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Crystal

 plasticity  
is
 primari]y determined by the Peierls stress  and  the  number  of  slip systems  operative.  According to

the recent  investigation of  the present  authors,  the experimental  value  of  the Peierls stress T.  is in good  eorrelation  with
the crystal-geometrical  factor hlb of  the  slip system  (h being the  spacing  of  slip planes and  b the  magnitude  of  the
Burgers vectov>,  and  the magnitude  of  T.  is roughly  given by the classicat theory  of  Peierls-Nabarro, For the  crystals  with

relatively  low  Tp          the  maximum  temperaLuTe 7h of  the  Peierls mechanism  is determined by the  theoTy  based on  the smooth
kink model,  while  for the  crystals  with  large Tp,  covaLent  crystals,  Tb is given by the abrupt  kink model.  To  deform
crystals,  especially  polycrystals, iL is necessary  to operate  five indepe]dent slip  systems  {von Mises} Thus, the  intrinsic
strength

 of  crystals  is essentially  determined by the  crystal  geometry, and  one  can  derive a general rule to predict the
plasticdeformabilityofcrystals,ifonlythecrystatstructuTeinknown.Followingthcgeneralrule,thepossibilityofduc-
tile

 
ceramics

 is argued,  and  the  deromnability of  high-TL supercenducting  ceramics  is investigated, as an  example.

 gl. Intmoduction

  CeramLics are  hard  and  brittle, in general, The  reason

has, however, not  been discussed on  the  basis of  the
theory  of  dislocations or  crystal  plasticity. The  stTength

of  crystalline  solids  is determined by the resistance  to

plastic deformation which  occurs  uaually  by the  glide mo-
tion of  disaocations. The  Peierls stress Tp is the intrinsic
resistance  to dislocation glide on  a  particular slip plane,
which  is due  to Iattice periodicity, Thus,  the Peierls stress
Tp  is an  essential  quantity to discuss plasticity or  strength

of  cTystais,  unless  extrinsic  hardening is dominant.

  The  present authorsi']]  have  recently  found that the
Peierls stress Tp  is in good  correlation  with  a  crystal-

geometrical factor suggested  by the classical theory  of

Peierls3) and  Nabarro,4'S} as  far as the order  of

magnitudc.  Following  this  fact, one  can  predict the

magnitude  of  Tp  for a  given particular crystal and  a given
slip  system  from the crystal-geometrical  consideration,

  Another  important factor for the  discussion of  the

plasticity of  crystals, especially  of  polycrystals, is the
number  of  independent  slip systems,  which  concerns  the
requirement  of  the  von  Mises condition.6)  The  number  of
independent  slip systems  in a given crystal  structure  is
also given by the consideration  of  crystal  geometry only.

  This paper is an  argument  about  the plsticity of

crystalline  solids, preferentially ceramics,  from the
crystallographic  view  points. In sections  2-4, it will be
realized  that the intrinsic strength  of  crystals  is essentially
determined from the  crystallographic  consideration  only,

and  that one  can  predict the condition  under  which  a

given crystal  is easy  to deform plastically. The  general
procedure  to predict the deformabiljty of  crystals  is
presented in g5, In S6 the plasticity of  ceramic  or  non-
metallic  materials  is discussed and  the possibility Qf  duc-
tile ceramics  is examined.  The  final section  will  provide
an  appiication  to high-7L superconducting  ceramics,  as

an  example.
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 g2. Peierls Stress and  Crystal Geometry

   Diamond  is very  hard, while  copper  is easy  to deform

 plastically, This is considered  to be due to the difference
 of  the Peierls stress Tp  between them,  and  Tp  of  diamond

 is supposed  to be about  105 times as large as that  of  f.c.c.
 metals.  This  big difference of  Tp is often  attributed  to the

 nature  of  atomic  bonding, i.e. covalent  bonding or

 metallic  bonding.  However,  in the past, no  critjcal argu-

 ment  was  made  about  the essential  factor which  deter-
 mines  Tp  of  various  kinds of  crystals.  At the  present time

 we  have  the experimental  values  of  Tp  for many  types of
crystals, covering  metals,  ionic compounds,  semiconduc-

tors and  ceramics.  Thus, it should  be possible to  discuss a
universal  rule  which  may  account  for the difference of  Tp
among  the various  crystal  systems.

  Peierls3] and  Nabarro`'5) estimated  the Peierls stress  Tp

without  considering  the details of  the  interatomic bon-
ding, as

            Tp  2 f 2n hX

            i-1-. 
eXP

 k'1-, sl, (1)

where  G  is the shear  modulous,  v the Poisson's ratio,  h
the spacing  between atomic  layers parallel to the  slip

plane, and  b the magnitude  of  the Burgers vector  b. The

quantity h!b  is given if only  we  know  the crystal  struc-

ture and  the  slip  system.  Thus,  we  can  regard  hlb  as  the
"crystal-geometrical

 factor'' of  the  slip system.  This
classical  model  of  Peierls and  Nabarro was  followed  by
re-examinations  ans  modifications,  which  give similar  (ex-
ponential) dependence of  Tp/G  on  hlb  with  different
numerical  factors."9) These  classical theories suggests

that the  peierls stress Tp is strongly  dependent  on  crystal

geometry.

  With  the development of  electron  computers,  accurate
calculations  of  Tp have been performed  for b.c,c. metals
and  ionic crystals  of  NaCl-type, and  compared  with  ex-   'perimental

 values.  However,  since  the computer  simula-
tion  is possible only  when  the interatomic forces and  the
crystal  structure  are given, it is effective for the  com-
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parison of  Tp values  amang  t'kre crystals  with  same  cTystak

structure,  but ineffec.tive for u.nderstanding  the difference

of  Tp between diaxnondi avad copper.  The relation  of  Tp

a"d  crystal structure  httvc mever  been discussed, probabl-

ly because the experimental  va/1ues  of  Tp were  know"  cnty

tnor a limited number  of  crystag  systems.

  The Peierls stress  Tp  Ss the stress  necessary  to move

dislocations at  the a'i soRute  zero.  If we  can  measure  the

critical shear  stress  T,  ･of high purity crystals  neam  O K, wc

can  determine Tp.  Actk' ally, Tp values  of  b.c.c, metals,[O'ii)

B2  compoundsi`･i5)  axud for {1le} slip in ionic crystals  of

NaCl-typei6'iB) have beerm determined  accurateiy  by the

defermation tests at low temper. atures.  Even  when  plastgc
deformation  is dificuat at  suMciently  low temperatures,

TD can  be estimated  in some  degree of  accuraey  by the  ex-

trapelation of  the temperature  dependence  of  the critical

shear  stress T, wat?u  the a.id of  the  theory  of  PeicrZs

mechanism,i"'2i)  The  Tn  values  for {100} s]ip in ionie

crystals  of  NaCl-type!S'22'2]) and  semiconductors  of  ii'fie-

blende type24'26) have  beewn ded'u' ced  in this way.  Thc  crude

estimates  of  Tp for Si, SiO2 arid Alz03  are  still possible

i,Crom  the data ef  f.he temperature  dependence of  the yie:d

strength  at  high termperatures.27'29) The criticaL  shear

stress of  f.c.c, metafis,]U'3])  
'basa]

 slip  in Mg32) and  allkali-

halides of  CsCl type3]'3") ar,e  small  (<1 MPa)  and  only

weakly  dependent on  temperature  even  around  4,2K.

They  are  not  controgged  by the Peierls mechanisrm,  but b}r

 some  extrinsic  resistarmce  ao dfislocation motion,  tor  exam･-

pl'e by impurities. :/n these･ cases, the critical  shgar  stress

 near  O K should  give an  upper  lgmit of  Tp.  The Tp values  of

 
'bcc

 3He  and  that  for non-ba"sal  slip  in hcp 4He  wcre  d,eter-

 inined  by a unique  techniqase for the deformation ef  solgd

 kelium.36'37) The  present autkorsi'2) have examined  the cor-

 relation  between these ex'perimcntal  values  of  Tp  arltd the

erystal-geometricag  factoT hlb of  the slip systems.  The

result  is shown  in Fig, 1/ .

  The  values  of  h!b  must  be determined  considering  tke

following remarks.  WVhen  the dislocations split into par-
tial dislocations on  the siip plane, b is taken to be  the

'value for the partials. Thus, for f.c.c, metals  a"d  basal

slip in Mg  (h.c.p,) the Shockley partials are  consadered,

i,e. b=a!6<112>. i,"or ionic crystals  of  NaCl  type,  we

assume  that  dislocations of  both  primary {110} and  scc-

ondary  {100} slip ar, e not  dissociated. In CsBr and  Csll,

<100>{Ol1 } dislocations can  most  probably split ints two

half dislocations,3S) i.e. b=a12<100>,  For Si and  zinc-

blende  structure,  spgitting gnto Shockley partial/s is con-

sidered.  In these semgconductors,  furthermore, the vaaue

of  h is different depending  on  whether  dislocations can

glide at glide set or  at  shuene  set, In Fig. 1 the  vaEue  cf

h!b  for semiconductors  is taked  to  be that for ShockEey

partials gliding at  glide set (O.353), but if they  glide at

shuane  set, hlb=2,C6. The choise  of  h!b  for Si02 and.

AE203  is not  simpl/e, because their crystal  structures  are

csmplicated  (a kiRd cf  hexagonal) and  the possiloility sf

disloeation splitting  is not  clear. In Fig. 1, we  ass/umed

that  for Si02 and  AH20] h is tlge widest  spaeing  of  atomie

layers perpendicuaar to c-axis  and  b the shortest  transla-

tional vector.

  Figure 1 shovvs  tkat TplG  otA various  crystal  structures

is in good correiatgon  with  the  crystal-geometricatt  faetor

klb and  the order  o'f magnitude  of  Tp!G  is given by  the

melation  of  eq,  (1･) 
'by

 Peierls and  Nabarro.  Only the

pcrimary slip  systeru  ({1aO} slip) in NaCl  structure  is ex-

ceptiona!.  If <liO> disgocations in NaCl  structu.re splits

in.to two  half dislocations on  {110} slip plane, then

h1b=  1 ,O and  the experimental  values  of  Tp!G  come  just
 bove the straight  line in F'tg. 1. The  possibilityof thc :.plit-
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Vlg. 1. Tp!G  vs  hfb. NaCl(1)  and  NaCl(2) denore <(M 
'1>{Ol1}

 and  <Ol1>{1(]O} slip 
systerns,

   crysta]s.  Soli.d 1in: indieates cq. (1) with  v=O.3.  (1/akeuchi amd  Suzuki2))

Ie6

respectivcly,  in NaCl  type  ioni:
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ting  of  <110>{110} dislocations in NaCl  was  argued  by
Haasen, 3S) but the calculation  of  stacking  fault energy39)
and  the computer  simulations  of  the dislocation core

structureco･"i) oppose  to the  splitting. The  core  structure

of  dislocations in NaCI  structure  and  the magnitude  of  Tp
are  mysterlous.

  The 1arge Tp of  semiconductors  or  some  engineering

ceramics  has often  been attributed  to the large covalency
of  atomic  bonding.  However, Fig. 1 suggests  that the
coyalent  bonding itself is not  necessarily  direct reason  for
their  large Tp, and  that small  hfb  is rather  essential.  We
can  regard  that Tp  is determined  by the crystal  structure

and  the geometry  of  slip system,  at least as  an  order  of
magnitude,  The  nature  

'of
 atomic  bonding should  affect

the  magnitude  of  G, and  details of  interatomic potential
relate  to the difference of  Tp!G  within  one  order  of
magnitude  among  the crystals  with  same  strueture,

  It must  be noted  here that  Fig. 1 does not  necessarily

confirm  the yalidity  of  the  classical  theory  of  Peierls-
Nabarro. Jn the  original  theory  of  Peierls-Nabarro3'5)
and  also in its modifications  made  by  some  workers,7'9}  Tp

was  calculated  from the changes  of  misfit energy  accom-

panying the motion  of  rigid  dislocations under  zero  ap-

plied stress. It is not  clear whether  such  procedure  gives
true Tp,  the minjmum  stress necessary  to move  the disloca-
tion. More  appropriate  treatment  is desired to give
theoretical basis to  the relation  of  Tp!G  - h!b,

 g3. Critical Temperature  of  Peierls Mechanism

  At  finite temperatures  dislocations can  overcome  the

 Peierls potential by the nucleation  of  kink pairs with  the

 aid  of  thermal  energy,  thus plastic deformation occurs
 under  the stress  smaller  than  Tp.  This mechanism  is usu-
 ally called  the  Peierls mechanism.  The  critical shear  stress

 T, determined by  the  Peierls mechanism  is usually  ex-

 hibits strong  temperature  dependence, and  there  exists a    'maximum
 temperature  7b at  which  T, becomes zero,

Above  this 7b the observed  fiow stress is determined by
the extrinsic  resistance  to dislocation motion,  and  it
shows  usually  weak  temperature  dependence as  com-

pared  with  that in the Peierls region.  Therefore, the

critical temperature  7b is a  practical measure  of  the

deforrnability of  the  crystal. To  be  noted  is that the
Peierls stress Tp,  thus  the critical temperature  7h, is given
for each  individual slip system,  different for different siip           '
system,  even  m  a  same  crystal.

  The  thermally activated  motion  of  dislocations sur-
mounting  the  Peierls potential can  be devided into two
regimes:  the smooth  kink regime  and  the  abrupt  kink
regime,  The smooth  kink  approximation  is applicable  to
the  crystals  with  relatively  low Tp, such  as  b.c.c. metals
and  ionic crystals, The abrupt  kink approximation  is ap-
plieable to the crystals  with  large Tp,  such  as  semiconduc-

tors.

  (1) Smooth kink model
  Accordjng  to the theories of  Peierls mechanism  based
on  the  line tension  model  of  dislocations,""'2i) the activa-

tion  enthalpy  flk, for a kink pair formation  is given as  a

function of  stress T, Iike a curve  in Fig, 2. The  total activa-
tion energy  Hb=Hk,  (T=O), which  is equal  to  twice  the
energy  of  an  isolate kink, is given by

!Tp

o

.Z'
 Hv  71,

11

Fig. 2. Relation between stress T and  activation  enthalpy  for kink pair

 formation Hk,, according  to the theories  based on  smooth  kink

 model  (Ref. 19-21>. Tp is the Peierls stress. Ho is Lhe  totat  activation

 energy  given by eq,  (2). Broken  line indicates the  asymptotic  re]alion

 for Trt  Tp.

               E6=2ord  nt, 7L, (2)

 where  d is the period of  the  Peierls potential, 71. the line
 tension of  the disloation and  the numerical  factor ev ex-

 pressing the shape  of  the  Peierls potential is about  O.5.
 The estimate  of  7L should  be made  by the theory  of

 anisotropic  elasticity, but usually  71.-Gb2 is assumed.

 Under a  constant  strain  rate  en,(T)1kT=constant (-30,
 usually),  thus Fig. 2 expresses  the temperature

 dependence of  the fiow stress T, The  critical temperature

 7h at which  T=O  is defined by HL,(T)lkT=HblkT  -30.

 Using  eq.  (2), we  have

         7b =!  th13ok=  .d  .I5tZilJ71d ,TLfls  k. (3)

 It has been shown  that the plasticity of  pure b.c,c. metals
 and  ionic crystals  of  NaCl  type  satisfies  the relation  of
eq. (2) or  eq,  (3).2]
  (2) Abrupt kjnk  model

  When  Tp  is large and  the smooth  kink  model  is not  ap-

plicable, we  must  consider  the abrupt  kink model,  In this
case  the energy  of  an  isolate kink is roughly  equal  to the
energy  of  a  segment  of  dislocation core  of  a  length d,42)
and  we  can  express  the energy  as

                 Ek ==  7Kb  
2d,

 (4)
where  the constant  gis  about  O. 1 and  K  is the  energy  fac-
tor of  the dislocation in the kink direction. The  forma-
t]on energy  of  a kink pair is then given by

              Hb=  2E,=27Kb2d,  (5)
and  under  a  constant  strain  rate,  we  have

           Tb=Hh130kt=  71(b2dl15  k, (6)
Takeuchi  et  al.2) investigated experimental  values  of  Il)
for various  semiconductors  and  showed  that  eq. (5) is
satisfied with  7==O. 1. The  energy  factor K  should  be esti-
mated  by  anisotropic  elasticity  theory, but often  approx-

imated by  the shear  modulous  G.
  Castaing et al,27) perforrned the plastic deformation of
Si under  hydrostatic pressures and  measured  T,  down  to
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about  500 K. In Fig. 3 are  cempared  the temperature

dependence of  the cTiticaE  shear  stress  T, of  Si with  z, f6r

<IIO>{,110} slip  in MgO.  The  data of  MgO  is weti1

represented  by the tkeory  ot' the smooth  kink model

(Tp!G-10un2), whiEe  r･. gf  Si exhibits  the temperatur,e

dependence muck  steeper  t'b.a"  the prediction fToim. the

srmooth  kink modefi  and  experirnental  71) (t= 800  K) is too

smnall to satisfy  eq.  (3)n.
  The  condition  for the  applicability  of  the  smooth  kink

model  or  the abrupt  kink  model  is not  clear, but for

TplG2  10r' the abrL'ipt kink  model  is surely  applicable.

Irm the  case  of  the abrupt  kink, we  need  not  know  the

value  of  Tp  to predic'L' the dcformability, since  T/e of

eq.  (6) is indepe-dent :･t' Tp  aild  the temperture  depend-

e･ nce  of  T, is very  st･eep.

g4. Number  of  gndepevaciegeg Siip Systems

 The plastic deformabil']ty is closely  related  to the

number  of  slip  systems  vi'kuich are  actually  operative  om

p･ossible to  be  acti･vated, The  activity  of  each  indivgdual

slip system  is deter.rzzined 
'by

 the  magnitude  of  Tp  cf  the

sUip system.  Therefore, 'whcn tthe number  of  slip  systems

with  low  rp  is limited, the  sli."."- systems  with  large Tp  are

necessary  to operate,  tkus  the crystal exhibits  relativegy

poer  deformabilit}r.
  To  deform  a  crystai' inte any  desired form., it is

necessary  to operate  five independent slip  systems,  as

pointed  out  first 
'by

 von  Mises.6) The  plastic detFormatiori

cf  policrystals or  sintered  ma'L'erials is impossibac unSe,ss

the von  Mises  comaditiofi  as satisfied.  The independent

n,,umber  of  the  sggp systems  in typical crystal struetares

was  investigated by erfuves eg' al.,43}  as the results  stfiown

,tn Table  I,
  In f.c.c. metatis and  b.c.c, metals  the  von  Mises condi-

tion  is satisfied  by only  one  slip system:  <liO>{1 1･ a} and

<III>{110} slip system,  respectively,  of  which  indepen-

dent number  is five. This is one  reason  for the  relatively

kigh deformability of, the.se m,etals. The  slip syste[ns  of

diamond strueture  aand  ot9 zgncblende  structure  are  the

s,ame  as that  of  f.c.c. rcetaL's, but these crystals  possess

poor deformabilty beeau,se etC their large Tp and,  high T,'o.

fin h,c.p. metals  and  icnic ciystals,  the von  Mises eondi-･

tion cannot  be fulfilt'ed by only  one  slip system  which  has

t.he smallest  Tp  (primary slfip system),  thus the slip systeTn

with  larger Tp  (secondary or higher order  sgip system//

rnust  operate  to satisfy  the ve/n  Mises conditiofi.

1.0

t..t"m
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 ofo
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Table 1. Number  of  independent  slip  $ystems  in typical crystal  s:,ruc-

tures  (GIoves and  Kelly`3)),

  gtr,Y.SE?k,, sLi-p system  
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Yig, 3, Temperature  d:pendence  of  critical  shear  stress T, of  Si (Ref.
 27), comparcd  with  that  for <110>{OOI} slip  in MgO  {Ref. 

23).

  It must  be noted  that the pTimary  slip system  and  the

secondary  (or higher order)  slip  system  are  not  always  in-

dependent of  each  otker,  if the independent number  of

the primary  slip  systeyn  is ni, and  that of  secondaTy  is n2,

then  the cumulative  independent number  integrating

both  slip systems  i,s

               nl+21ni+n2,  (T),

As seen  in Table li, the equality  holds for NaCl  structure,

while  the inequaliay feur h.c.p. metals.  In h.c.p. structurc,

especially,  the ifidependent rAumber  of  the slip  systern

with  b=<1liO>  is ongy  four, as the cumulative  veumber,

thus another  slip system  is neccssary,  which  has a compo-

nent  of  b not  paralell'[ to the 
'basal

 plane.

  As a  geneTan ruge,  when  the crystal  ir.as high

crystallographic  symmetry,  it has a  large num'oer  of  in-

dependent slip  systems  which  have low crystallsgraphic

indexes. On  the contrary,  Qn the crystals  of  aow syrn-

metry,  the  independent number  of  each  individual slip

system  is limited,

g5. Recepe for ehe Prediction of  Deformabi]iay

  Following the arguments  presented in sections  11 -4, we

can  predict the  plastic deformability of  crystallinc  selids

in some  degree, if only  we  know  the crystal  stru･eture  and

the shear  modugus  G. To  loe done  is to find five slip

systems  which  are  independent  of  each  other  and  have

small  Tb. For  one  particular slip  system,  the  independent

number  n  and  tkjc crystag-geometrical  factor hlb  are

given by the crystal  geometry,  then we  can  estimate  TpfG

 fTom eq. (1) and  the critieal  temperature  7b fTsm eq,  (3}

 or  eq.  (6), deperftding on  the  magnitude  of  the esti/mateat

 T,!G.

  It is only  in lirnited cases  that the von  Mises condition

 is satisfied by ongy  one  type of  slip  system,  sg  that  
we

 must  examine  two  or  more  types of  slip systems  sc  as to
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Fig. 4. Scheme fer determination of  T'. Tgi) is the  critical tempera-

 ture and  ni is the  independent  number  ef  i-th slip  system,  n:･ is the
 cumulative  independent number  up  to i-th slip  system.

 find five independent slip systems.  The  examination

 should  be made  from  the slip  system  of  low

 crystallographic  indexes which  probably gives large h1b,
 thus small  7b. Then, we  must  calculate  the cumulative  in-
 dependent number  starting  from the slip  system  of  the

 lowest 71] in the order  of  the  magnitude  of  7b untill  it ex-
 ceeds  five, as  shown  in Fig. 3. In this way  we  can  find Tb
 of  the fifth independent  slip system.  This 7}), which  will

 be refered  to as T", is the temperature  above  which  the

 crystal  is easy  to deform plastically.
  The  whole  procedure can  be summerized  as follows:
  (1) Consider the  slip systems  with  low

 crystallographic  indexes, and  determine the crystal-

geometrical factor h/b  for each  slip system,  The possibil-
ty of  dislocation splitting  must  be examined.

  (2) Estimate Tp!G  from eq.  (1) for every  slip  systems
and  also for splitted  partial dislocations.

  (3) If TplG<10-i,  then 7h is estimated  from  eq, (3)
for the  smooth  kink model.

  (4) If TplG)107i,  then Tb is estimated  from eq, (6)
for the abrupt  kink model.
  (5) Arrange  the slip  systems  in the order  of  the
magnitude  of  Tl).

  (6) Accumulate  the independent number  of  the slip
systems  in order  starting  from the  primary  slip  system  un-
till it becomes five or  exceeds  five.

  (7) The 7h of  the fifth independent slip system,  de-
fined as T", is a  measure  for the deformability of  the
crystal.

  In this procedure, the uncertainty  of  the dislocation
splitting  causes  large ambiguity  to the prediction of  T*,
so  that this recepe  is not  almighty,  but a  kind  of  guide to
grasp the situation.

g6. Possibility of  Ductile Ceramics.

  Ductility or plastic deformabily  is one  of  the important
requirments  for engineering  materials,  We  can  regard
that the 5000 years history of  metal  technology  has been
based on  the deformabilty or  machinability  of  f.c,c. and
b.c.c. metals.  As described in sections  2-4, ductility oT
deformability of  crystals  is essentially  determined  by the
crystal  structure  and  its symmetry.  When  the  crystal has
high crystallographic  syrnmetry,  then it could  have a slip
system  with  large h1b,  thus  smal1  Tp!G,  and  the indepen-
dent number  of  this slip  system  could  also  be large. On
the contrary,  in the crystals  of  low symmetry  the indepen-
dent number  of  the  primary  slip  system  should  be  limeted

 (<5), thus the  secondary  slip  system  which  has large

 TplG  must  be activated  to deform  the crystals,

   As  far as the von  Mises condition,  only  <liO>ill1}
 and  <111>{Ol1} slip systems  in cubic  crystals  can  satisfy

 this condition.  The deformability of  non-cubic  crystals

 is, therefore, determined by the activity  of  the secondary

 or  the higher order  slip systems  which  has Iarger Tp  than

 the primary slip system.  Furthermore,  in crystals  of  low

 symrnetry  hlb might  be small  even  for the primary  slip

 system.  The  crystal  structure  of  ceramics  are generally

 complicated  and  poor  in symmetry.  It is, therefore, quite
 natural  that  ceramics  of  hexagonal type such  as cr-AI203

 and  ev-Si02  are  hard and  brittle.

   In ionic crystals  of  NaCl  type (cubic structure),  <liO>
 {110} and  <liO>{OOI} slip are  usually  the primary  and

 the secondary  slip systems,  respectively,  If <IIO>{111}
 slip  is possible in NaCI  structure,  the crystal  should  have
 high ductility, but there is no  evidence  that {111} slip oc-
 cu!s  in alkali-halides  of  NaCl  type. However, in AgCI

 <110>{111} slip is much  easier  than  {110} or  {OOI} slip at
 low temperatures, and  the estimated  Tp  (= 45 MPa)  for
 {111} slip  agrees  with  the prediction fTorn eq. (1), provid-
 ed  that the dislocations split  into two  Shockley partials
 on  {111} plane.") The  Tb for {111} slip in AgCl  is about

 1OO K, thus it is quite easy  to deform AgCl  polycrystals at

 
room

 temperature.  The reason  why  {111} slip  is

 operative  in AgCl, but not  in alkali-halides,  is an  in-
 teresting problem.

   In ionic crystals  of  CsCI type (CsBr and  Csl), <100>
 {OOI} slip  has smail  Tp,  but its independent number  is
 three. The  secondary  slip  system  is not  known. Jf <1li>
 {Oll} dislocations in CsCl structure  split  into two  halves
 as in 6-CuZn, we  can  expect  high ductility, but it seems
impossible because such  splitting  brings ions of  same  sign

 face to face.

  Ceramics are generally not  mono-atomic  but are  com-

pounds of  two  or  more  kinds of  elements.  In most  mono-
atomic  crystals,  except  diamond  lattice, the Burgers  vec-
tor b is the vector  from  one  atom  to its nearest  neighbour

atoms,  In compounds,  contrary,  nearest  neighbour

atoms  are  usually  of  different kinds, The Burgers  vector
should  be the  vector  between the second  or  third
neighbour  atoms,  Therefore, b in compound  crystals  is
relatively  large, even  in cubic  crystals.  This is one  reason

for small  hlb  of  ceramics,  and  diamond  lattice as  well,

  As  a  conclusion,  dactile ceramics  can  be possible,
when  the crystal  has a  cubic  or  nearly  cubic  symmetry

and  hlb  is Telatively  Iarge, even  though  not  the  Iargest.
The splitting  of  <110>{111} or <lTl>{110} dislocation is
preferable to  gain 1arge h1b, These  requirements  for duc-
tile ceramics  are  rather  severe,  It seems  considerably  hard
to find ceramic  materials  which  are ductile around  the
room  temperature, even  though  they can  possibly be duc-
tile at elevated  temperatures.  There are some  ceramics  of
cubic  structure,  such  as perovskite, but they  aTe  still not
suMciently  ductile, as shown  in the  next  section.

g7. Formabil;tyofHigh-11SuperconductingCeramics.

  For the engineering  application  of  high-TL supercon-
ductiong ceramics,  their formability is one  of  the impor-
tant problems.  Some  trials have been made  to produce
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wires  of  superconducting  ceraryiics, but theTc  have  been

made  no  discussien abcut  the plasticity of  such  materials

from the viewpoint  ofth･c  t'heoTy of  crystal  plasti'cgty. lln

this section  we  wila  tt.r/. tc predict the deformability of

hggh-7L supercorsductorg  of  perovskite type,

YBa2Cui07-.,  felgo'wing tlne recepe  presented in SS.
  We  will first consider  lb,e simple  perovskite structu're

//(Fig.  5), ignoring thc, inyer,ed structure  and  oxigen

failures in YBCO  swpercom,ductors.  The slip  systems  in

pcrovskite lattice ex'am'ined  laere are listed in Table ll.

T･ he spacing  of  {OOa} pl'anes is the  widest  and  es<ICC>  is

the  shortest  translatilonal, vector,  thus  a<100>{eOl}                                           sfii･p

has the largest h!b, whiclt  gives TpfG-3 × 10-2, Since

the independent llurriber of  this slip  system  
'as
 o/niy  3,

another  slip systerm  must  o.o, erate. The spacing  cf  {Ol1}

planes  is the second  
'wi.dest

 and  that of  {111} is th:  third.

rOn {Oll} plan･es, 
'D=fi<ICO/>

 is the shortest  and
'"=a<Oli>

 is the  seeoRdi  shortest.  On  {111} pganes, the

shortest  b is a<OII'  >.
  For a<OII>  dislocatfions we  must  consider  the  possibgii-
;y of  splitting ints partiSals. In BaTi03 the splitting  of･

a<OII>  dislocaions ･on {IC1 ･: } planes into two  half d'tsEoca-

tions  has been  observed  by  TEM  using  wcak  beam

inethod,4S}  For  par･tial dgsl.ocations of  this type,

sk!b=O.5,  being equ.al. to that for perfect a<geC>{･[)Cl}

dislocations. On  {1lg} 
'planes,

 a<Oll>  dislocations can

probably split  irite twg  S'nockney parti-als, a13<g2.1>  apd

 a!3<Ii2>,  as  the spllit.tSN/g ctr a!2<Oll>  dislocat]e'ns m

 f.c.e. metals,  The splitting of  a<100>  dislocatiens secms

 diMcult  on  any  plane.
  The  results  of  the exam.gfiation  are  given in TabEe  II,

 The  lattice constant  es i'Ls taken  to be O.385 nm,  the  Lc"gth

 of  the a-axis  of  
'YBa2Cu']07,-n..46)

 For the evaluatioit  cf

 eqs.  (3) and  (6), we  assumc  the conventional  relations

 Yl.crGb2 and  K:L-e, and.  G=40GPa  of  sintei'ed

 YBa]Cu30T..."`) T, he .perisd of  the Peierls potentiaa vaEley

 d in eqs,  (3) and  ･(6･) is tzkcn  to be equal  to b, the

 magnitude  of  the Burgers vector.  In the  last cslumn  of

 Table  Il the equataon  applged  to  estimate  7b is gndicated.

   The  temperature  ctepend･erices of  the critical  shear

 stress  T, predicted from the 7b valures  in Table  
l/U

 
are

 drawn in Fig. 6, schcmat.icaiiy.  If <Ol1>{Ol1} dgsloations

 gplit  into two  haaves, as otsscrved  in BaTiO],4S] it gives the

 lowest 71], but the  inde.v. end'ent  number  of  this slip  system

 is only  2. The second  smaZliest  Tb js that of  <1/OO>{, 00n}

en Y'Ba

tt tt/e,t"
 ,･,

ts cu OO

(b)

Fig, 5. Perovskite structur:.  <a) <iOe>{Oll} slip  systern.  Co) BuTgers

 vectors  on  {111} plane; b=a'<OII>  for perfect  distocaLlon, and  

'rm,=

 ia<112> and  b2=la<I2'T> tbr g.hac(ley partial disleations.

'5'ablc
 U, Slip systems  in perovskite s:･ rueture.  IndependenT  r.umber  n,

 :rystal-geometrical  iacLor hlb,  rarie  of  Peierls stress  Tp to  shear

 modulus
 G  and  criticzi temperature  n, estimated  b}, the  i=dicated

 equaUon.

 pS12R,
 bla  n ltlh TplG  

71,{K)
 

eq

{OOI} <100>
        <llO>
{Oll} <100>
        <elT>
        l<oiT>*)        LL

{111} <Oll>
        i<112>**}
"')

 half dislocation･

332?,255O.50n.29O.3SO.25o,soe.2oS,35

*')
 Shockley  parLial djslocatioii.

Tc

 -210
 G

3x  to'22xlo'i1xlo'i3xle'i

    -]3x
 10 

-SX10-ilxlO

 
'`

9503]40156e3140

 61e･31401090

<3)(6){6)(E)(3>(6){6)

"1}i2>

O  

 O 500  1000

{Oll}aoo>

15001'(K)

Fig, 6. Temperaturc  depende"ces of  the  critical shear  
stress

 
T,ot'

 
.1
 
our.

 slip  systems  in perovskite s:, ructure.  n  is the  indepepdent v.umbeT  
ol.

 individual slip systeTll.  SoEid lines denotcs perfect dislocat･iolls ana

 broken  line dissoc'laLed partials.

slip systems,  The cum'maiative  independent nurnber  of

<OIT>{Oll} and  <1,OO>{001} slip systems  is still 3, Iess

than  the requirment  of  tke von  Mises condition.

Therefore, the operatio'fi  sf  tt <112>{111} slip is necessary

[o  satisfy  the von  Mises  coRdition,  and  it is suMcienE  as

well,  since  the  iHdependent nuniber  of  this slip  syslena  
is

5. After all, 7b for l<g fl2>{1/ 1a} slip is T"  (xgocec)･ for

YBa2Cu]Og with  simple  perovskite structure,  regardless

the possibility ol- the spYitting  of  <Oll>{Oll} disloca-

Eions. If <Oli>{'lll} disloeations do not  split. In'L'o

Shockley  partials, the're <100>{Oll} slip should  be ac-

tivated,  and  T" be [nuch  higher than  10000C,  being

higher than  the [neking  poient,

  Superconduc[ing YBaiCu]07-.  js not  of  simple  perov-

skite type,  but has a  three-gayered structure  contammg  ox-

igen failures. These  modulations  of  the stru.cture wgil

dissolve the degeneracy  sf  To among  the slip systems  sf

same  type. For  exaTnple,  7h for [100](OOI) slip should  be

://gR`ty,:kEz',eg"g',y,m.t:,a',xt,[?,og]gg,g:1,stgp6,".p.,lr'e,v..fT,:
ously,  We  conclude  here that  8000C  or  higher ternpeTa-

ture is necessary  to rnake  plastac forming of  YBa2Cd30T･-x

or  other  supercond.ucting  cgTamics  of  perovskite type.

  Finally, we  repoTt  the results  of  deformatZon tests o.f

 YBa2Cu30T-..  Thc  speeimens  were  produced  by  Vaeuum

 Metallurgieal Co. Ltd. foEloepving the  usual  sinteTing  pTo-

 cedure.  The  density of  the specimens  is about  7496                                         ofthe

 ideal density. The  compressgon  tests of  the  specimens  et'
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Fig. 7. Results of  defoTmation  te$ts of  sintered  YBa2CuiOi...  (a)
 Stress(a)-strain(E) relations.  (b} Maximum  stress  a...  of  o-E  relations

 against  temperature  T.

3 × 3 ×  5 mm3  were  performed  in air at  the strain  rate  of
10-3 sec'i,  Figure 7(a) shows  the stress-strain  relations

observed  at several  temperatures. Below 7000C,
specimens  break without  any  indication of  yielding.  Be-
tween  700 and  900eC,  a  maximum  appears  and  failure oc-

curs  just after  the maximum.  At  9300C,  resistance  to

deformation becomes small  and  the  specimens  deform
up  to several  tens per cent.  Quite interesting is that above
9500C the specimens  deform  even  up  to 100%  by  only

very  small  stress  (<O, 1 MPa), The muximum  value  a...
of  the  stress-strain  relation  decreases steeply  with  increas-
ing the  temperature,  as  shown  in Fig. 7(b), and  9300C  is
the critical temperqture  at  which  the resjstance  to defor-
mation  almost  vanishes.  It is not  clear  that  the observed
maxima  of  stress-strain  curves  correspond  to true plastic
yielding due to dislocation glide, However,  if so, the
agreement  of  the predicted T'(8000C)  with  the  observed

critical  temperature  (930OC) is satisfactory,  and  it implies
that the  recepe  presented in the preceding section  is quite
prospective.
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