the law is not enough to understand the reasons underlying
the behavior of ISE [32, 34-37]. Therefore, to determine the

Fig. 5. The plot shows the P versus d2 according to the Hays–Kendall
approach.

The obtained data, !, $ , % and & for the samples with used
'
equation are
!
is shown Table 2. It is clear that
$
plots shown, especially for
the best-fit results of the
the T4 sample, in Fig. 6. As one can see the correlation
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coefficient ( & ) is very high from the best fit analyzing
(& 0.9914*. This is denoted by Eq.6 provides a satisfactory
description of the micro indentation data for the T4 sample.
In addition to other samples, best fit values are given in table
2. From the table 2, applied test loads only occurs elastic
deformation in to samples and indenter does not initiate
permanent deformation, this can be seen from metallographic
photos in the Fig 1.
Table 2. Data,
Sample
T1
T2
T3
T4

$,

% and , for the BSCCO samples with used equation is
'
!
$

- (mN)
-0,4565
-0,0322
-1,1490
-0,8813

.

0,0039
0,0009
0,0086
0,0268

/
0,7190
0,8589
0,6951
0,5462

Correlation Factor,
0,9949
0,9999
0,9966
0,9914

Figure 7 exhibit that the relationships between the $ and !.
according to the
It can be seen, plots of the versus
Hays–Kendall approach for the T4 sample especially, this
relation is not linear in Fig 6.
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One plot for the T4 sample considered in the present study is
shown in Fig. 6. Table 2 includes lists the best-fit results of
the
plots shown in Fig. 6. As it can be seen, the
correlation coefficient, & , is very high ( &
0.9847 ),
emphasizing that Eq. (3) may be provides a satisfactory
description of the micro indentation data for the samples
according to Hays– Kendall approach .
From the mentioned above the results, seen in table 2 and
Fig. 5, the specimen resistance (!) data gives relatively poor
ﬁts and negative values of ! for the data at low loads. This
means, in other words, that the Hays– Kendall approach does
not suitable to hardness analysis this materials and it needs to
investigate by different models.
3.5. The Proportional Specimen Resistance
(PSR) Model
In terms of the energy-balance, it was suggested that relation
between the surface energy contribution and the volume
energy contribution was given with an equation of the same
form as it has been applied by Bernhardt [39] and some
workers [40-42] as;
(7)

$

where the parameter $ characterizes the load dependence of
hardness and
is a load-independent constant.

Fig. 6. The plot shows the versus
according to the Hays–Kendall
approach for T4 sample.

From the results of the analysis presented above, it may be
noted that, as expected for the ISE behavior, the values of the
correction factor, !, in the Hays–Kendall approaches, are
negative for the experimental dependency of the load on the
indentation size data. This means that in the case of the ISE
behavior a specimen does not offer resistance or undergo
elastic recovery, as postulated in the Hays–Kendall approach,
but undergoes relaxation involving a release of the
indentation stress away from the indentation site. These
results are showed that in a larger indentation size and causes
to a lower hardness at low loads. As indicated by the negative
values of loads, !, for the crystals, the concept of Hays and
Kendall, that there is a minimum load below which only
elastic deformation occur, can be rejected. The important
conclusions drawn from the above analysis of the
experimental data by different approaches proposed for the
ISE behavior are illustrated in Fig 2.

In Eq.(7) when and d are taken in N and mm, respectively,
1.8544 . The term ad
load-independence hardness
has been attributed to specimen surface energy [40, 41],
indenter edges acting as plastic hinges [43], and proportional
to specimen resistance (PSR) [23, 24]. Recently, Ma and
Clarke [43] reported an analysis of the normal ISE behavior
of silver by using strain gradient plasticity model and
geometric scaling model and concluded that both models
give similar results. The geometric scaling model of Ma and
Clarke [43] is essentially the same as the PSR model of Li
and Bradt [18].

Fig. 7. The relationships between the

$

and !.
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Equation 7 given in the literature [18, 24, 38] is used to
investigate the ISE behavior for several materials. According
to Equation 7, the total load, , is now separated into two
parts, and only the second term of the right side of Eq. 7 is
related to the permanent deformation by indentation. Li and
Bradt [9] conclude from their analysis that the parameters $
and can be related to the elastic and the plastic properties
was
of the test material, respectively. Especially,
suggested to be a measure of the called true hardness, i.e.,
load-independent hardness,
For the micro
12 34 .
indentation test, 12 34 , can be determined directly from
with. Thus, a load-independent hardness sometimes referred
as the true hardness, 12 34 . There are two ways to calculate
the true hardness according to the PSR model [38, 45-47];
256
12 34$

7.89

12 34

7.89

.

(9)

Eq. 7 can be rearranged as
/

(10)

$

Fig. 8. Dependency of the

/ plot against according to the PSR model
for the test materials.

(8)

and
5

term in Eq. 7 may be measure of the load-independent
hardness ( 12 34 ).

The experimental basis of the energy-balance explanations
for Eq. 7 is the fact that, when the experimental results are
represented on a / ∼ plot, a straight line is always
obtained [3, 45-48]. However, recent works [49-50] have
shown that the linear relationship between / and may
only be held in a narrower range of applied loads. The
constants $ and
of Eq.7 may be obtained from the plots
of a / plot against for crystals showing normal ISE.

Fig. 8 shows that, for the examined materials, different
values may be obtained if the ISE is examined in different
range of applied test load, while material cannot be
values. Thus,
characterized with two or more different
one can conclude that the existing PSR model does not
provide a satisfactory explanation of the ISE of samples. This
difference is illustrated in Fig 9 with dependency of between
HT-PSR2 and samples. However, each of the fit curves plotted
in Fig 10. It is clear from Fig 10 that fit values not suitable to
get satisfactory knowledge about ISE behavior of the
samples.

The plot of the / versus should yield a straight line,
where $ and parameters can easily be evaluated from the
intersection point and slope of the curve, respectively. In this
investigation as it can be seen from the Fig. 8, the / plot
against
plot was found to be significantly non-linear,
implying that Eq. 7 did not give an accurate description for
ISE in samples because the PSR model suggests that the

Fig. 9. Dependency of between HT-PSR2 and samples.

Table 3. The best fit values of the samples according to the PSR model for the samples.
Samples
T1
T2
T3
T4

Constants in equation, P = a1d + a2 d2
a1 (N/µm)
a2 (N/µm2)
0.0030
0.0002
0.0023
0.0002
-0.0008
0.0003
0.0031
0.0003

It is well known that a$ in Eqs. (8) and (9) is a specimen
constant, rather than material constant. This parameter is
dependent not only on the material properties, but also on the
surface finishing process used in the preparation of the
samples. The comparatively reduced values of $ in table 3

0.9337
0.8852
0.9441
0.9556

HPSR1(GPa)

HPSR2(GPa)

14486.8392
11894.7777
8142.9307
11954.3498

0.0757
0.0631
0.1135
0.0946

looks, as if reasonable predicted of the degrees of the residual
surface stresses for the samples, which have been exposed to
a careful polishing after machining. Also, the $ values
determined between -0.0008 and +0.0031 (N/µm). It is point
out that the residual surface stresses may be tensile in some
samples and compressive in others. On the other hand, the
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parameter $ and
fluctuate from one crystal growth
direction to another. This is not surprising, because $
indicates the surface contribution to the micro-indentation
hardness [21, 50, 51].
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3.6. The Modified PSR Model
Gong et al [10] investigated the ISE behavior in ceramics.
They found that for some ceramics the PSR model does not
provide an acceptable analysis satisfactory according to the
ISE behavior and then they offered a modified PSR model to
solve the eﬀect of the machining-induced plastically
deformed surface on the hardness measurements problem,
(11)

$

where
is a constant and $ and
are the same parameters
as in the PSR model. The term
was rationalized by Gong
et al [10] to attribute that the relation to the residual surface
stresses in the test specimen, associated with the machining
and polishing of the samples prior to testing.
The main equation in the PSR model can be redrawing up to
MPSR model. Thus, it is obvious that the constants $ and
in the equation of PSR model is the same physical meaning
equation of the MPSR. Similar calculation of the true
hardness can achieved that there are two ways of calculation
are
25= 256
12< 34$

7.89

(12)

and
5
12< 34

7.89

(13)

The load-independent hardness is also generally considered
as the intrinsic or “true” hardness. The experimental value is
consistent with reported values in the literature [10, 32, 34].
Figure 11 illustrates that the dependency of on according
to the MPSR model for the samples. Modified PSR model is
a rearrangement of the PSR model which $ and
parameters are the same physical meaning for each models.

Fig. 11. Dependency of

Fig. 10. (a-d) Best fit curves according to PSR model for samples.

on

according to the MPSR model for the
samples.

The applications of Eq.11 to all samples are illustrated in Fig.
, $ and
are obtained by a
11. The parameters
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conventional polynomial regression analysis according to
Eq.11. The best ﬁt values of the parameters included in Eq.11
for each samples are listed in table 4. On the other hand, the
same MPSR behavior has been observed for microindentation hardness studies as shown in Fig. 11 where

hardness increases with the increasing deviation from the
growth grains. This indicates that the effects of the increasing
sintering time increase the hardness due to the growth of the
grains. This can be seen from the metallographic photos in
Fig 1.

Table 4. The best fit values according to the MPSR model for the test materials.
Samples
T1
T2
T3
T4

Constants in equation, P = a0 + a1d + a2 d2
a0 (mN)
a1 (mN/µm)
a2 (mN/µm2)
-0.7054
0.0230
0.0001
0.3434
-0.0103
0.0002
0.9109
-0.0355
0.0005
-0.4830
0.0197
0.0002

0.9934
0.9790
0.9896
0.9956

HMPSR1 (GPa)

HMPSR2 (GPa) (x10-6)

3.0133
2.7011
2.4343
2.8714

3.7836
7.5672
0.1891
7.5672

3.7. Dependency of the True Hardness on
Sintering Time According to MPSR
Model
It is well known [51] that in the initial stage (i.e. at low
loads) plastic deformation of crystals mainly involves the
nucleation of dislocations along a particular slip system but
with increasing low loads dislocation multiplication (with
similar cross-slip process and activity of Frank–Read
sources, when a crystal is deformed, slip is originate to take
place only on definite well-spaced slip planes, which implies
that dislocations must be primarily generated in these planes
during deformation.) occurs. It is the process by which
associated with the latter is often work hardening. This
theory commonly may be used to explain the loaddependence of hardness [52].

Fig. 12. Best fit curves according to MPSR model for samples.

It can be seen from Fig 13 that true hardness increases with
sintering time. But, sintering time 130h compared with
others, true hardness decreases sharply to nearly 85 h value.
It may be volume ratio changes in terms of the high
temperature Bi-2223 phase reduced and the low temperature
Bi-2212 phase increased in the matrix. On the other hand,
volume ratio of the low temperature phase has become
dominant phase effect of the increasing sintering time in the
matrix. Therefore, the change in this phase reduces the true
hardness of the T4 sample. It may be attribute to changes of
the structure to form change in structure is the lowest grain
size. At the critical grain size the hardness either remains
relatively constant with further reduction in grain size, or it
decreases, i.e., grain size softening occurs [53].
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In case of the sintering time affect in this study reported that
according to crystal the most important condition is the
sintering process, which was generally known that the grain
size increasing during heating the materials. For the samples
in this study, which have the two phases Bi-2212 and Bi2223 in the matrix, they show the increasing hardness range
of sintering time 15h to 85h is positively affected the
hardness, but longer sintering time than the 85 h is
damagingly affected on the true hardness value. This
attributes that the grain size must be decrease for the longer
sintering time than the 85 h in the matrix. This can be
attractive for the obtaining high magnetic field with
superconducting Bi-2212 wire.
Fig. 13. Dependency of the true hardness on sintering time according to
MPSR model.

Consequently, it is reported in these studied samples now that
while the range of sintering time 15h to 85h is positively
affected the hardness, but longer sintering time than the 85 h
is damagingly affected on the true hardness value.
Nevertheless, this issue needs to advanced investigation for
same or different conditions and materials.

4. Conclusion

The some important data for superconductors and other
materials can be obtained via theoretical calculations of
microhardness besides the electric, magnetic and
microstructure properties investigation different methods [5456], with respect to sintering process.
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The following conclusions may be drawn from this study:
1. The normal ISE phenomena are seen, because of the
Meyer’s index n<2, which prepared samples in this study.
Thus, the investigations of the samples are carried out
according to existence of the normal ISE. On the other
hand, the applied load generate indenter shape on the
samples only elastic deformation, which can be seen for
the equal applied load with high value for the 9800 mN in
fig 1. There are seen any cracks on the surface of the
samples, since the plastic deformation has not composed
during the measurements.
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