
distribution aeain are caused bv the nonlo- tions of the Josephson Effect (Wiley New York, 

cal effect. 
We have directly imaged static magnet- 

ic flux states in high temperature GBJs. 
Our experiments clearly show that the 
behavior of the high critical temperature 
junctions is close to that expected for ideal 
Josephson junctions. In particular, the 
maximum Josephson current density is 
quite homogeneous on a micrometer scale, 
and there are well-defined static magnetic 
flux states in the presence of an applied 
magnetic field. 
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Making Ceramics "Ductile" 

Brian R. Lawn,* Nitin P. Padture,? Hongda Cai,? 
Fernando GuiberteauS 

Distributed irreversible deformation in otherwise brittle ceramics (specifically, in silicon 
carbide and micaceous glass-ceramic) has been observed in Hertzian contacts. The 
deformation takes the form of an expanding microcrack damage zone below the contact 
circle, in place of the usual single propagating macrocrack (the Hertzian "cone fracture") 
outside. An important manifestation of this deformation is an effective "ductility" in the 
indentation stress-strain response. Control of the associated brittle-ductile transition is 
readily effected by appropriate design of weak interfaces, large and elongate grains, and 
high internal stresses in the ceramic microstructure. 

Ceramics have been cited as the "materials 
of the future." However, ceramics are also 
notoriously brittle and are subject to cata- 
strophic failure from the growth of a single 
dominant crack (1). They are limited in 
their use as load-bearing materials by a low 
intrinsic toughness and, correspondingly, a 
lack of ductilitv to absorb mechanical ener- 
gy. Of the vaiious mechanisms that have 
been advocated for imparting toughness to 
ceramics ( l ) ,  the most widespread and 
practical is that of "bridging," in which 
frictional pullout of interlocking grains and 
second-phase particles retards crack-wall 
separation (2, 3). Toughness then becomes 
a rising function of crack size [so-called 
toughness-curve, or resistance-curve, be- 
havior ( l)] .  A most important element in 

the enhancement of bridging is the con- 
trolled introduction of weak interfaces on 
the microstructural scale, to deflect the 
primary crack and thereby generate a more 
effective interlocking structure. One can 
also enhance bridging by coarsening and 
elongating the grain structure and by incor- 
porating internal mismatch stresses (1, 4, 
5). Thus to gain toughness in ceramics, one 
builds in microstructural heterogeneity. 
However, there is a price to pay. Toughness 
is improved, but only in the "long-crack" 
region. In the "short-crack" region, built-in 
weakness can enhance fracture at the mi- 
crostructural level, reducing laboratory 
strength (6) and increasing the susceptibil- 
ity to wear and erosion (7, 8). 

In view of this tendency toward coun- 
tervailing interrelations in toughness prop- 
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moderately tough, coarse-grain alumina 
(9). Our test uses the classical Hertzian 
configuration of an indenting sphere on a 
flat specimen surface (1 0). A rich literature 
exists for Hertzian tests on homogeneous 
brittle solids, notably glass, in which a 
cone-shaped crack (the Hertzian fracture) 
forms in a reeion of weak surface tensile " 

stress outside the contact circle (1 1-1 6). 
No such literature exists for analogous tests - 
on heterogeneous tough ceramics. In our 
study on coarse alumina, we found no 
well-defined cone crack but rather a damage 
zone of distributed intergranular microfrac- 
tures in a region of high shear stress below 
the contact circle. Stress-induced intra- 
grain twins appeared to act as essential 
crack precursors in the alumina by concen- 
trating stresses at the weak grain bound- 
aries. The subsurface microfracture damage " 
zone expanded with repeat loading, indicat- 
ing a pronounced "fatigue" characteristic. 

We have performed Hertzian tests on 
ceramic svstems whose microstructural het- 
erogeneity was tailored by heat treatments. 
In their base homogeneous forms, these 
ceramics are classically brittle and exhibit 
the familiar cone fractures. In their heter- 
ogeneous forms, however, these same ce- 
ramics are subject instead to subsurface 
microfracture, leading to an effective "duc- 
tile" response in the contact behavior. The 
results have orofound imolications concern- 
ing the capacity of brittle solids to sustain 
mechanical damage and absorb energy. 
Most important, the results suggest ways in 
which such radical "brittle-ductile transi- 
tions" in the mechanical response of ceram- 
ics may be effected by controlled micro- 
structural modifications. 

In our Hertzian test, a hard sphere of 
radius r was loaded onto a flat soecimen 
surface. From the load P and contact radius 
a, we plot indentation stress po = P/.rra2 
versus indentation strain alr (1 7) to pro- 
duce an indentation stress-strain curve. A 
special specimen configuration, consisting 

16 I I I I 
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Fig. 1. Indentation stress-strain curve for silicon 
carbide in homogeneous fine-grain and heter- 
ogeneous coarse-grain forms. Data taken with 
tungsten carbide spheres In the radius range r 
from 1.58 to 12 7 m m .  
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of two polished rectangular half-blocks 
bonded together with thin adhesive, al- 
lowed us to obtain section as well as surface 
views of the contact damage (1 8). Indenta- 
tions were placed symmetrically across the 
surface trace of the bonded interface on the 
top surface. After indentation, the adhesive 
was dissolved and the half-blocks separated 
to reveal the subsurface damage. The top 
and side surfaces of a given half-block were 
then coated with gold and viewed in 
Nomarski illumination. 

In our first example, we compared two 
forms of silicon carbide, a ceramic tradi- 
tionally known for its innate hardness and 
brittleness. The first form, a commercially 
available monophase material (1 9), had a 
fine, equiaxed, well-bonded microstructure 
(grain size = 4 pm). The second form, a 
material we developed by incorporating an 
yttrium-aluminum-gamet (YAG) sintering 
agent and subjecting the sintered material 
to a grain-growth heat treatment (20), had 
a coarsened, elongated microstructure 
(grains -3 pm thick and 25 pm long) with 
weakened interfaces between matrix grains 

Fig. 2. Half-surface (top) and section (bottom) 
views of Hertzian contact damage in silicon 
carbide, from a tungsten carbide sphere of 
radius r = 3.18 mm at load P = 2000 N. (A) 
Homogeneous fine-grain form shMng wellde- 
fined cone crack (stress p,, = 7.44 GPa); (B) 
heterogeneous coarse-grain form showing dis- 
tributed subsurface damage (stress p,, = 7.20 
GPa). 

and boundary phases. The microstructural 
conditions in the second form were condu- 
cive to enhanced grain bridging and there- 
fore to enhanced long-crack toughness. 

The indentation stress-strain curve for 
the homogeneous form (Fig. 1, open cir- 
cles) shows little nonlinearity, indicating 
essentially elastic-brittle behavior. By con- 
trast, the curve for the heterogeneous form 
(Fig. 1, filled circles) tends toward a "yield" 
response, more characteristic of ductile sol- 
ids. In micrographs of the contact damage, 
we observe a transition from welldefined 
cone fracture (Fig. 2A) to distributed sub- 
surface microfracture (Fig. 2B) with the 
increase in microstructural heterogeneity. 
Higher magnification reveals a relatively 
uninterrupted (transgranular) crack path in 
Fig. 2A and locally deflected (intergranu- 
lar) microfractures along the weak inter- 
phase boundaries in Fig. 2B. 

An even more striking illustration of the 
effect of microstructural heterogeneity on 
the intrinsic mechanical response is a f fd -  
ed by a micaceous glass-ceramic (2 1). This 
ceramic has a respectable long-crack tough- 
ness (22). It conversely has a low short- 
crack toughness, a notable consequence of 
which is that the material is readily ma- 
chinable (23). In its base glass state, the 
material is effectively homogeneous on the 
microscale. A controlled heat treatment 
crystallizes mica flakes (- 1 pm thick and 
10 pm long) in the glass matrix, with weak 
interphase boundaries, to produce the glass- 
ceramic. Whereas the indentation stress- 
strain curve for the base glass shows little 
nonlinearity, the curve for the crystallized 
glass-ceramic shows a dramatic yield tum- 
over (Fig. 3). Half-surface and section mi- 
crographs of the contact damage in the base 
glass (Fig. 4A) reveal classical Hertzian 
cone fracture. In the glass-ceramic (Fig. 
4B), the damage is contained wholly sub- 
surface and has the macroscopic appearance 
of a plastic zone in metals (18). Higher 
magnification of the areas within the sub- 
surface damage zones revealed local shear 

Flg. 3. Indentation stress-strain curve for glass- 
ceramic in base glass and crystallized forms. 
Data taken with tungsten carbide spheres in the 
radius range r from 0.79 to 12.7 mm. 
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fractures along the mica-glass interfaces, 
with some linkage and coalescence in the 
glass matrix at heavier loads. 

The distinctive change from classical 
cone fracture to distributed microfracture 
damage with increased microstructural het- 
erogeneity (Figs. 2 and 4) denotes a new 
kind of brittleductile transition in ceramic 
materials. This transition is apparent as an 
increased nonlinearity and a corresponding- 
ly greater work of penetration in the inden- 
tation stress-strain functions (Figs. 1 and 
3). It foreshadows a greater resistance to 
strength degradation and an enhanced ca- 
pacity for energy absorption from spurious 
contacts and impacts. 

Microscopically, the subsurface damage 
responsible for the ductility originates from 
some local shear-driven deformation pro- 
cess. The nature of this process is funda- 
mentally different from the dislocation pro- 
cesses that operate in metals (1 7). Instead, 
the deformation originates at "shear faults" 
in the grain microstructure. The key is the 
presence of intrinsically weak interfaces to 
create and arrest the faults, and perhaps 

Fig. 4. Half-surface (top) and section (bottom) 
views of Hertzian contact damage in glass- 
ceramic, from a tungsten carbide sphere of 
radius r = 3.18 mm at load P = 1000 N. (A) 
Base glass form showing well-defined cone 
crack (stress p, = 2.88 GPa); (B) partially 
crystallized form showing distributed subsur- 
face damage (stress p, = 1.87 GPa). 



also to provide favored paths for ensuing 
extensile microcracks at the fault edges, with- 
in the subsurface Hertzian stress field. In the 
silicon carbide (Fig. Z), the shear faults form 
at the interfaces between the matrix grains 
and the grain boundary (YAG) phases. In the 
glass-ceramic (Fig. 4), they form at the mica- 
glass interface. This transition to apparent 
ductilitv in otherwise highlv brittle ceramics is " ,  

attributable to the large compressive compo- 
nent of contact stress fields (1 3, 16). The 
deflection of any downward propagating sur- 
face ring cracks along grain or interface 
boundaries away from the tensile stress trajec- 
tories (13) suppresses the development of a 
single cone crack, and at the same time, the 
action of strong shear stresses on the weak 
planes in the confining subsurface zone pro- 
motes the development of a population of 
highly stabilized microcracks. The latter kind 
of distributed damage has been widely consid- 
ered in the fracture of rocks (24), where 
hvdrostatic com~ressive fields are the norm. 
but not in advanced ceramics, whose design 
has hitherto been based predominantly on 
single-crack mechanics. 

Our results are of special relevance to 
the mechanical response of ceramics where 
highly localized mechanical or thermal 
stresses are likely (lo), such as in bearings, 
local impact conditions, refractories, and 
medical implants (for example, tooth re- 
storatives). The implication is that one may 
design ceramic microstructures to chanee 
the ;cry nature of the damage behavior a id  
so optimize the mechanical response to suit 
particular applications. 
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Double Seismic Zone for Deep Earthquakes in the 
Izu-Bonin Subduction Zone 

Takashi lidaka and Yoshitsugu Furukawa 
Adouble seismic zone for deep earthquakes was found in the Izu-Bonin region. An analysis 
of SP-converted phases confirms that the deep seismic zone consists of two layers 
separated by -20 kilometers. Numerical modeling of the thermal structure implies that the 
hypocenters are located along isotherms of 500" to 550"C, which is consistent with the 
hypothesis that deep earthquakes result from the phase transition of metastable olivine to 
a high-pressure phase in the subducting slab. 

T h e  mechanism of deep earthquakes has 
been a puzzle since their discovery almost 70 
years ago (1, 2) because the shear stresses 
necessarv for ordinarv brittle faultine reach 
impossibly high valuis at depths ofuseveral 
hundred kilometers. A range of mechanisms 
has been proposed for deep earthquakes, in- 
cluding plastic instabilities (3, 4), shear-in- 
duced melting (5, 6), and instabilities accom- 
panying recrystallization (7, 8) or polymor- 
phic phase transformation (9-1 1). As an ex- 
planation of deep events (1 O), each of these 
~ r o ~ o s e d  mechanisms has been shown to suf- . . 
fer from certain inherent flaws. 

Recent mineralogical experiments suggest 
that the occurrence of deep earthquakes may 
be related to a phase change of metastable 
olivine (10-12) to a high-pressure phase. 
Evidence for the presence of metastable oliv- 
ine in subducting slabs has been found (13, 
14) in the Izu-Bonin and Japan subduction 
zones. Transformational faulting within a 
metastable olivine wedge should produce a 
double seismic zone in the slab. because oliv- 
ine above and below the wedge will warm and 
transform into s~inel, whereas the colder in- 

A ,  

terior material will remain untransformed. 
The presence of a double seismic zone at 

depths of about 400 km in the Tonga region 
has been inferred on the basis of relocating 
hypocenters with the use of P, pP, and PKP 
arrivals (15). A schematic model for the 
occurrence of deep earthquakes in Tonga was 
proposed from seismicity and focal mecha- 
nism solutions. The Tonga double zone could 
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Y. Furukawa, Department of Geology and M~neralogy, 
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be explained by bending, but a second obser- 
vation, along with the observations of the 
converted phase from what may be the top of 
the slab, provides a more convincing case. 

The existence of only a few seismic 
stations above these deep earthquakes lim- 
ited improvement in the resolution of the 
relocated hv~ocenters. In addition. the lack . . 
of precise knowledge of the relation be- 
tween the locations of deep earthquakes 
and the temperature structure of the slab 
prevents resolution of the cause of deep 
earthquakes. Here, we establish (i) the 
presence of a double seismic zone of deep 
earthquakes in the Izu-Bonin subduction 
zone, the same region where seismological 
evidence for the existence of a metastable 
zone within the slab was previously pro- 
posed (13) and (ii) the precise relation 
between the location of deep earthquakes 
and the temDerature structure of the slab on 
the basis of S - P converted wave analyses. 

The Izu-Bonin region is one of the best 
areas to investigate the locations of deep 
earthquakes and velocity structure within 
the subducting slab, because there are many 
seismic stations in Japan that lie above the 
region where the slab is at depths of 100 to 
450 km. We analyzed S - P converted 
waves at the upper boundary of the slab to 
determine epicenters of the deep earth- 
quakes relative to the upper plate boundary. 
The ~ a t h  of the converted wave is almost 
perpendicular to the upper boundary of the 
slab. The differential arrival times of the 
converted wave and the P wave are related 
to the distance between the focus of the 
earthquake and the upper boundary of the 
slab. We compared the location of the deep 
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