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Abstract 

Bi(Pb) SCCO-2223 oxide has been synthesised and 
then denstjied into bulk-textured ceramics by the 
sinter-forging method. Vickers and Knoop indenta- 
tions and 3-point bending tests have been carried out 
on specimens to investigate the mechanical aniso- 
tropy due to the coarse microstructure and morpho- 
logical anisotropy of the sinter-forged samples. Our 
observations showed that the parameters which 
represent the mechanical properties (HK, (3R, Krc), 
are strongly dependent on the sinter-forging treat- 
ment and are mainly aflected by both stress level and 
its application time. 0 1997 Elsevier Science Limited. 

1 Introduction 

Since the discovery of the Bi-Sr-Ca-Cu-0 system, 
the possibility of obtaining dense bulk and textured 
bismuth superconductor ceramics by sinter-forging 
was pointed out. Nevertheless, the mechanical 
properties of such bulk (Bi,Pb)SrCaCuO ceramics 
have been partially neglected because attention was 
mainly focused on the best superconductive prop- 
erties (higher critical temperature, critical current 
density, etc.). A few mechanical characterisation 
studies have been published, focused on 22 12 tex- 
tured ceramics, iA, 2223/Ag tapes, 5p7 bulk untex- 
tured Ag-Bi2223 composite ceramicss,9 and bulk 
monolithic textured Bi-2223 ceramics.‘0 The pre- 
sent work deals with Bii.s5Pb0.&Sr2Ca2Cus.iOi0+~ 
bulk and textured samples, free of Bi-2212 phase 
according to X-ray diffraction patterns analysis 
(XRD) and in which other secondary phases (very 
weak in XRD) represent a total amount around 5 
vol. % in image analysis (Sr-Ca-Cu-0 phases). We 
try to correlate the mechanical properties with the 
different parameters of the sinter-forging process 
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i.e. stress and time under load (which determine the 
final deformation and the quality of the final tex- 
tured bulk ceramic), and with the post-annealing 
treatment, necessary to recover good superconduc- 
tive properties. Samples were tested in Vickers and 
Knoop hardness. Toughness measurements were 
implemented in the flat-wise orientation of textured 
samples. The results have been compared with 
regard to the texture quality. SEM (Philips FEG 
XL30) was used to analyse the influence of texture 
on the crack propagation mode and for fracto- 
graphic observation. 

2 Experimental Procedure 

The specimens used in the present study were made 
by sinter-forging at 845°C under 5-20 MPa for 
several hours” a (Bi,Pb)-2223 powder synthesised 
by a sol-gel method. l2 The 2223 grains of the 
powder are typically 10 pm wide and O-2-0.5 pm 
thick. As-forged samples were O-5-2mm thick and 
25-50mm in diameter discs, depending on the sin- 
ter-forging time and load. The discs were cut into 
bars whose sections were diamond-polished. The 
(Bil.85Pb0.35)Sr2Ca2Cus.i0y grain boundaries were 
chemically revealed. We were able thus to observe 
the texture with the c-axis of the grains more or 
less parallel to the sinter-forging direction, and the 
residual secondary phases. 

Different specimens were elaborated. The first 
one (A), with randomly oriented grains, was 
obtained by cold isostatic pressing and then sinter- 
ing at 845°C. The other ones were textured after 
different sinter-forging treatments at 845°C : a 
coarse-textured sample (B) obtained under 5 min/7 
MPa, a better (but too fast) textured sample (C) 
obtained under 5min/20 MPa, and two longer sin- 
ter-forged specimens under 24 h/l5 MPa (D) and 
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48 h/15 MPa (E). Figure 1 represents the load and 
equivalent stress profiles as a function of time for 
the four different sinter-forging conditions. The 
two long-loading profiles start with a slow increas- 
ing of the load to prevent any decomposition of the 
2223 oxide of low stability near its fusion tem- 
perature. Then the slow creeping of the 2223 pla- 
telets implies the deformation and diameter 
increase that lowers the stress. In terms of texture 
quality, (0 0 14) pole figures (Philips X’Pert) reveal 
that 50% of the volume fraction of grains are 
oriented with the c-axis within 14” in specimen (B) 
and 8” in specimens (D) and (E) (Fig. 2). 

The densities of these sinter-forged specimens are 
nearly the same, around 95% or above of the the- 
oretical one (-6.2 gcms3), whereas the density of 
specimen (A) is only 79%, due to the cold isostatic 
pressing process (300 MPa) followed by a sintering, 
that is known to adversely affect densification of 
the 2223 phase. l3 To compare with a theoretical 
randomly oriented grains specimen, three isostatic- 
pressed specimens at 100, 200 and 300 MPa were 
synthesised to check the relationship between 
hardness and density. The Knoop hardness of the 
randomly oriented body (95% dense) was evalu- 
ated by extrapolation of the values associated to 
the three specimens mentioned above (Fig. 3). 

A course of Vickers indentation tests at room 
temperature were carried out on the polished and 
chemically revealed sections, with a diagonal par- 
allel to the texture orientation. The spectacular 
influence of the texture on the shape of the Vickers 
impress after unloading, already observed by the 
Luo et al. study lo but in less proportion, led to 
further investigations using Knoop indentation as 
a function of the disorientation angle a! of the 
impress to the sinter-forging stress axis (Fig. 4). 

Fracture toughness measurements were per- 
formed using SENB specimens (3-point bending 
loading) cut from the hot-forged batches (B) to (E). 
The final thickness of well-textured (C) to (E) pel- 
lets are less than 1 mm, which is too small to obtain 
meaningful results, especially for notched bars 
cracking. To obtain thicker bars, two or three 
identical pellets were hot-forged and then pasted 

stress 

time 

Fig. 1. Different loading profiles adopted in the study as a 
function of time with the corresponding different stress applied 

on the (Bi,Pb)-2223 disc (B) to (E). 

together during another short-time sinter-forging 
treatment. SEM observations on polished cross- 
sections revealed a complete disappearance of the 
boundary between the two pellets, even after only 
two hour long hot-forging. In that way, the final 
thickness of the pellets (C) to (E) is identical 
(2mm) for each texture quality. As-forged, 
annealed notched bars and smooth ones were tes- 
ted to assess the flexural strength uR, the elastic 
modulus E and the fracture toughness Ktc. 

3 Results and Discussion 

3.1 Knoop hardness 
When a diagonal of the Vickers impress is parallel 
to the sinter-forging stress axis, the shape which 
was squared under the diamond, it transforms into 
a lozenge when unloading (Fig. 5). The more tex- 
tured the ceramic, the further the more diagonal 
ratio is from 1. Those different elastic recoveries in 
the impress parallel and perpendicular to the sin- 
ter-forging axis have been already shown by Luo 
but with a smaller ratio. No crack but an impor- 
tant decohesion of the grains was observed in (C) 
direction, around the corners of the impress, since 
the load was below 50N. The chemical attack of 
the polished cross-section reveals agglomerates of 
grains around 50-100pm wide, not each 2223 
plate-like grain, about lO-20pm in size. Thus, the 
indent size is considerably larger than the grain 
one. The inference is that the anisotropy is due to 
the macrostructure produced by the orientation of 
a group of individual grains, rather than due to the 
effect of crystallographic anisotropy. Table 1 sum- 
marises the results of Knoop hardness tests. On the 
basis of these results, several points may be con- 
sidered: 

(1) 

(2) 

For a given sinter-forging time (5 min. sam- 
ples (B) and (C)) a higher stress induces a 
higher mean hardness value and a strong 
difference in the extreme hardness values 
between 0” to 90” from the sinter-forging 
axis. It corresponds to a better alignment of 
the 2223 grains. There is no difference 
according to the mean size of the grains but 
the best alignment induces more contacts 
between grains, thus the best links are along 
the (a&) plane, enhanced by high stress. 
For a given load (600 kg, corresponding to a 
15 MPa maximal stress) even when the tex- 
tured aspect is similar according to X-ray 
pole figure, the hardness along the stress axis 
is higher for the 48 h sinter-forged sample (E) 
than in the 24 h one (D). The principal 
microstructural difference is the final grain 
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BilPhb2223 f0 0 14) : 28 = 33.8” 
(E) 

\ /y 

v((50% IMAX) = 14” y@O% Imx) = 8” 
W(90% IMAX) = 35” ~(90% IMAX) = 16” 

Fig. 2. (0 0 14) pole figures performed on samples (B) and (E). 

Table 1. Knoop hardness results 

Al A2 A3 A B C D E 

Density (%&) 
Deformation (%) 
Hx (TV = 90’) (GPa) 
Hx (o = 0”) (GPa) 
Mean HK (GPa) 
HK (90”) - HK (00) 

Is0 1t Is0 2t Is0 3t Isostatic 5 min/7MPa 5 min/20MPa 24h/lSMPa 48h/lSMPa 
73,5 77.1 79 96 (simulate) 94 196 >96 ~96 
- - - 54 N 80 80 85 

2.3 2.7 2.5 3.2 
0.6 0.7 0.8 1.6 1.2 1 0.96 0.95 

1.75 1.85 1.73 2.08 
0 1.1 1.7 1.5 2.2 

size, which slowly increases with time during 
the sinter-forging step, from lOpurn to 20pm 
after 48 h. With a similar final thickness, the 
grain size is much higher in sample (E) and 
the number of grain boundaries is smaller. 
The hardness along the c-axis is thus ruled by 
the best links in a longer sinter-forging process. 
Apart from sample (E), the mean value of 
the hardness, which nearly corresponds to 
the one when the indent is oriented 45” with 
respect to the stress axis, is consistent with 
the calculated value obtained by a linear fit 
from the three cold isostatic-pressed and sin- 

tered samples (Al) (AZ) and (As) : 1 &l e8 
GPa. 

(4) The Knoop hardness in a direction normal to 
the stress axis remains relatively constant 
with the squash of the pellet, mainly con- 
trolled by the two parameters stress and time 
of the sinter-forging process, whereas along 
the stress axis, the hardness seems to depend 
more on the load than on the time of sinter- 
forging. The hardness of sample (C) is higher 
than that of, sample (D), due to the high 
stress (20 MPa), even if the loading time is 
much shorter. This shows that the short-time 
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Fig. 3. Estimated Knoop hardness of a dense simulated iso- 
tropic 2223 ceramic. 

A , 1 

(B) : 5 min./ 7 MPa 
(C) : 5 Min./20 MPa 
(D) : 24 hours/l5 MPa 
(E) : 48 hours/l5 MPa 

0 0 
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Anglo cx (“) (F = 3 N) 

Fig. 4. Knoop hardness of samples (B) to (E) on polished 
cross sections vs angle u between the main impress axis and 

the mean texture orientation. 
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Table 2. Mechanical properties measured using three point bending loading 

B BA C CA D DA E EA 

%(MPa) 
KIC @fPad$ 

&b W-V 

7 MPa/S min 20 MPa/S min 15 MPa/24 h 15 MPa/48 h 

130 110 180 150 160 140 200 170 
1.8 1.8 2.1 2.1 2.7 2.5 2.8 2.9 

91 86 105 86 91 90 120 120 

decohesion 

ack 

Fig. 5. Effect of the anisotropic microstructure on a Vickers 
indent performed on a polished and chemically revealed cross- 

section. 

sinter-forging under 20 MPa induces internal 
mechanical constraints that ameliorate the 
material. But in terms of superconductive 
properties, sample (C) exhibits a maximum 
transport critical current density JCT of 3000 
A/cm2 at 77K without external magnetic field 
against 8000 A/cm2 for sample (E). We have 
shown in a previous paper” that longer per- 
iods of the sinter-forging process are favour- 
able for the 2223 superconductive ceramic to 
transport higher current densities. 

3.2 Fracture 
To allow the fracture results to be comparable, all 
the tested bars from the different batches were 
equally dimensioned and the initial relative flaw 
was ue/w -0.3, which corresponds to a0 ~600pm. 
Such a value is much larger than the grain size 
(0.245pm) along w dimension. The 3-point 
bending tests on rough bars and air-annealed ones 
(BA to EA) are summarised in Table 2. 

(1) 

(2) 

Strength values of dense Bi-2223 vary in the 
range lo&200 MPa, depending on the tex- 
ture quality. The post-annealing, useful to let 
the material recover good superconductive 
properties does not change the structural 
composition of the 2223 grains but does 
change their oxygen content and lowers the 
amount of secondary phases. That weakens 
the strength values by a constant factor of 
about 1.2 whatever the texture quality for 
samples (B) to (E). 
Elastic modulus is not affected after the 
annealing treatment excepted for the disc (C), 
which was too fast and barely sinter-forged. 

c 
0 20 40 60 0 

deflection (pm) d%ction $-t) 
60 

Fig. 6. Effect of the texture on the 3 point bending loading 
diagram of rough/annealed smooth and SENB (E) specimen, 

in flat-wise orientation. 

These two observations reveal the presence of 
residual stresses due to the synthesis process. They 
seem to be less important in a few textured samples 
(B) or in slow hot-forged ones (D and E). In 
specimen (C), the relaxation of high internal resi- 
dual stresses along the c-axis, due to annealing, 
favours the interlaminar shear in the plane (ab) 
which contributes to lowering the measured 
Young’s modulus Eat,. 

Regarding the fracture toughness values Krc, the 
annealing treatment does not affect the resistance 
of the ceramic to the spreading of a major flaw. 
The load-deflection curves (Fig. 6), where the flaw 
spreads slower in annealed specimens than in 
rough ones, demonstrate this characteristic. The 
latter can be explained by an SEM observation of 
the fracture propagation. The good mutual align- 

Fig. 7. (a) Details of the fracture profile with bridging effect of 
the grains, (b) slight influence of secondary phases on the 

crack path. 
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ment of the grains and the weak bonding between 
Bi-0 layers in BSCCO superconductors, encourage 
the fracture to propagate itself in direction (a-b). 
In addition there is strong bridge effect between the 
decohesived grains due to their aspect ratios (Fig. 7 
(a)). The secondary and non-superconductive pha- 
ses, which represent an amount of 5 vol.% before 
the post-annealing and less than 3% after it, prob- 
ably influence the mechanical properties but in a 
minor way according to the fracture toughness 
values. They do not seem to affect the crack pro- 
pagation path, as can be seen by SEM observations 
(Fig. 7 (b)) that show the crack can deliminate the 
secondary grain or go through. 

4 Conclusion 

Hardness, strength and fracture toughness have 
been measured on textured (Bi,Pb)$r2Ca&u30y 
superconductive ceramics. The study shows the 
importance of the sinter-forging processes regard- 
ing the mechanical properties. From poorly to 
highly textured samples and from rapid to slow/ 
longer hot-forging treatments the Knoop hardness 
varies in the range 1.5-3.5GPa along the sinter- 
forging axis, the strength in the range lOO- 
200 MPa and the fracture toughness from 1.7 to 
3 MPafi as measured in bulk specimens in the 
flat-wise orientation. This information is practical 

for the technological application of massive and 
highly textured sinter-forged Bi-2223 ceramics. 
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