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Abstract 

The toughness und thermul shock resistunce 
(quenching from RT in air into liquid nitrogen) 
have been investiguted on ,four grades of polycrys- 
tulhne ’ YBaCuO ’ oJ’ almost equal porosity using the 
Vickers indentation technique. The mean grain sizes 
vuried.from I.5 to 10 pm. The change in toughness 
with increasing gruin size is described by u bell- 
shaped curve as ulreudy published by? Rice et al. for 
the case of’ other non-cubic cerumics. For the 
determination of the thermal shock resistunce, an 
original method, bused on the relative increase of 
the length of Vickers indentution rudiul trucks, us 
the sample is quenched. hus been used. The ranking 
of the four grades can only be explained lf the 
increase of the thermal residual mismatch stresses, 
as the samples are put into liquid nitrogen, is tuken 
into account such us to predict a shaft of the bell- 
shaped change of toughness with increasing grain 
size us the temperature reaches that of Iiquid 
nitrogen. The proposed methodology delivers u 
powerful tool for investigating non-cubic polycrys- 
talline structural or functional ceramics in the R&D 
stage. 

Nous uvons utilise la technique de I’indentution 
Vickers pour etudier la tenacite et la resistance au 
choc thermique (trempe de la temperature ambiante a 
l’air dans l’azote liquide) de quatre nuances 
de ‘YBaCuO’ polycristallin et de porosites sem- 
blubles. Les tailles moyennes des grains varient de 
1.5 a 10 pm. La variation de la tenacite lorsque la 
tuille des grains augmente suit une forme en clothe, 
telle que celle proposee par Rice et al., pour 
dhutres ceramiques non-cubiques. Une methode 
originale, basee sur I’augmentution relative de la 

*This work was done during the time F. Osterstock was on 
leave from LERMAT ~ CNRS URA 1317 ~ ISMRA. 
’ To whom correspondence should be addressed. 

longueur des fissures radiales de I’indentation 
Vickers lorsque 12chantillon est trempe, a PtP util- 
isee pour determiner la resistance au choc ther- 
mique. Le classement des quatre nuances necessite 
la prise en compte d’un accroissement des con- 
traintes thermiques residuelles entre les grains 
lorsque les Pchuntillons sont refroidis dans lhzote 
liquide. Ceci permet de proposer un decalage de 
la courbe en clothe qui decrit la variation de la 
tenacite avec la tuille des grains lorsque le muteriau 
utteint la temperature de lhzote liquide. La 
methodologie proposee se revele comme un bon 
outil pour I’etude de ceramiques fonctionnelles ou 
structurules a structure non-cubique dans le stade 
de recherche et developpement. 

Die Bruchztihigheit und der Thermoschockwider- 
stand (Abschrecken von Luft bei Raumtemperatur 
in jhissigen Stickstofl) wurden an vier vielkristalli- 
nen ’ YBuCuO’ Sorten von beinahe gleicher 
Porositiit, mittels der Vickershiirteeindrucksmethode 
untersucht. Die mittlere Korngriisse varierte zwis- 
then I.5 und IO t_mt. Die Anderung der Bruchzahigheit 
mit steigender Korngriisse wird durch eine glocke- 
nartige Kurve beschrieben, wie schon von Rice et al., 

jii’r andere nicht-kubische Keramiken vorgeschlagen. 
Der Thermoschock-widerstand wurde mittels einer 
Methode, die auf der relativen Verliingerung der 
Vickerseindruck-risse wiihrend des Abschreckens 
beruht, untersucht. Zur Einordnug der vier Sorten 
muss die Zunahme der thermischen Eigenspannun- 
gen zwischen den Kiirnern wiihrend des Abhiihlens 
in jhissigem StickstofS in Betracht gezogen werden. 
Dies hut eine Verschiebung der glockenartigen 
Anderung der Bruchzahigkeit mit steigender Korn- 
griisse bei der Temperatur des j%ssigen Stickstofls 
zur Folge. Die vorgeschlugene Methodik erweist 
sich als sehr ungebracht ji.2 die Untersuchung von 
vielkristallinen nicht-kubischen Funktions-oder- 
Baukeramiken in der Entwicklungsphuse. 
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1 Introduction 

Although much attention is currently paid to the 
fabrication of high-temperature superconducting 
materials, either in the shape of thin films or being 
textured, a potential still exists for the use of poly- 
crystalline ones. It has been recognised very early 
that, for the latter, the grain size plays an impor- 
tant role in the density of the critical current.‘.’ 
Microcracking along the grain boundaries under 
the action of thermal mismatch stresses is a com- 
mon feature of non-cubic functional and struc- 
tural polycrystalline ceramics. However the grain 
sizes for which a dramatic decrease in critical cur- 
rent density has been detected by Refs 1 and 2 
differ. This reveals a general problem of grain 
boundary engineering about which it has been 
speculated for this family of materials’.4 or in a 
more general way.’ 

It appears from these works that the quality of 
a grain boundary is often best approached by 
the grain boundary energy, 3/,&,, which describes 
its mechanical resistance, but also depends on 
the geometrical orientation of the two neigh- 
bouring grains on the one hand and on the nature 
and amount of impurities located in it on the 
other hand. The latter also influence the quality 
and the coherency of the superconducting domains. 

Furthermore the mechanical resistance of 
‘YBaCuO’ and other high-T, superconducting 
cuprates is only poorly documented. In addition 
to the determination of usual mechanical proper- 
ties 6,7 the indentation method has been used for 
the’measurement of more specific properties8.9 of 
single crystals or of polycrystals.” The latter 
encompasses the toughness which provides more 
reliable information on the quality of a sintered 
microstructure than the single rupture stress which 
depends on the size of the largest defect and is thus 
inadequate for judging materials in the state of 
research and development. Also the toughness 
appears in treatments of thermal shock resistance, 
which is of importance when the functional part is 
cooled from room temperature to that of liquid 
nitrogen. 

In the present paper, the indentation method has 
been used to determine toughness at room tempera- 
ture and thermal shock resistance of polycrys- 
talline YBaCuO when quenched into liquid 
nitrogen, as a function of grain size. Existing models 
are used in order to discuss the experimental results. 

2 Materials and Experimental Procedures 

Mixtures of Yz03, CuO and BaCO, have been cal- 
cinated at 880°C then milled and calcinated again 

and remilled. The resulting powders were then 
uniaxially pressed at room temperature and subse- 
quently pressureless sintered at 920°C in air such 
as to yield various grain sizes. 

Afterwards the resulting discs (5 mm in thick- 
ness and 25 mm in diameter) were refired and then 
ground and polished to remove the outer skin, 
which may have been fitted with thermal stresses 
of the first kind, and for metallographical pur- 
poses. The density of these discs was measured 
using Archimedes’ principle in toluol. Four differ- 
ent microstructures were obtained; their character- 
istics are given in Table 1 in addition to the 
toughness as it will be deduced below. Electron 
scanning micrographs are shown in Fig. 1 in order 
to see the microstructures under investigation. 

Thoughout this study, the indentation method 
was used for determining the toughness and evalu- 
ating the thermal shock resistance with the help of 
Wolpert and Zeiss durometers. Details will be 
given below concerning the working-out scheme 

Table 1. Designation of the samples and main characteristics 

Sun1ple 920 B Y20 c 920 D 920 A 

p structure Very fine Fine Medium Coarse 

Porosity vol.% 19 19 22 16 

Kc, MPa v% 0.70 0.84 1.64 0.24 

Grain size, pm 1.5 3.5 5.5 10 

Fig. 1. Electron micrographs of samples 920B (a) and 920A (b) 
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and procedures, A well defined procedure was 
used for determining the toughness, via the direct 
crack length measurement method.” Thermal 
shock was realized in putting as-indented samples 
into liquid nitrogen, within a Dewar. Care was 
taken during reheating to avoid condensation of 
ambient humidity, which may cause sub-critical 
crack extension due to stress enhanced corrosion, 
in isolating the sample into water absorbing paper 
after it had been swept a first time. This also 
reduced the reheating rate. 

3 Results 

3.1 Toughness using the Vickers indentation method 
The procedure used here is that initially outlined 
by Anstis et ~1.“~‘~ Due to the elasto-plastic mis- 
match between the deformed zone under the 
indentor and the remaining elastic matrix a sym- 
metric crack pattern appears during unloading the 
Vickers diamond. These cracks are in equilibrium 
between the residual central opening and the 
toughness, Kc of the material. Such a pattern is 
shown in Fig 2; Fig. 3 gives details concerning the 
parameters used. A dimensional analysis yields a 
relation between indentation load, P, crack length, 
cO, and the toughness: 

K, = 5(EjH)‘:2.p.(‘03~? = Xy.p.c0~3:? (1) 

where: E is Young’s modulus and H the hardness; 
5 and xr are dimensionless proportionality factors, 
with: 

xi’ = &EIH)” (2) 

Values of the microhardness H, = 8.7 GPa’ and 
Young’s modulus E = 180 GPa6 were used to verify 

whether the ratio (El!‘) fits with the values used by 
Anstis et al. “.‘* They obtained (E/H) = 30 for a 

range of glassy and crystalline materials, whereas 

(E/H) = 20 holds in the present case. Thus tough- 

Fig. 2. Electron micrograph of a Vickers indentation and 
associated radial cracks in grade 920D. 

Equilibrium concHions: 

- K(rXr.P. c-i” 

Fig. 3. Schematic of the Vickers indentation induced median- 
radial crack system, its extension during quenching and the 
associated parameters. In the quenching it has been assumed 
that the indentation crack system is located within a skin of 

homogeneous and constant peak stresses. 

ness was deduced from: 

Kc = 0.77 Pq “* (3) 

despite the fact that porosity may yield densifica- 
tion before plastic deformation occurs beneath the 
indentor. Furthermore, as can be deduced from 
the scatter of the Young’s moduli published by 
Alford et al.(’ the value of the Young’s modulus of 
the bulk may depend on grain size due to thermal 
mismatch stress induced microcracking of the 
grain boundaries. The values of the proportion- 
nality factors may thus vary with grain size too. 
The purpose of this paper is however to underline 
the resulting behaviour. 

A comparison has been made between the 
medium grain-sized grade 920 D and three mat- 
erials for which the indentation crack system is 
already well established: Palmquist cracks for 
WC-Co and the median-radial crack system 
for AllO3 and SIC. The former is characterized by 
the fact that a level of indentation load is needed 
for the occurrence of the first crack, whereas for 
the latter the identation load versus radial crack 
length plot passes the zero point in accordance 
with eqn (1). It can be seen in Fig. 4 that the 
YBaCuO 920 D follows the behaviour of a median- 
radial crack system. 

In Fig. 5, the results of the four grades are plot- 
ted and compared with Al,O, (Kc = 3.5 MPa Vm) 
and SIC (K, = 3.2 MPa Vm) in a P2’3 versus c0 
plot. This coordinate system, P2’3 versus co, has 
been chosen, because, as can be deduced from eqn 
(I), the slope is directly proportional to Kc2’3, and, 
in addition to the verification made just above, it 
is less subject to errors than measurements made 
with only one indentation load. The values of Kc 

deduced in this way are given in Table 1 and plotted 
as a function of grain size in Fig. 6. As can be 
seen, as grain size increases, the toughness first 
increases and then decreases. This is a feature 
which has already been observed for non-cubic 
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Fig. 4. Indentation load versus radial crack length plots for a 
material exhibiting Palmquist cracks (WCCo) and others 
exhibiting a median-radial crack system (SC, A1201 and 

YBaCuO). 
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x 2nd &hock 
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Fig. 5. Indentation load versus radial crack length for the 
four grades of YBaCuO and comparison with Sic and A&O,. 

0 
Grain size, pm 

- 
0 5 10 

Fig. 6. Variation of Vickers indentation toughness with grain 
size for the four YBaCuO grades. 

ceramics’3-‘5 and will be discussed later in con- 
junction with the results of thermal shock testing. 
The maximum value of K,, is detected at a grain 
size of about 6 pm which is much larger than the 
value of 1 pm computed by D. R. Clarke rt al.’ 

for spontaneous microcracking of polycrystalline 
YBaCuO. This discrepancy may be due to the val- 
ues of the toughness of the grain boundaries 
which are higher than that used in ref. 3. Addi- 
tionally, the polycrystalline YBaCuO investigated 
here is porous, thus lower values of the residual 
thermal mismatch stresses are expected. 

3.2 Thermal shock resistance 
High-temperature ceramic superconductors are 
aimed to be put to work at the temperature of liq- 
uid nitrogen and because an in-between stage at 
room temperature is technically necessary, the 
investigation and the knowledge of the resistance 
against sudden temperature changes are necessary. 
Since the works of Buessen16 and Kingery” many 
efforts have been devoted to the thermal shock 
resistance of structural ceramics.” These approaches, 
however, propose to rank the materials in deter- 
mining a critical quenching temperature differ- 
ence, AT,, following a method which needs a large 
number of specimens having the same microstruc- 
ture. This is hardly achievable for materials in the 
R&D stage and, in the case investigated here, the 
relative resistance of materials against given 
quenching conditions is looked for. For this pur- 
pose a test based on the conditions of the stable 
extension of Vickers indentation cracks has been 
developed’“,“’ and will be briefly outlined below. 

The principle is based on the existence of resid- 
ual contact stresses which act as a central opening 
force, or wedge, such as to extend the radial 
cracks until its driving force is counterbalanced by 
the crack resistance of the indented material (eqn (1)). 
Now if an external stress of mechanical or thermal 
origin a,,, is added to this wedge effect, the inden- 
tation cracks increase their size, c’. The critical 
stress intensity factor is then:“.” 

(4) 

It corresponds to the superposition of the residual 
indentation stress intensity factor and that due to 
the external stress, K, = 0th (n 0 c)“~ where fl is a 
geometrical factor taking into account the shape 
and size of the semi-elliptical surface cracks (0 = 
0.405) The occurence of a negative and a positive 
exponent for the actual radial crack length, c, 
indicates the possible existence of stable crack 
extension during the superimposition of stresses 
given above. The differentiation of 0th with respect 
to the actual crack length, c, shows that stable 
crack growth occurs between the initial, or as- 
indented (see Fig. 7), crack length, c, and a given 
crack length, c, Both depend on the indentation 
load, P, and on the material toughness, Kc The 
value of L’, is obtained as: 
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cln = (4~yr.PlK,)~'~ 

in conjunction with a stress level, 
ing the end of stable and the onset 
crack extension: 

(5) 

a,; both defin- 
of uncontrolled 

urn = 3KJ4((dk,)"* (6) 

These bell-shaped curves are schematically 
shown in Fig. 2 of ref. 2 and reproduced for sev- 
eral indentation loads in Fig. 7. The aim is to 
show how indentation cracks due to different 
indentation loads increase in length for a given 
external applied stress, which is the peak of the 
thermal tIXnSient StreSS, a[,, in the pITSent case. 
For a value of the applied stress, a,,, = 0, the 
radial cracks have their initial length, c, (eqn (3)). 
In Fig. 7, a level of a,,, = 58 MPa has been arbi- 
trarily chosen such as to correspond to a maxi- 
mum of one of the curves (P=lOO N). It shows 
that the radial cracks extend in a stable, and then 
possible unstable way, depending on the indenta- 
tion load, as shown by the thick parts of the bell- 
shaped lines. It is a special case, since it defines 
the conditions for the onset of unstable extension 
as the curve describing the behaviour of a crack 
system obtained with an indentation load of P = 
100 N where the crack length attains c = c,. The 
ratio c,IcO is 2.52, independently of the indenta- 
tion load. 

Values of c/c,, the relative increase in radial 
crack length, can thus be calculated as a function 
of indentation load, P, and for various levels of 
applied stress and toughness of the materials, Kc. 
Some features are shown in Fig. 8. It appears that 
the relative increase in radial crack length c/c,, 
tends as a function of the indentation load, the 
more rapidly towards c,Ic, = 2.52, the higher the 
level of the applied stress or the lower the tough- 
ness of the material. 

1 applied rWess,MPa 

130 10 N 

-0 1000 2000 3000 

Fig. 7. Stable (increasing) and unstable (decreasing) branches 
of the extension of Vickers indentation radial cracks under 
the action of an applied stress. The value of the indentation 
load is given on the top of each curve. The extensions for a 
given level of applied stress are the thick part of the lines 

(,yr = 1). 

I 
relative increase in radial crack length&/c, 

*,s _.___._._._._ 

4MPa\Tm; 24.6 MPa 

1 . . . . I . . 1 
0 lb indentation load, P (N ) 

Fig. 8. Comparative effects of toughness and given applied. 
mechanical or thermal stresses on the relative increase in 
length of the radial cracks from Vickers indentation, as a 
function of indentation load. The limit of stable and thus 

measurable crack extension (c/c, = 2.52) is indicated. 

In the present case, since the YBaCuO samples 
differ only by the grain size and since they have all 
the same shape and dimensions, it is assumed that 
the value of the peak of the thermal transient 
stress, a,,,, appearing when the samples are put 
into liquid nitrogen, is the same for the four 
grades. The response of the sample to quenching 
is thus solely dictated by the toughness and the 
relative increase in radial crack length, c/c,, is 
some indicator of the thermal shock resistance. 

The experimental results are shown in Fig. 9. It 
can be seen that the shape of the experimental 
curves follows that predicted in Fig. 8. From the 
way these curves have been derived, it means that. 
the higher or the steeper the curve, the less ther- 
mal shock resistant is the material. In the present 

F relative 
2.5 

I 2 

increase in radial crack length,c/co 

920 A 

/ 

920 D 

7 , 

.’ 
920 B 
P 

,’ 

0 10 30 50 100 
Fig. 9. Relative resistances against thermal shock of three 
YBaCuO grades when quenched from room temperature in 

air into liquid nitrogen. 
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case, it shows that the thermal shock resistance 
decreases with increasing grain size. It can be 
noted that this ranking is not the same as that for 
the toughness which exhibited first an increase 
and then a decrease with increasing grain size. 
This apparent discrepancy will be discussed on the 
basis of existing models and results obtained on 
both functional and structural ceramics. 

Further toughness measurements made on 
quenched samples give some information for spec- 
ulating on the role of residual thermal mismatch 
stresses. The state of the residual stresses depends 
solely on the testing temperature (room tempera- 
ture in the present case), if they have not been, at 
least partly, released by spontaneous microcrack- 
ing, which is an irreversible process. Microcracking 
during the stage in liquid nitrogen can thus be 
detected at room temperature through toughness 
measurements using the indentation method. The 
results are shown in Fig. 10 for grades 920B 
(finest grain size) and 920A (coarsest grain size). 
The toughness of grade 920B did not change after 
the first, nor after the second quenching, indicat- 
ing that no microcracking had occurred. Grade 
920A behaves differently. After the first quenching 
a sharp and apparent increase in toughness is 
observed. A second quenching does not yield fur- 
ther changes. The change observed after these 
quenchings indicates a change in the internal 
stress state which may be due to microcracking 
as detected by other means by D. S. Smith et al.’ 

and M. Aslan et al.’ The reasons why the release 
of residual stresses through microcracking yields 
an apparent increase in toughness are not clear. 
Previously obtained results on thermally shocked 
fine-grained alumina2’ and coarse-grained chromium- 
magnesia refractories” indicate opposite changes 
of toughness after thermal shock. Grade 920A 
would be in accordance with the refractory. They 
have also the common features of being porous 

i 

indentation load,PlN 1 

500 
1 

/ 
l AI,O, 

400 1 

9208 
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Fig. 10. Detection of microstructural damage in the coarse- 
grained 920A grade after quenching into liquid nitrogen. 

and coarse-grained. This problem however should 
be discussed within further papers. An explana- 
tion may be that nuclei of microcracks are created 
which would not have been activated otherwise. 

4 Discussion 

The shape of the curve describing the change in 
toughness with grain size is similar to that already 
shown by Rice, Freiman, Becher and Pohanka.‘3-‘5 
Their model is based on the existence of thermal 
residual mismatch stresses at the grain boundaries 
due to the anisotropy of the thermal expansion 
coefficients. These residual stresses are also investi- 
gated for their role in dielectric failures23324 and the 
influence of grain size (the tendency to grain 
boundary microcracking increases with increasing 
grain size) has been established25. 

Residual thermal mismatch stresses may enhance 
toughness. The case must be considered when an 
external stress is applied and superimposed to 
these already existing stresses in order to reach the 
conditions for grain boundary microcracking. 
Rice and Freiman14 considered an arithmetic con- 
tribution of the grain boundary energy per unit 
area of primary crack growth. Other models con- 
sider the superimposition of applied and residual 
stresses (stress-induced microcracking) for deriving 
models of toughness based on the shielding effect 
of a frontal microcracked, or process zone.26-28 It 
appears from these models that as grain size 
increases, the density of microcracks ahead of the 
primary crack increases in a first time, enhancing 
the shielding effect and thus toughness. However 
above a critical grain size, the strain energy of the 
grains is high enough that the decrease in applied 
stress necessary for inducing microcracking coun- 
terbalances more and more the shielding effect. 
Toughness decreases then towards zero for a grain 
size at which spontaneous microcracking occurs.23-3’ 

When the YBaCuO samples are cooled to the 
temperature of liquid nitrogen (77 K), the residual 
thermal mismatch stresses and the associated 
strain energy of the grains, increase with respect 
to their level at room temperature. This results in 
a shift, towards smaller grain sizes, of the bell- 
shaped curve describing the variation of toughness 
with grain size at room temperature (see Fig. 6). 
This shift is illustrated in Fig. 11 as well as the 
expected changes in toughness for a temperature 
of 77 K. 

This shift may explain the apparent discrepancy 
between the ranking of the toughness measured at 
room temperature and the ranking of the thermal 
shock resistance as a function of grain size. Exten- 
sion of the radial crack during thermal shock 
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0 5 10 

Fig. 11. Speculated shift of the toughness versus grain size as 
testing temperature varies from room temperature to that of 

liquid nitrogen. 

takes place at the temperature of liquid nitrogen 
and the toughness at that temperature must 
be considered. The speculated shift may yield the 
same ranking for the toughness at 77 K and the 
thermal shock resistance. Unfortunately the lack 
of testing materials and facilities did not allow of 
an experimental confirmation. 

5 Conclusion 

In the present work the influence of grain size on 
the toughness and thermal shock resistance of 
polycrystalline YBaCuO has been investigated in 
using the Vickers indentation method. It has been 
shown that this experimental methodology yields 
valuable quantitative and qualitative informations 
on these materials in the R&D stage. The changes 
of toughness and thermal resistance with grain 
size can be correlated within the frame of models 
taking residual thermal mismatch stresses into 
account. 

In view of the discrepancies of published results 
on the decrease of critical current density with 
increasing grain size, inquiries on the nature and 
structure of the grain boundaries should be under- 
taken in order to become able to tailor micro- 
structures exhibiting both high toughness, thermal 
and microcracking resistance, as well as satisfac- 
tory current densities and reliability. 
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