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Abstract In order to investigate the influence of Au dop-
ing and diffusion-annealing temperature on the mechanical
and superconducting properties of Bi-2223, Bij §Pby35S1] 9
Cay 1Cu30, superconductors were prepared by standard
solid-state reaction methods. Doping of Bi-2223 was car-
ried out by means of gold diffusion during sintering from
an evaporated gold film on pellets. The investigation con-
sisted of scanning electron microscopy, dc resistivity and
hardness measurements. Electrical-resistivity measurements
indicated that the room-temperature resistivity value de-
creased with decreasing diffusion-annealing temperature
from 830 to 500 °C and these samples (G830, G800, G750,
G700, G600 and G500) show the resistive behavior above
the onset critical transition temperature with the zero-
resistivity transition temperatures of 104 K, 80 K, 98 K,
95 K, 102 K and 103 K, respectively. To investigate mechan-
ical properties of the samples, we have measured the diag-
onal length as a function of test load in the range of 0.245-
2.940 N. Mechanical properties (microhardness, Young’s
modulus, yield strength and fracture toughness) of the sam-
ples are found to be load and diffusion-annealing temper-
ature dependent. In addition, we have calculated the load
independent hardness, Young’s modulus, yield strength, and
fracture toughness of the samples. The possible reasons for
the observed changes in superconducting and mechanical
properties due to Au diffusion and diffusion-annealing tem-
perature were discussed.
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1 Introduction

Engineering applications of high critical temperature (7¢)
superconducting ceramics are generally restricted because
of their brittleness. Therefore, improvement of the me-
chanical properties of BSCCO is a major research objec-
tive and very important for their practical applications and
high performance such as quasi-permanent magnets and cur-
rent leads. Hardness is a mechanical parameter and it is
strongly related to the structure and composition of solids.
The Vickers microhardness test is one of the convenient
methods to estimate the mechanical properties. Many inves-
tigations have confirmed that the apparent (load dependent)
hardness of materials is a function of the applied load. In
another words, the experimentally measured hardness de-
creases with increasing applied load, which is called inden-
tation size effect (ISE).

It is worth to mention that the annealing step is one of the
important parts of the wire production process where one
can control the physical and mechanical properties of high-
T, superconductors. There are many researches about the
effect of annealing time and temperature on microstructure,
superconducting and mechanical properties of high-7¢ su-
perconductors [1-5]. Many studies of doping into supercon-
ductor oxide ceramics have been made in order to improve
their mechanical and superconducting properties [6—12]. In
our previous works, we have studied the effect of the gold
diffusion and diffusion-annealing time on the crystal struc-
ture, superconducting and mechanical properties of Bi-2223
samples [13, 14]. In these works, it was observed that Au
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doping of the samples increased the critical transition tem-
perature and the critical current density from 100 0.2 K
to 106 + 0.2 K and from 40 to 150 Acm™2, respectively,
in comparison with those of undoped samples. It was also
seen that Au doping of the samples improved the mechanical
properties of the Bij gPbg355r1.9Caz1Cu3zO,. We also in-
vestigated the ISE by using different models such as Meyer’s
law, Hay—Kendall approach and modified proportional spec-
imen resistance model. The Hay—Kendall approach was suf-
ficient for describing the observed ISE. In addition, diffusion
of gold in Bij §Pbg 35511 9Caz 1 Cu3zO, superconductors was
investigated by means of successive removal of thin layers
and measurement of the sample’s resistivity at room tem-
perature [15]. It was shown that the temperature dependence
of gold diffusion at 500-830 °C is described by the relation
D=4x10"%exp(—1.08 eV/kgT).

In the present work, the effect of Au doping and dif-
fusion-annealing temperature on the superconducting and
mechanical properties of BSCCO ceramics has been in-
vestigated by performing dc electrical-resistivity measure-
ments for electrical and superconducting properties (room-
temperature resistivity, critical transition temperature and
critical current density), microhardness measurements for
mechanical properties (load dependent and independent of
hardness, Young’s modulus, yield strength, and fracture
toughness), and scanning electron microscopy (SEM) for
microstructure examination of the samples considered.

2 Experimental Details

Superconducting Bij gPbg 35511 9Caz 1 CuzOy samples were
prepared by the standard solid-state reaction method [13].
Doping of Au in Bi-2223 was carried out by means of dif-
fusion from evaporation on pellets. For diffusion-annealing
temperature investigations, each gold evaporated Bi-2223
sample is annealed at 830, 800, 750, 700, 600 and 500 °C
for 10 h. Typical dimensions of the samples for transport,
XRD and SEM analyses were 2 x 4 x 10 mm?.

The resistivity as a function of temperature between 60
and 130 K was performed by a standard dc four-probe
method (running a 5 mA dc current through the samples) in
the cryostat. Both voltage and current contacts were made
with silver paint. The transition temperature 7, was defined
as the zero-resistivity critical temperature in the usual sense.

The surface morphologies of the Au-diffused and pure
samples were studied by using a Philips XL30 SFEG scan-
ning electron microscope (SEM).

Hardness measurements of Au-doped Bi-2223 supercon-
ductors were performed with a digital microhardness tester
(Instron Series 2100) at room temperature. A Vickers pyra-
midal indenter with different loads (0.245, 0.490, 0.980,
1.960, and 2.940 N) and a single loading time of 10 s were
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applied and the diagonals of indentation were measured with
an accuracy of 0.1 pm. Indentations were made at different
parts of the samples’ surface in such a way that the distance
between any two indentations was no less than two times
the diagonal of the indentation mark to avoid surface effects
due to neighboring indentation. An average of ten readings
at different locations of specimen surfaces was taken as suf-
ficient to obtain reasonable mean values for each load.

The Vickers microhardness (load dependent) values of
different applied loads were calculated by using the equa-
tion

Hy = 1854.4(F /d®) (GPa) (1

where F is the applied load in N and d is the diagonal length
of the indentation mark in pum.

In most materials, the elastic modulus (Young’s modu-
lus), E, is related to the bulk hardness by the relation [16]

E =81.9635H,, 2)

and the yield strength Y is related to the hardness by the
relation [17, 18]

Y ~ Hy/3. 3)

It is useful to mention the fracture toughness, Kjc, as it is
one of the main mechanical properties of superconducting
samples. The fracture toughness is an important parameter
for the selection of materials for applications. Due to the
nature of intrinsic brittleness, microindentation may result in
microfracture around the impressed region on the surface of
the samples [19]. Since microfracture occurs mainly during
the loading, a portion of the energy, which is used to create
the indentation deformation, will be dissipated by the crack
formation. Owing to the definition of the Kjc as the critical
stress intensity factor, it is directly related to y (the surface
energy) of the crack faces [20],

Kic = V2Ey. )

Here E is Young’s modulus.

3 Results and Discussion
3.1 SEM Observations

The samples of Bi-2223 tablets will be hereafter denoted
as G830, G800, G750, G700, G600, G500 and P830 (gold-
diffused samples annealed at 830, 800, 750, 700, 600,
500 °C and undoped sample annealed at 830 °C for 10 h,
respectively). The structure of the surface morphology of
the gold doped Bi(Pb)-Sr—Ca—Cu-O was studied by SEM
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Fig. 1 SEM micrographs of the (a) G830, (b) G600, and (c) P830
samples

in order to determine the grain size and possible precipita-
tion at the grain boundaries. Figure 1 represents surface mi-
crographs for the G830, G600 and P830 samples. The grain

size of the G830 sample is relatively bigger than that of the
G600 and P830 samples. The surface of the G830 sample is
smoother and denser. P830 has non-uniform surface appear-
ance with smaller grains. Moreover, the grain size of gold
doped samples improved with higher diffusion-annealing
temperature. SEM pictures of the surface of the samples
annealed at lower temperatures present completely differ-
ent morphology, indicating a metallic layer not diffused into
the sample during annealing. Gold film on the sample forms
a metallic connection; this resistive short-circuit connects
the grains and lowers the room-temperature resistivity and
improves the microhardness values of the samples as will
be confirmed later on by dc resistivity and Vickers micro-
hardness measurements, respectively. This effect continues
even when gold film is diffused into the sample, indicating
the gold’s effect on grain boundary properties. SEM pictures
show better grain connectivity in gold coated samples after
heat treatment at 830 °C for 10 h.

The undoped (P830) sample consists of flake-type grains
as shown in Fig. 1 and the composition of flake-type grains
is approximately equal to the Bi-2212 phase [9, 21]. From
the figure, one can say that the grains in the P830 sam-
ple are oriented randomly and poorly connected. The flake-
like grains are less dominant in sample G830 with respect
to sample P830, while the concentration of the needle-like
grains grew gradually. The needle-like grains are believed to
be due to the Bi-2223 phase [9, 21, 22]. These results indi-
cate that the surface morphology of the sample is relatively
improved by Au doping.

3.2 Electrical Measurements

In order to estimate the effect of diffusion-annealing tem-
perature on the superconducting properties of the samples,
we performed electrical-resistivity measurements. Figure 2
shows the temperature variation of the normalized (at T =
130 K) resistivity of G830, G800, G750, G700, G600, G500
and P830 samples. Zero-resistivity transition temperatures
of the samples are determined as 104 K, 80 K, 98 K, 95 K,
102 K, 103 K and 100 K, respectively. This pattern of the
behavior is attributable to annealing temperature rather than
gold doping. Annealing temperatures close to the optimum
annealing temperature of 830°C cause more degradation
in superconducting properties than the lower ones. 800 °C,
750°C and 700 °C annealing temperatures are believed to
produce impurity phases through phase segregation while
600 °C and 500 °C annealing only change oxygen content
of the samples. In addition to this suggestion, the existence
of impurity phase in the samples annealed at relatively high
temperature could be correlated with the observed double
transition of resistivity in Fig. 2 for G800, G750 and G700
samples. This double transition could be related to these im-
purity phases which may play the role of weak links at the
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Fig. 2 Curves of normalized 1
resistivity as a function of
temperature for the samples
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Table 1 XRD and resistivity measurements results of the samples

20 100
Temperature (K)

110

Samples Critical temperature Lattice Critical current Phase ratio (%) Room temperature
Toffset (K) parameter ¢ (A) density JUS (A/cm?) 212 2223 resistivity p (m<.cm)
G830 104 37.030 125 23 77 7.10
G800 80 - 4 - - 5.70
G750 98 - 12 - - 4.80
G700 95 - 8 - - 4.20
G600 102 - 35 - - 3.50
G500 103 - 38 - - 3.20
P830 100 36.960 40 33 67 8.50

grain boundaries [23]. Moreover, the critical current den-
sity (J.) is affected by these weak links, so J. values de-
creased for G800, G750 and G700 samples, as can be seen
from Table 1. The effect of gold doping is apparent in re-
sistive tails which are shorter in a gold doped sample when
compared with G830 and P830 samples. Metallic behavior
is observed for all samples above the onset temperature. It
is observed that the zero-resistivity transition temperature
of the G830 (104 K) is higher than that for the P§830 sam-
ple (100 K), this being in agreement with literature [24].
The room-temperature resistivity value of all samples de-
creased with decreasing diffusion-annealing temperature, as
tabulated in Table 1.

In our previous work, we studied the effect of the gold
diffusion and diffusion-annealing time on the crystal struc-
ture, superconducting properties of Bi-2223 samples [13].
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In that work, the effect of diffusion-annealing time on mi-
crostructure and superconducting properties of Au-diffusion
in Bi-2223 was investigated. It was observed that Au doping
of the samples increased the critical transition temperature
and the critical current density from 100+ 1 K to 106+ 1K
and from 40 to 150 Acm™2, in comparison with those of
undoped samples.

3.3 XRD Characterizations

XRD data results of samples taken from our previous work
[14] are summarized in Table 1. It was obtained that the dif-
fusion of Au increased the lattice parameter ¢ and intensity
of the peaks for the Au-doped sample (G830) in compari-
son with that for the undoped sample (P830). This finding
is in agreement with a previous work [24]. The increase
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in lattice parameter c revealed that cations of the system
(Bit3, Srt2, Cat?) may partly be substituted by Au ions
(0.85 A) and the increase in the intensities of the peaks for
the G830 sample may testify to the enhanced grain growth
and orientation of grains with Au diffusion. The observed in-
crease of T, makes the substitution at the Cu site less likely.
As seen in the table, the volume fraction of Bi-2223 phase
increased and that of Bi-2212 phase decreased with increas-
ing Au diffusion. The diffusion gold doping of the sam-
ple improves the formation of the high-7; Bi-2223 phase in
comparison with undoped sample as confirmed by the SEM
micrographs.

3.4 Microhardness Analysis

In order to estimate the effect of Au doping and diffusion-
annealing temperature on the mechanical properties of the
samples, we measured the diagonal length as a function of
test load. The measured indentation diagonal lengths and
calculated load dependent microhardness values using (1)
for different applied loads are summarized in Table 2. One
can easily see that the microhardness values for all samples
show a strong dependence on applied indentation loads irre-
spective of the Au doping and different diffusion-annealing
temperature, although the numerical values are different.
The values of H, at 2.94 N for G830, G800, G750, G700,
G600, G500 and P830 samples are 0.270, 0.184, 0.224,
0.208, 0.245, 0.258 and 0.259 GPa, respectively. This simi-
lar change in H, with respect to the diffusion-annealing tem-
perature is revealed for the critical transition temperature.
The increased value of H, in the G830 sample compared
with the P830 in our investigations can be interpreted as a
result of gold diffusion in intergrain boundaries. This in turn
causes the increase of intergrain contact surface or decreas-
ing the intergrain resistivity as can be seen in Fig. 2. Figure 3
displays the changes of Vickers hardness estimated from in-
dentations performed on sample’s surfaces as a function of
the applied load for the G830, G800, G750, G700, G600,
G500 and P830 samples. The rapid variation of the micro-
hardness was observed with increasing applied load from
0.245 to 1.960 N. The reason for this behavior is the contri-
bution of weak grain boundaries [25]. It is also obvious from
the figure that the Vickers microhardness values are load de-
pendent for all samples; the calculated microhardness value
decreases non-linearly as the applied load decreased until
1.960 N, then it tends to attain saturation. This non-linear
behavior has also been reported in the literature for Bi—Pb—
Sr—Ca—Cu-O samples [9, 10, 13] and is known as the inden-
tation size effect (ISE) [26-29]. As reported by Kolemen et
al. [30], this effect can be explained qualitatively on the ba-
sis of penetration depth of the indenter. Since indenter pene-
trates only surface layers at small applied loads, the surface
effect is more pronounced. However, as the depth of pene-
tration increases, the effect of the inner layers becomes more

Table 2 The calculated load dependent H,, E, Y, and Kjc for the
samples

Sample F (N) d (um) H, (GPa) E (GPa) Y (GPa) Kjc
(Pa/\/m)
G830 0.245 29.7 0.515 42.22 0.172 545.4
0.490 504 0.358 29.32 0.119 454.5
0.980 77.6 0.302 24.74 0.101 417.5
1.960 1153 0.273 22.41 0.091 397.4
2940 142.0 0.270 22.16 0.090 395.2
G800 0.245 450 0.224 18.36 0.075 151.5
0490 70.0 0.195 15.98 0.065 141.4
0.980 98.5 0.187 15.33 0.062 138.4
1.960 140.2 0.185 15.16 0.062 137.7
2940 167.0 0.184 15.08 0.061 137.3
G750 0.245 372 0.328 26.88 0.109 208.2
0490 60.2 0.251 20.57 0.084 194.2
0.980 88.3 0.233 19.10 0.078 190.2
1.960 1274 0.227 18.61 0.076 189.2
2940 155.1 0.224 18.36 0.075 188.7
G700 0.245 393 0.294 24.09 0.098 165.3
0490 63.6 0.225 18.44 0.075 144.6
0.980 91.7 0.216 17.70 0.072 139.3
1.960 132.1 0.215 17.62 0.071 137.5
2.940 159.1 0.208 17.05 0.069 136.6
G600 0.245 334 0.407 33.36 0.136 337.3
0490 554 0.298 24.43 0.099 295.0
0.980 83.1 0.263 21.56 0.088 289.0
1.960 121.4 0.246 20.16 0.082 288.4
2.940 149.1 0.245 20.08 0.081 283.7
G500 0.245 312 0.467 38.28 0.156 4353
0490 53.0 0.324 26.56 0.108 372.5
0.980 80.0 0.284 23.28 0.095 349.9
1960 117.8 0.262 21.47 0.087 338.4
2940 1453 0.258 21.15 0.086 337.7
P830 0.245 31.5 0458 37.53 0.153 490.9
0490 535 0317 26.02 0.106 408.8
0.980 833 0.262 21.47 0.087 371.3
1.960 122.1 0.244 19.98 0.811 358.2
2940 151.0 0.239 19.60 0.079 354.8

and more prominent and ultimately there is no change in the
values of hardness with load.

The values of load dependent E, Y and Kjc were calcu-
lated for each load by using (2)—(4), and they are summa-
rized in Table 2. As seen in this table, the load dependent E,
Y and Kjc increase with decreasing loads. This behavior is
due to crack initiation of microhardness. A change in E, Y
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and Kjc corresponds to a change in the average surface en-
ergy as proposed from the hardness calculations. One should
point out that the apparent (load dependent) microhardness,
Young’s modulus, yield strength and fracture toughness of
the samples in the present work indicate a strong depen-
dency on applied load.

To account for the load dependence of hardness, several
relationships between the applied load and the resulting in-
dentation size have been suggested [31-34]. This effect can
be explained by two different models [35]. The first model
assumes that the indentation contains an elastic portion. The
elastic part of the deformation is relaxed upon loading. This
can be accounted for by adding an elastic component, d., to
the measured plastic indentation semidiagonal, d. Thus, a
true hardness, Hy, is defined from [35, 36] by

Hy= 1854.4( (GPa). 5)

(dp +de)? >
One can see from the equation that measured indentation di-
agonals are linear with the square root of the applied load.
Figure 4 indicates d}, versus F' 172 plots for G830, G750, and
P830 samples. The slope of such a curve is proportional to
(Hop)~'/? and that of the vertical intercept is proportional
to the elastic part of the indentation semi diagonal, d.. The
extracted values of Hy and d. and the linear regression co-
efficients (LRC) for all samples are summarized in Table 3.
It was obvious that such plots are linear with the estimated
LRC, always better than 99.8%, implying that (5) provides a
satisfactory description to calculate the true hardness of the
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indentation data for the samples. As can be seen from the
table, the value of Hy varies slightly but that of d. varies
significantly with changing the diffusion-annealing temper-
ature. The variation of Vickers microhardness as a function
of indentation load for a variety of ceramic materials was
investigated by J.B. Quinn and G.D. Quinn [37]. They ob-
served that such a hardness-load curve shows a distinct tran-
sition to a plateau of the constant hardness level and con-
cluded that the transition in such curves corresponds to the
intrinsic hardness value of the material. In this study, this
plateau is reached at 1.960 N applied load for the samples.
True microhardness value of G830 sample (0.201 GPa) is
lower than the saturated microhardness value (see Table 2)
in the plateau region (H, = 0.273 and 0.270 GPa). This be-
havior is observed in other samples (P830, G800, G750,
G700, G600 and G500) in this work. This result indicates
that the true hardness of the sample is lower than that of the
traditionally calculated ones. The calculations of Hy values
for the investigated samples also indicated that the magni-
tude of d. to be 15 for P§30, 2—18 pm for Au-doped samples
(G830, G800, G750, G700, G600 and G500). From these
extracted magnitudes of d. one infers that the amount of re-
laxation of diagonal length is significant with respect to the
measured diagonals at low indentation loads [38] and hence
the ISE is pronounced for the low load range. This method
has been applied to YBaCuO and BiPbSrCaCuO [35, 38—
40] materials but consistency was not very good. Although
the experimental data of Fig. 4 fit well with the theoretical
curve, the extracted value of Hy for G830 is lower than that
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Table 3 Best-fit results of experimental data according to (5)

Samples Hjy (GPa) de (Um) LRC H, (GPa) in
plateau region
G830 0.201 18.29 0.99982 0.270-0.273
G800 0.186 1.55 0.99883 0.185-0.186
G750 0.200 8.34 0.99840 0.224-0.227
G700 0.194 6.49 0.99803 0.208-0.215
G600 0.207 11.78 0.99860 0.235-0.237
G500 0.214 13.21 0.99961 0.258-0.263
P830 0.200 15.30 0.99935 0.239-0.243

of G600 and G500. Thus, this model is not consistent for our
data.

The second method considers energy dissipative pro-
cesses during the indentation rather than elastic processes.
In this model, a true microhardness can be defined by sub-
tracting a dissipative part, Fy, from the applied load [35]:

F—F
7 ) (GPa). (6)

Ho= 1854.4<

Figure 5 shows F versus d? plots for the G830, G700 and
P830 samples. Each graph shows an excellent linear re-
lationship (LRC > 0.9994). The slope of each line corre-
sponds to the load independent hardness constant, Hy and
the vertical intercept of each line represents the sample re-
sistance pressure, Fy. The extracted values of Fy, Hy and

F1/2 ( N1/2 )

LRC are listed in Table 4. It is observed that this similar
change in Fj and Hy with respect to the diffusion-annealing
temperature is revealed for the critical transition tempera-
ture and the load dependent microhardness values. The LRC
of each sample is very high, implying that (6) provides a
satisfactory description of the indentation data for the sam-
ples.

On the other hand, it is observed that the diagonal length
is strongly dependent on the applied load from the experi-
mental observations. This observation is governed by

F
—=Hod +y @)
d
proposed in [13, 30, 31, 39]. Figure 6 exhibits the values of
F/d against the diagonal length of indentation, d, for the
G830, G600 and P830 samples. Each set of data shows an
excellent linear relationship in a narrower range of applied
loads. The slope of each line corresponds to the true hard-
ness, Hy, and the intercept of each line represents the sur-
face energy, y. The extracted values of Hp, y and LRC for
all samples are listed in Table 5. It is observed that the value
of Hy varies slightly while that of y varies significantly with
changing the diffusion-annealing temperature. This observa-
tion is ascribed to the dissipation of the energy of cracks at
the interfaces [35].

In addition, we focused on load independent values of
Young’s modulus, yield strength, and fracture toughness of
the samples. We have calculated E, Y, and Kjc using the
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Fig. 5 Graph of the applied 3
load against the square of the
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Table 4 Best-fit results of experimental data according to (6)

Samples Hp (GPa) Fo (N) LRC

G830 0.138 0.131 0.99998
G800 0.104 0.009 0.99986
G750 0.119 0.062 0.99983
G700 0.113 0.040 0.99946
G600 0.127 0.100 0.99946
G500 0.134 0.116 0.99980
P830 0.123 0.128 0.99998

true microhardness (load independent, Hy) for each sample.
The calculated load independent Y, E, and Kic by using
(2)—(4) for each sample are tabulated in Table 6. From the
table, it is observed that the load independent values of E,
Y, Kjc increase with decreasing applied loads. Comparing
Tables 2 and 6, one can conclude that the load independent
values are lower than that of load dependent values. This is
in agreement with what is reported in the literature [35, 41].
The above results revealed that by increasing the diffusion-
annealing temperature, it is possible to control the mechani-
cal properties of the samples.

4 Conclusion

A microindentation method can be used to measure me-
chanical properties of polycrystalline superconductors such
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as hardness, Young’s modulus, yield strength and frac-
ture toughness. When Au-doped samples of Bij gPbg35Sr 9
Ca.1Cu3z0y phase, prepared by solid-state reaction meth-
ods, are compared with samples annealed at different
diffusion-annealing temperatures, the following statements
are concluded to for doped samples:

e Resistive behavior was observed for all samples above the
onset temperature.

e The room-temperature resistivity value decreased with
decreasing diffusion-annealing temperature.

e Zero-resistivity transition temperatures of the samples
were determined as 104 K, 80 K, 98 K, 95 K, 102 K,
103 K and 100 K for G830, G800, G750, G700, G600,
G500, and P830 samples, respectively.

e The improvement of superconducting and mechanical
properties is due to the modification of grain boundaries
by gold doping.

e Vickers microhardness, Young’s modulus, yield strength
and fracture toughness values of the samples were load
dependent. Their variation with load is non-linear.

e The load dependency of the hardness, Young’s modu-
lus, yield strength and fracture toughness exhibit a typical
ISE.

e The ISE is examined by (5) and (6). Equation (6) is found
to be more suitable for describing the experimental data.

e The load dependent values of Hy, E, Y, and Kjc are
greater than those of load independent values.
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Fig. 6 Plots of F/d versus d 0.022 — T
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Table S Best-fit results of experimental data according to (7)

Samples Hy (GPa) Y X 1073 (N/um) LRC

G830 0.119 3.523 0.9990
G800 0.107 0.625 0.9991
G750 0.113 1.181 0.9990
G700 0.111 0.508 0.9992
G600 0.115 2.360 0.9991
G500 0.117 2.840 0.9990
P830 0.106 3.211 0.9990

Table 6 The calculated load independent Hy, E, Y, Kjc and B; for
each sample

Samples Hy (GPa) E (GPa) Y (GPa) Kic

(Pa/m'/%)

G830 0.119 9.754 0.040 2622
G800 0.107 8.770 0.036 104.7
G750 0.113 9.262 0.038 147.9
G700 0.111 9.098 0.037 96.1

G600 0.115 9.426 0.038 2109
G500 0.117 9.590 0.039 2334
P830 0.106 8.689 0.035 236.2

e The decrease in H, is attributed to the formation of
impurity phases and irregularities mainly distributed at

100
d (um)

the grain boundaries. These cause distortion of the bond
strength, and consequently the hardness values decrease.
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