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Abstract 

Dense pellets of polycrystalline YBa2Cu307_ ~ have been made by shock compaction. While YBa2Cu3OT_ ~ is 
brittle at ambient conditions, the high pressure generated during the shock deformation is known to enhance its 
plasticity. Plastic deformation as well as fracture occurs when the shock wave passes through the initially loose 
powder, and multiple defects are expected to be generated. The paper reports on the interaction of dislocations with 
twin boundaries, and their role in the cleavage behaviour. The observations are performed on shock-loaded samples, 
compacted at E l M  ratios ranging from 0.8 to 2.3. The microstructure of shock-compacted samples is compared to 
that of the initial, non-compacted powders. Apart from the well established (100){100} glide system, the role of the 
novel [110](110) and [010](100) glide systems is studied. All glide systems are found to interact with the ferroelastic 
domains of the material, each in a different way. 

1. Introduct ion 

Dynamic compaction of high-T c ceramic pow- 
ders has been used as a technique to improve 
several properties of the material including: 
(a) to obtain high density material and at the 
same time to improve the electrical contact be- 
tween grains [1]; 
(b) to consolidate the initially loose powder and 
fabricate composite materials which incorporate 
stable, superconducting channels encapsulated in 
a metal matrix [2]; 
(c) to create defects in the superconducting pow- 
der grains, which could enhance the supercon- 
ducting parameters such as critical field and cur- 
rent densities [3,4]. 

Because of the brittle nature of YBa2Cu30 7_8, 
plastic deformation of this material is difficult. Its 
brittle character may, however, be suppressed 
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either by performing deformation at elevated 
temperatures [5,6], at room temperature with the 
application of a confining hydrostatic pressure 
[7,8], or by performing shock-loading techniques 
[9,10]. The defect structure found after high-tem- 
perature deformation experiments may of course 
be different from the one found after room-tem- 
perature or shock-loading deformation. At ele- 
vated temperatures, diffusion-assisted climb of 
dislocations is likely to occur, whereas diffusion 
processes can be excluded in room-temperature 
and shock-loading deformation. Also the room- 
temperature deformation experiments performed 
under hydrostatic pressure do not necessarily yield 
the same microstructure as the present shock- 
loading experiments, since strain rates in shock- 
loading experiments differ by a factor of 109 from 
classical ("slow") deformation experiments. 

The shock wave which propagates through the 

reserved 
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initially loose powder is known to generate multi- 
ple defects. In a first approximation the shock 
loading of a powder sample is described as a 
large uniaxial strain imposed on an isotropic ho- 
mogeneous sample [10]. The corresponding stress 
state may be decomposed in a hydrostatic and a 
deviatoric stress component.  The hydrostatic 
stress component  suppresses the brittle nature of 
YBa2Cu307_8, and so plastic deformation with 
dislocation generation and motion is expected. In 
contrast to classical crystal deformation experi- 
ments which occur typically at strain rates of 10 -5 
to 10 -1 s -1, ballistic deformation experiments 
involve strain rates of 104 to 10 6 S -1 .  These high 
strain rates yield completely different deforma- 
tion mechanisms since defects cannot move the 
same way at high rates than they do at low rates 
[11]. The temperature  may reach peak values of 
several hundred degrees centigrade during load- 
ing. These high temperatures,  however, are only 
reached at the very boundaries of the grains. 
Moreover, cooling rates are very high (up to 10 9 
°C s - l ) .  Any diffusion-assisted effects may thus 
safely be ignored. 

2. Experimental procedure 

The YBa2Cu307_ ~ starting powder was pre- 
pared from commercially available "Rhone-Pou-  
lenc Superamic Y 200" powder, particle size 2-5  
/~m. This powder was heat- treated for 5 h at 
950°C after which it was cooled to room tempera-  
ture at a cooling rate of 2°C/min.  The material  
was ground with a mortar  and pestle and sifted to 
a particle size distribution of 6-36 /~m, as deter- 
mined with a "Malvern 2600 particle sizer". The 
oxygen content was determined with the wet 
chemical method [12] as 6.88 + 0.01. 

For the compaction of the YBa2Cu307_ ~ 
powder, the widely applied cylindrical symmetric 
compacting configuration was used [13]. The 
YBa2Cu307_ ~ powder is pressed to a 73.2% 
density in an aluminium tube, length 120 mm, 
inner diameter  16 m m  (di) , outer diameter  20 
mm (d o) and placed in the middle of a Teflon 
tube. The space between the AI tube and the 
Teflon tube is filled with a home-made powder 

Table 1 
Experimental  parameters  and observed defects for the investi- 
gated samples 

E / M  D (%) Observed defects 

Initial - Type A dislocations; twins 
0.78 92.9 Above and type B dislocations 

1.13 93.9 Above and (110), (103) cracks; 

~(301) stacking faults 
1.39 94.3 Above and type C dislocations 
1.63 94.8 Above 
1.95 94.6 Above 
2.18 94.3 Above 

Density (D) values are 
labelling of the different 
the text. 

+0_7%. Notations concerning the 
types of dislocations are discussed in 

explosive, containing 10% TNT, 84.2% N H 4 N O  3 
and 8.8% A1, Its detonation velocity is 3.76 k m / s  
as measured with a set of nine ionisation pins. 
The specific mass of the explosive (Pexpl) is 1085 
k g / m  3, and the specific mass of the 73.2% dense 
YBa2Cu307_ ~ powder (Ppowder) is 4663 k g / m  3. 
The amount of explosives may be varied by using 
Teflon tubes of different inner diameter  (Di). 
If  one puts E = 1 2 2 ~Tr(D i -do)P~xp I and M-= 
1 2 ~TrdiPpowder then the ratio of the mass density of 
the explosives to that of the material to be com- 
pacted, is expressed as the ElM ratio. Larger 
ElM ratios correspond to longer pulse duration 
and slightly higher peak pressures. The ElM 
values used in our experiments, are listed in 
Table 1. In the same table the average density of 
each of the samples is also listed. 

Samples for TEM analysis of the initial, non- 
compacted powder were made of a mixture of 
70% YBa2Cu307_~ powder and 30% epoxy. This 
mixture was put in a steel tube, with an inner 
diameter  of 2.5 mm and an outer diameter  of 3,0 
mm. After hardening of the epoxy, thin slices 
were cut with a diamond saw. Both sides of the 3 
mm disks are dimpled such as to obtain a centre 
thickness of 40 /,Lm. The sample was finally ion- 
milled down to electron transparency with Ar + 
ions accelerated through 4 kV, a beam current of 
0.5 mA and at an angle of 9 °. For the compacted 
samples, thin slices were cut at the middle of the 
120 mm tube. With an ultrasonic cutter 3 mm 
tube discs were cut near the A1 tube wall, after 
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which the above T E M  preparat ion procedure was 
followed. 

Diffraction contrast experiments were carried 
out on a J E O L  2000CX electron microscope 
equipped with a side-entry goniometer and oper- 
ated at 200 kV. The double-tilt sample holder 
allows tilting over + 60 ° in one, and + 45 ° in the 
other direction. High-resolution observations 
were performed with a J E O L  4 0 0 0 E X / I I  micro- 
scope equipped with a top-entry double-tilt stage 
allowing tilt angles of + 20 ° in either direction. 
The latter observations were performed with a 
primary voltage of 400 kV. 

3. Observations and discussion 

3.1. Dislocation classes and cleavage in Y'Ba 2 

Cu307_ 

All samples are orthorhombic and show twin- 
ning. Twinning in YBa2Cu307_ a is related to the 
ferroelastic te t ragonal- to-or thorhombic  phase 
transition. In most cases, individual grains show 
twinning in only one direction. Twinning may of 
course occur on (110) as well as on (1]0) planes, 
but if a grain is twinned on only one set of planes, 
one is free to assign the (110) or the (1]0) planes 
to the domain walls. Throughout  this analysis, we 
will adopt the convention that ferroelastic do- 
main walls are indexed as (110) planes. 

Three different types of dislocations are distin- 
guished, which as for the sake of convenience will 
be named type A, B and C. Dislocations with 
[100] or [010] Burgers vectors gliding in the (001) 
planes have been observed frequently both in 
melt-textured samples and in room-temperature-  
deformed samples [5-8]. In neighbouring do- 
mains, the a and b axes are interchanged such 
that the Burgers vector of these dislocations are 
changed from [100] to [010] and vice versa. Since 
the contrast of such a dislocation does not change 
on passing from one variant to the other, we 
omitted to make a difference between the two 
types. In the remaining of the text, we will adopt 
the notation " (100)"  or " type A"  dislocations 
when referring to [100] or [010] dislocations with- 
out making a difference between both sets of 

Fig. 1. High-resolution image in the [001] zone-axis orienta- 
tion showing a pile-up of type C dislocations. The Burgers 
vector can be directly read from the atomic arrangement .  

dislocations. This notation tacitly refers to the 
parent  phase tetragonal symmetry. 

In the shock-deformed samples, pile-up arrays 
of [110] dislocations gliding in the planes perpen- 
dicular to the domain wails, i.e. the (110) planes, 
are observed. These dislocations will be called 
type B dislocations. The formation of pile-up 
arrays and cleavage along the (1]0) planes, and 
the interaction with the ferroelastic domain struc- 
ture is discussed in Section 3.3. 

Next to the well known type A dislocations 
and the novel type B dislocations, arrays of [010] 
dislocations gliding in the (100) planes are found. 
Their Burgers vector is identical to that of the 
type A dislocations, but the line of the type A 
dislocations is completely confined to the (001) 
plane, while the edge part  of the latter type of 
dislocations runs parallel to the [001] direction. 
The latter type of defects thus forms a new class: 
type C dislocations. In Fig. 1, a high-resolution 
image of such a pile-up array is shown. The 
structure is imaged along the [001] zone-axis ori- 
entation. Edge parts of type C dislocations are 
then imaged end-on. In this orientation, one may 
directly determine the projected Burgers vectors, 
simply by drawing a circuit around the core of the 
dislocation. The inserted half-plane is easily ob- 
served in the enlarged inset if viewed under 
glancing angle. A complete discussion of the lat- 
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Fig. 2. (110) dark-field image tilted slightly away from the 
[130] zone axis. The planar faults indicated by the large black 
arrows are cracks along the (103) plane. Dislocations observed 
in this picture are all of type A. They are mostly of the screw 
type, occasionally an edge part connecting two screw parts is 
observed (open arrows). ALong the domain walls, segments  of 
type A dislocations of mixed character running strictly parallel 
to the [110] direction are found (small arrows, see also the 
inset in the right upper  corner)_ 

ter type of dislocations, together with their inter- 
action with the ferroelastic domain structure, is 
presented elsewhere [9]. It should only be noted 
that cleavage along the (100) plane, i.e. the slip 
plane of this class of dislocations, does occur. 

Cleavage along (103) planes (Fig. 2) is also 
observed. This cleavage process is, as far as we 
could see, not related to preceding pile-up forma- 
tion. When regarding the YBa2CU3OT_~ struc- 
ture as being built of perovskite blocks (as is 
often done irrespective of the wrong coordination 
of the constituting atoms), the (103) planes in 
YBa2Cu3OT_ ~ are seen to correspond to the 
(101) planes in a perovskite. 

3.2. Domain wall interaction 

to room temperature apparently does not influ- 
ence the dislocation arrangement. 

The appearance of the type A dislocations 
changes drastically in the shocked material. In all 
compacted samples, the type A dislocations are 
predominantly of screw character. This is easily 
understood if one considers the fact that the 
mobility of edge dislocations is much higher than 
that of screws. During the deformation of the 
sample an initially round loop extends; the edge 
parts will thus first reach a grain boundary and 
disappear with the creation of a surface step. Our 
observations also confirm findings from slow de- 
formation experiments [8], namely that the fer- 
roelastic domain walls act as obstacles in the 
motion of the type A dislocations. When crossing 
a domain wall it is seen that they are pinned for 
some distance by the wall, and thus adopt mixed 
character, before continuing as a screw in the 
other domain (Fig. 2). A model for the interac- 
tion between type A dislocations and domain 
walls based on the core structure of the disloca- 
tions is presented elsewhere [9]. 

Core structures of these type A dislocations 
can be investigated through high-resolution ob- 
servations. In Fig. 3, a region containing two 

In as-grown material, the density of disloca- 
tions is below 10 6 mm -2, and only type A dislo- 
cations are found. They form loops with more or 
less equal length of the edge and screw compo- 
nents. No interaction with the twins or the twin 
walls could be detected. The tetragonal-to-ortho- 
rhombic phase transition which occurs on cooling 

Fig. 3. High-resolution image along the [010] zone-axis orien- 
tation showing the core structure of type A dislocations. The 
core structure situated on a non-conservative stacking fault 
containing an extra CuO layer is indicated by the capital "A".  
Another  dislocation core, but now in the otherwise perfect 
structure is indicated by the capital "B".  In both cases, the 
dislocation core is situated on the CuO layer(s) in between 
two BaO layers. 
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remaining edge parts of type A dislocations is 
imaged in high resolution. The structure is im- 
aged along the [100] orientation. The dislocations 
are then projected end-on, and one can deter- 
mine their core structure from a comparison of 
experimental  high-resolution images with com- 
puter-simulated ones. In particular this method 
allows one to determine the layers at which the 
cores of the type A dislocations are located. For 
both dislocations, their core is situated at the 

CuO layer in between the BaO layers. The dislo- 
cation indicated by a capital B runs through nor- 
mal YBa2Cu307_a material. The dislocation in- 
dicated by capital A has its core situated on a 
stacking fault. 

3.3. Pile-up and cleavage along (110) planes 

While type A dislocations are also observed in 
non-compacted samples, type B and type C dislo- 

Fig. 4. (a) (110) dark-field image near the [,22l] zone-axis orientation. Three well defined pile-up arrays of [110] dislocations are 
observed and one less well defined cluster of dislocations of the same type. In two of these pile-up arrays, a Frank-Read source is 
clearly imaged. (b) (114) dark-field image of the same area: all dislocations are out of contrast. (c) (110) dark-field image near the 
[001] zone-axis orientation. The dislocations in the pile-up arrays are now projected end-on or one on top of the other. (d) (110) 
dark-field image in the same orientation as (c). The pile-up arrays are visible through residual contrast, but individual (110) 
dislocations in the cluster are extinct. 
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cations are only found in deformed samples. We 
will first discuss the type B dislocations. Pile-up 
arrays perpendicular to the ferroelastic domain 
walls are observed in all the compacted samples. 
In the least shocked samples, only pile-up arrays 
are found, while in the more heavily shocked 
samples, both pile-up arrays and cleavage along 
the same (110) planes are observed. If the sample 
is oriented along the [001] zone axis, the pile-up 
arrays are projected edge-on (Figs. 4c and 4d), 
and they are imaged as straight lines perpendicu- 
lar to the ferroelastic domain walls. When the 
sample is tilted away from the [001] zone axis 
about the [110] direction, the individual disloca- 
tions of the pile-up arrays can be imaged (Figs. 4a 
and 4b). From classical extinction rules, their 
Burgers vector is then determined as [110]. In 
Fig. 4a, F rank-Read  sources for these disloca- 
tions are also seen. Near the source, the disloca- 
tions are widely spread, while further away, their 
spacing decreases and reaches a limiting value of 
45 nm. 

Reaction of two type A dislocations (one with 
a [100] and the other with a [010] Burgers vector) 
forming [110] dislocation segments is reported to 
occur occasionally [7]. The present observations 
show that these [110] segments can operate as 
F rank-Read  sources. Conservative motion of the 
edge part of the [110] dislocations is only possible 
in the (110) planes. When the motion of the 
leading dislocation is impeded, a pile-up along 

Fig. 5. Schematic representation of the usual set-up for the 
testing of ferroelastic poling of monocrystalline material. Uni- 
axial stress applied as indicated by the arrows evidently give 
rise to a tendency for domain 11 to shrink. 

Fig. 6. (200) dark-field image of shocked material, showing 
type A dislocations. In the centre of the image, a type A 
dislocation is seen to run parallel to the [110] direction, 
without being confined to a domain wall. At other positions, 
type A dislocations are confined to a domain wall. 

the (110) plane is then formed. In the least 
shocked samples, several pile-up arrays of this 
type are observed. In the more heavily shocked 
material, cleavage cracks along the same (110) 
planes are observed rather than the pile-up ar- 
rays. Cleavage along slip planes occurs in hexago- 
nal close-packed metals. Such a cleavage be- 
haviour is assumed to be due to the tendency of 
dislocations to dissociate parallel to the glide 
plane [14]. When the resolved shear stress is high 
enough to force the dislocations in the glide 
plane closely together, the incipient cracks at the 
dislocation cores may coalesce and macroscopic 
cleavage along the slip band can occur. Cleavage 
along (110) planes can thus be understood in 
terms of dislocation creation and motion. 

The model presented above does not provide 
an answer to the question why the pile-up arrays 
(and therefore also the cleavage) are always ori- 
ented along planes perpendicular to the ferroe- 
lastic domain walls. It will be shown below that 
this observation can only be understood if one 
assumes that the ferroelastic domain structure 
itself also plays a role in the deformation process. 
Domain switching with the application of external 
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pressure (ferroelastic poling, Fig. 5) is reported 
for monocrystalline YBa2CU3OT_ ~ [15]. Our ex- 
periments involve polycrystalline material, and 
since we do not know the initial distribution of 
the domains, it is not possible to decide by in- 
spection of the domain structure alone, whether 
or not domain wall movement  did occur or not. 
When inspecting the dislocation arrangement  to- 
gether with the domain structure, however, one 
does have a means to determine possible wall 
motion through the configuration of the type A 
dislocations. These type A dislocations, as dis- 

cussed above, have a pronounced screw character 
in the deformed samples; only when traversing a 
domain wall, they sometimes are pinned for some 
distance and run along the [110] direction. In Fig. 
6, one observes a type A dislocation, which runs 
parallel to the [110] direction (i.e. parallel to the 
domain walls), while it is not confined to a wall. 
Instead, it is running through the centre of a 
domain. This one and similar observations give 
evidence for the motion of domain walls during 
the deformation process. It is natural to assume 
that initially dislocations are pinned by a domain 
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Fig. 7_ (a) Schemat ic  r ep r e sen t a t i on  of  s imple  shear  ( ind ica ted  by arrows)  p e r p e n d i c u l a r  to the doma in  walls;  (b) s imple  shear  
pa ra l l e l  to the  doma in  walls.  Excep t  for the  d o m a i n  wal l  conf igura t ion ,  this shear  is ident ica l  to tha t  of  Fig. 7a. (c) De ta i l ed  
schemat ic  r e p r e s e n t a t i o n  of  the uni t  cel l  a r r a n g e m e n t  on e i t he r  side of a doma in  wall,  p ro jec ted  a long  the  [001] di rect ion.  
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wall and that in a second stage the domain wall 
itself moves. 

We are now in a position to discuss the possi- 
ble motion of domains under the action of shear 
stresses. YBazCu307_ ~ belongs to the 4 / m m -  
mFmmm species of Aizu's classification of ferroe- 
lastic structures [16]. A property of ferroelastics is 
that their domains can be switched through an 
appropriate external stress. When testing ferroe- 
lastic domain switching, one usually applies a 
uniaxial compressive stress on a monocrystalline 
sample. It is evident that in the set-up depicted in 
Fig. 5, domain II will have a tendency to shrink. 
The fact that the crystal axes in the different 
domains are slightly rotated with respect to the 
parent phase axes is tacitly ignored. If, however, 
one also considers these rotations, it follows that 
also shear stresses act on the domain structure. 

Pile-up arrays of type B dislocations as ob- 
served in Fig. 4 may be generated through the 
application of a simple shear stress perpendicular 
to the domain walls, as depicted schematically in 
Fig. 7a. The components of such a stress referred 
to the parent phase crystal axes read as: 

0"11 = 0"21  = - -  0 " 1 2  = - -  0 " 2 2 .  ( la)  

The stress components of the situation depicted 
in Fig. 7b, referred to the same basis, read as: 

0"11  = - -  0 "21  = 0 " 1 2  = - -  0 " 2 2 ,  (lb) 

One can then calculate whether or not the ap- 
plied stress performs work when a ferroelastic 
domain is switched from one state to the other. 
The strain tensor describing the room tempera- 
ture state of YBa2Cu30 7 a has two components 
different from zero: for one of both domains: 

b0 - a0 
e l , l l = - - e i , 2 2 = - - 3 ,  w i t h 3 -  b 0 + a ~ '  (2) 

The other domain has the opposite strain compo- 
nents. The strain tensor does not take into ac- 
count that the ferroelastic domains are slightly 
rotated with respect to each other. When describ- 
ing the deformation accompanying the ferroelas- 
tic domain switching, one should include also this 
orientation change (Fig. 7b). 

The rotation angle with respect to the parent 
phase axes is obtained as: 

'W a 0 
0 = ~- - arctg~,, 

~- ( a )  - a  a 
- 4 arctg ( a )  + ~  = (a )  

b 0 - a 0 
- - -  = 6 ,  ( 3 )  

b 0 + a o 

where the notation ( a ) =  ½(b 0 + a 0) is used for 
the high symmetry a parameter extrapolated to 
room temperature. 

If one wants to include the body torques in the 
calculations, one is forced to work with the defor- 
mation tensor e0., rather than with its symmetric 
part only. For one of the two domains one has: 

el,ll = el,21 = --3 and e lA  2 = e 1 , 2 2  = 3. For the 
other domain, one gets the opposite deformation 
en,ij = -el,ij .  The difference in deformation be- 
tween the two domains equals: 

Aell = Ae21 = - 2 6 ,  Ae12 = A e 2 2  = 23. (4) 

The work done by the external stress when one of 
the domains is switched to the other state is to 
the first order given by: 

A W  = Ae  o orij. ( 5 )  

If one combines (la), (lb) and (4), it is seen that 
the stress depicted in Fig. 7a does not perform 
work when a ferroelastic domain is switched to 
the the other state, whereas the stress depicted in 
Fig. 7b does work when switching the ferroelastic 
domains. 

This result allows us to interpret the observa- 
tion that the pile-up arrays are always perpendic- 
ular to the ferroelastic domain walls. Indeed, if 
the stress acts parallel to the twin walls, the 
domain structure itself is altered. On the other 
hand, if the stress is applied perpendicular to the 
domain walls, the structure cannot respond by 
changing its domain arrangement, and dislocation 
creation, flow and finally cleavage occurs. 

4 .  C o n c l u s i o n  

Cleavage along (100), (110) and (103) planes is 
observed in shock-deformed YBazCu307_ ~. Two 
of these cleavage systems are related to the for- 
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m a t i o n  o f  p i l e -up  a r rays  o f  d i s loca t ions .  T h e  fer -  

roe l a s t i c  d o m a i n  s t r u c t u r e  is a lso i nvo lved  in t h e  

d e f o r m a t i o n  b e h a v i o u r .  In  pa r t i cu l a r ,  we  h a v e  

shown  tha t  i f  body  t o r q u e  is i n c l u d e d  in a d o m a i n  

s t r u c t u r e  m o d e l ,  s h e a r  s t resses  pa r a l l e l  to twin 

wal ls  can  give r ise  to d o m a i n  wal l  d i s p l a c e m e n t .  

T h i s  m o d e l  exp la ins  why  p i l e -up  a r rays  o f  type  B 

d i s loca t ions  a r e  a lways o r i e n t e d  p e r p e n d i c u l a r  to 

t h e  d o m a i n  walls:  a s h e a r  s t ress  pa r a l l e l  to t h e  

twin wal ls  resu l t s  in f e r r o e l a s t i c  d o m a i n  r ea r -  

r a n g e m e n t s ,  and  on ly  a s h e a r  s t ress  p e r p e n d i c u -  

lar  to t h e  d o m a i n  wal ls  gives  r ise  to p i l e -up  a r rays  

and  e v e n t u a l l y  c l eavage .  
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