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fl-Bet7Ti 2 is a re la t ively simple one, in which  the [010]T 
direct ion becomes the  [0001]~ direction. Some t i t an ium 
a toms mus t  change from a = 0 to a = ½-positions, or vice 
versa, to complete  the  symmet ry ,  and  the removal  of 
7 Be a toms from the  uni t  cell involves a small decrease 
in the a tomic spacing in this direction,  from 7.36 to 
about  7.30 A. The removal  of 7 a toms wi thout  disrupt ing 
the  near-hexagonal  s y m m e t r y  displayed by the te t ragonal  
a r r angement  in Fig. 2 appears  difficult to accomplish.  
Remova l  of the two smaller layers is simple but  results 
in a loss of 8Be  atoms.  This raises the question of how 
accura te ly  the  composit ion of Be~TTi~ is known and  
whether  a composit ion BesTi is possible. 

The other  two hexagonal  s t ructures  of Table 1 can be 
der ived from this t ransformat ion,  l~aeuchle & Rundle ' s  
disordered hexagonal  s t ructure  has the same c pa ramete r  
as the fl-Be~TTi2 s t ruc ture  and  four t imes the a pa ramete r ;  

the  a-Be17Ti~ s t ruc ture  has the  same a pa rame te r  and 
approx imate ly  1.5 t imes the  c paramete r .  The above 
discussion also suggests the  possibility t ha t  Raeuchle  & 
Rundle ' s  s t ruc ture  de te rmina t ion  was carried out  on 
crystals of Bel~Ti~ instead of on crystals of Bel~Ti as 
they  believed. 
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I n t r o d u c t i o n  

Zirconia undergoes a diffusionless phase t ransformat ion,  
in the neighborhood of 1000 °C, from a monoclinie 
s t ructure,  space group P2t/c, to a te t ragonal  s t ructure,  
space group P4Jnmc.  

From the da ta  of MeCullough & Trueblood (1959) for 
monoclinie zirconia and  those of Teufer (1962) for 

te t ragonal  zirconia, one can draw the two projections of 
the s t ructures  shown in Figs. 1 and  2. The project ions 
show four uni t  cells of the  monoclinic s t ructure .  A fifth 
cell, indicated by dashed lines, differs only by the  choice 
of origin in order to render  it more direct ly  comparable  
to the  single te t ragonal  uni t  cell shown to the  right.  The 
te t ragonal  cell shown is not  the  convent ional  cell, but  a 
double one tha t  t radi t ional ly  has been used for comparison 
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Fig. 1. Projection of Zr02 structure parallel to y direction onto x-z plane. Left: monoclinic. Right: Tetragonal. Parts of four 
monoclinic cells enclosed by broken lines become tetragonal cell after transformation. Solid circles: Zr. Open circles: O. 
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Fig. 2. Project ion of ZrO 2 s t ructure  parallel to z direction onto x - y  plane. Left :  monoclinic.  R igh t :  te tragonal .  Par t s  of four  
monoclinic cells enclosed by broken lines become te t ragonal  cell after t ransformat ion.  Solid circles: Zr. Open circles: O. 

w i t h  t h e  m o n o c l i n i c  s t r u c t u r e .  T h e  c o n v e n t i o n a l  cell is 
v e r y  n e a r l y  b o d y - c e n t e r e d ,  a n d  t h e  la rger  one  is n e a r l y  
f ace -cen te red .  T h e  r e l a t i o n s h i p  b e t w e e n  t he se  cells w i t h  
r e spec t  to  size, o r i e n t a t i o n ,  a n d  t r a n s f o r m a t i o n  m a t r i c e s  
is t h e  s a m e  t h a t  p reva i l s  b e t w e e n  a t r u l y  b o d y - c e n t e r e d  
t e t r a g o n a l  cell a n d  i ts  r e l a t ed ,  l a rger  f a c e - c e n t e r e d  cell. 

T h e  a t o m  m o v e m e n t s  i n c i d e n t  to  t h e  p h a s e  t r a n s f o r m -  
a t i o n  are  i m m e d i a t e l y  o b v i o u s  f r o m  t h e  p r o j e c t i o n s .  
F u r t h e r m o r e ,  if a s ingle  c rys t a l  cou ld  be  k e p t  i n t a c t  
t h r o u g h  t h e  t r a n s f o r m a t i o n ,  one  m i g h t  p o s t u l a t e  t h a t  
t h e  t e t r a g o n a l  c ax is  w o u l d  r e m a i n  para l l e l  to  t h e  m o n o -  
clinic c axis ,  one  t e t r a g o n a l  a axis  para l l e l  to  t h e  m o n o -  
clinic b axis ,  a n d  t h e  r e m a i n i n g  a axis  necessa r i ly  in- 
c l ined  9.2 ° to  t h e  m o n o c l i n i c  a axis .  

T h e  w o r k  r e p o r t e d  he re  was  u n d e r t a k e n  to  e x a m i n e  t h e  
v a l i d i t y  of t h e s e  p r ed i c t i ons .  

M a t e r i a l s  

Single  c rys t a l s  of z i rconia  were  d i f f icu l t  to  o b t a i n  in t h e  
pa s t ,  b u t  r e c e n t l y  t h e  a u t h o r ' s  co l league ,  Dr .  W .  S. Ginel l  
(p r iva t e  c o m m u n i c a t i o n ,  to  be  p u b l i s h e d ) ,  has  g r o w n  a 
large  n u m b e r  of sma l l  m o n o c l i n i c  z i rconia  c rys t a l s  b y  a 
v a r i e t y  of m e t h o d s .  To  da t e ,  t h o s e  c rys t a l s  t h a t  h a v e  
b e e n  e x a m i n e d  were  t w i n n e d  b y  a 180 ° r o t a t i o n  a b o u t  
t h e  c axis* .  I n  m a n y  cases,  i n c l u d i n g  t h e  c rys ta l s  u s e d  for  
th i s  w o r k ,  t h e  r e l a t i ve  i n t ens i t i e s  of X - r a y  re f l ec t ions  

* The c axis is thus  the  twin  axis. Alternat ively,  this 
twinning can be described as a 180 ° ro ta t ion  about  the  normal  
to (100), the  la t ter  being the twin place.  This type  of twinning 
is common  in the  mineral  baddeleyite ,  where it  is described 
as 100 twinning,  or loosely as a reflection in (100). Other 
types  of twinning,  observed occasionally, were absent  f rom 
the crystals used for this work. 

i n d i c a t e d  t h a t  t h e  v o l u m e  f r ac t i ons  of t h e  t w o  i n d i v i d u a l s  
we re  qu i t e  u n e q u a l .  U s i n g  a s imi la r  c rys ta l ,  I ) r .  Ginel l  
o b t a i n e d  a p h o t o m i c r o g r a p h  u n d e r  c rossed  po l a ro id s  
w h i c h  s h o w e d  t w o  t h i n  l amel lae  of one  o r i e n t a t i o n  
t r a v e r s i n g  a m u c h  la rger  b u l k  of t h e  o t h e r  o r i e n t a t i o n .  
T h u s  t h e  b u l k  of t h e  c rys ta l s  u s e d  he re  h a d  a s ingle  
o r i e n t a t i o n ,  a n d  t h e  smal l  a m o u n t  of t w i n n i n g  is n o t  
l ike ly  to  h a v e  a f f ec t ed  t h e  resu l t s .  T h e  t w i n n i n g  was  
e x a m i n e d  b y  o b s e r v i n g  t h e  a p p r o p r i a t e  d u p l i c a t e  re- 
f lec t ions  w i t h  a s ing le -c rys ta l  o r ien te r .  

E x p e r i m e n t a l  

T h e  c rys ta l s  we re  m o u n t e d  on  t h e  e n d  of a smal l  a lu-  
m i n u m  oxide  t h e r m o c o u p l e  i n s u l a t o r  on  a e u c e n t r i c  
g o n i o m e t e r  head ,  w h i c h ,  in t u r n ,  was  p l a c e d  on a G e n e r a l  
E l ec t r i c  s ing le -c rys ta l  o r ien te r .  T h e  c rys t a l s  were  a t t a c h e d  
in one  case w i t h  Z i rcose t  ce r amic  c e m e n t ,  a n d  in a n o t h e r  
case t i e d  w i t h  38-gauge  p l a t i n u m  wire.  T h e  c rys ta l s  w e r e  
o r i e n t e d  w i t h  t h e  a* a n d  c* axes  in  t h e  p l a n e  of t h e  
d i f f r a c t o m e t e r ,  a n d  t h e  b* axis  ver t i ca l .  I n  o rde r  t o  h e a t  
the crystal, an oxy-gas torch was lowered over it, with the 
f l ame  a d j u s t e d  to  a size t h a t  j u s t  e n v e l o p e d  t h e  c ry s t a l  
a lone .  T h e  c rys ta l s  were  a p p r o x i m a t e l y  1.5 x 1.0 × 0 . 5 r a m ,  
in  t h e  d i r ec t i ons  para l le l  to  c 0, para l le l  to  b 0 a n d  n o r m a l  
t o  (100), r e spec t i ve ly .  

R e s u l t s  a n d  d i s c u s s i o n  

I n  t h e  case of t h e  c rys t a l  a t t a c h e d  w i t h  Zi rcose t ,  t h e  
c e m e n t  r e a c t e d  w i t h  t h e  c rys t a l  a n d  s t ab i l i zed  t h e  t e t r a -  
gona l  p h a s e ;  t he re fo re ,  t h e  resu l t s  cou ld  n o t  be  c o n s i d e r e d  
re l iable .  F o r  th i s  r eason ,  t h e  e x p e r i m e n t  was  r e p e a t e d  
w i t h  a c rys t a l  t i e d  i n to  p lace  w i t h  p l a t i n u m  wire .  T h e  
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nature  and  orientat ion of the  te t ragonal  crystal while 
hot  tu rned  out to be exactly the  same as in the  first case. 
However ,  in this second case, since the  crystal rever ted 
to the  monoclinie structure on cooling, it was possible 
to obtain some information on the  reverse t ransformation.  

As soon as a crystal was hea ted  above --~1200 °C, 
te t ragonal  reflections could be observed. There were, of 
course, three orthogonal  axes, and one of these, as 
predicted,  was parallel to the original monoclinic b axis. 
However,  instead of one axis being parallel to monoclinic 
c and  one 9.2 ° from a, the  two te t ragonal  axes split the  
difference, i.e. the  90 ° te t ragonal  angle was inscribed, 
approximate ly  symmetr ical ly ,within  the  larger monoclinic 
angle, ft. Al though somewhat  unexpected,  this becomes 
plausible when one considers the  next  result. The tetra- 
gonal crystal was a triplet,  and each axial direction gave 
a reflection both  for a* and for c*. 

Removal  of the  flame resul ted in quenching of the  
crystal, and the  one tha t  was t ied with wire rever~ed to 
the  monoclinic structure. I ts  reflections were now broad 
and of low peak height.  The extent  of twinning was 
considerably enhanced,  and  in addi t ion the  crystal now 
consisted of a number  of slightly misoriented blocks, still 
parallel along the  original b direction but  ro ta ted  out of 
register in the  a - c  plane over a range of about  10 °. 
Since the tetragonal  axes must  rotate  4 to 5 ° in the a-c 
plane to become the monoclinic a and c axes, the various 
partners  of the  te t ragonal  trilling must  have rota ted their  
respective axes in opposite senses, thus giving rise to the  
10 ° spread in orientation. 

The observational evidence does not  furnish a clear 
decision as to whether  the t ransformat ion is of the brit t le 
martensi t ic  or the  true martensi t ic  type  (Wolten 1963), 
but  favors the latter  point  of view. 

If the t ransformation is martensit ic,  it should be pos- 
sible, in principle, to apply the  theory  of zero average 
strain by Wechsler, Lieberman & Read  (1953) for the  
calculation of the habi t  plane. The te rm 'habit  plane' ,  as 
used here, does not  refer to the  crystal habit  but  denotes 
a crystallographic plane which, in a martensi t ic  phase 
transformation,  is common to both  lattices and remains 
undis tor ted  and unro ta ted  through the  transformation.  
The calculation cannot,  at  present,  be carried out for lack 
of certain addit ional  data.  However,  the  observations 
plainly suggest tha t  the  habi t  plane is the  monoelinie (101) 
which becomes (101), (110), and (011) of the  te t ragonal  
trilling, indexed on the  double cell. The misfit of the  
att ice parameters  is relieved by twinning.  

The data  tha t  are lacking for the  application of the  
theory  are the lattice parameters  of the  monoclinic phase 
at the  tempera ture  of the transformation.  The te tragonal  
parameters  were measured directly by Teufer (1962) at 
1250 °C, a little above the t ransformat ion range. The 
lattice parameters  of the  monoclinic phase are accurately 
known only at room temperature*.  A mean  (bulk) coeffi- 
cient of thermal  expansion for zirconia is known (Fulker- 
son, 1960), but  if this is applied to the  room tempera ture  
cell volume and extrapola ted to 1250 °C, a volume 
difference of about  1% between the  phases is obtained,  
which is inconsistent wi th  the  observed bulk volume 
change of the  t ransformat ion of about  7% (Geller & 
Yavorsky,  1945). I t  is clear, therefore, tha t  the  coefficient 
of expansion of the  monoclinic phase mus t  change rapidly 
above 1000 °C. This effect would distort  di latometric  
curves of the  t ransformat ion and explain the discrepancy 
between dilatometric and  X-ray t ransformat ion temper-  
atures no~ed by Duwez & Odel (1950). 
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Recent  work by Tournarie (1956 a, b) and  Wilson (1962 a, 
b, c; 1963) has clearly established the  usefulness of the  
variance of an X-ray diffraction line profile due to an 
aggregate of distorted crystallites as a measure of the  
particle size and strain of the  aggregate. Langford & 
Wilson (1963) and I-Ialder & Mitra (1963) have described 
practical methods  of determining particle size and  strain 
from the  s tudy of variances of the  line profiles. Both  the  

methods  are extremely dependent  on the  choice of the  
range over which the  variance has been determined.  The 
present  work describes a graphical me thod  in which this 
difficulty has been removed.  

Wilson (1962 b) has shown that ,  if the  entire line broad- 
ening is due to particle size effect, the  variance of the  line 
profile in 20, 


