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PHYSICO.CM}IICAL FUNDAMENTALS OF DEVELOPMENT OF
MATERIALS AND TECHNOLOGIES

Examination of the mechanism of phase stability
of zirconia, alloyed with magnesium and calcium

V.G.  Zavod insk i i

The effect of the atoms of magnesium and calcium on the stabi l i ty of the cubic phase of

zirconia was investigated by the method of the functional of electronic density (taking into

account  the  grad ien t  cor rec t ion)  and the  method o f  the  pseudo-poten t ia l .  I t  has  been

conf i rmed tha t  the  main  reason fo r  the  ins tab i l i t y  o f  the  rea l  cub ic  z i rcon ia  i s  the  ins ta -

b i l i t y  o f  i t s  oxygen sub- la t t i ce  in  re la t ion  to  d is to r t ion .  The subs t i tu t ion  o f  the  z i rcon ium

atoms by  the  a toms o f  magnes ium or  ca lc ium,  w i th  the  s imu l taneous remova l  o f  the

appropriate amount of oxygen, results in the distort ion of the oxygen latt ice exceeding the

va lue  cor respond ing  to  the  d is to r t ion .  Th is  s tab i l i ses  the  cub ic  phase o f  z i rcon ia .
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Introduct ion

The zirconium dioxide (ZrOr) is interesting
a s  a  c e r a m i c  m a t e r i a l ,  h a v i n g  v a l u a b l e

opt ica l ,  e lec t r i ca l ,  thermal ,  s t rength  and

other character ist ics,  and the phase transi-

t ion  in  th is  mater ia l  and imPun i tY

stabilisation are the subject of many experi-

menta l  and theore t ica l  inves t iga t ions .  A t

temperatures below 1l70oC, the monocl inic
phase (m) of the unal loyed ZrOris thermo-

dynamical ly stable. From the temperatures

of 1172 to 2370oC, unal loyed zirconia is te-

t ragona l  ( t ) ,  and a t  tempera tures  above

237}oC up to the melting point (2706oC) the

una l loyed z i rcon ia  i s  cub ic  (c )  [1 ,  2 ] .  The

cubic phase may be stabi l ised, i .e.  the c-; t

t ransi t ion temperature maybe reduced by

introducing var ious addit ions, such as MgO,

CaO,  YrO3,  g tc .

The analysis of the phase diagrams [3-
5)  shows tha t  a t  h igh  tempera tures ,  the

transition of tetragonal zirconia alloyed with

different additions, to the cubic phase, takes

place at approximately the same concen-

trat ion of the impuri ty.  However,  only the

addit ion of YrO, makes i t  possible to pro-

duce the  cub ic  z i rcon ia ,  s tab le  a t  room

temperature. The cubic phase ZrOr-CaO is

s tab le  on ly  up  to  850oC,  and the  cub ic

zirconia with the addit ion of MgO dissoci-

a tes  w i th  the  prec ip i ta t ion  o f  te t ragona l
ZrO,  and MgO a t  tempera tures  be low

11000c.
In fact, both the tetragonal and mono-

cl inic phases may be represented as deriva-

t i ves  o f  the  cub ic  phase wh ich  has  the

structure of f luor i te.  The tetragonal phase

forms from the cubic phase by specif ic

rearrangement of the oxygen cubic sub-lat-

t i ce  ( in  the  sub- la t t i ce ,  one ha l f  o f  the

oxygen atoms is displaced in relat ion to the

other half)  and the elongat ion of the el-

ementary cel l  in the direct ion of displace-

ment of the oxygen atoms, The monocl inic
phase forms from the tetragonal phase by

shear deformation of the entire elementary

cel l  with some change of the length of the

s ides  o f  the  ce l l .
Al though the cubic phase is the phase

with the highest temperature, i t  has the

highest density,  and as regards energy i t  is

only slightly inferior to the tetragonal phase:

by 0.052 eV per unit  ZrO, [6).
Accord ing  to  the  exper iments  [7 ]  and

calculat ions [8] ,  the instabi l i ty of  the cubic
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Dhase i sassoc ia tedw i t ha tendencyo f t he ln the in t r oduc t i ono f t r i va l en t y t t f i um 'one
t*ur"n sub-lattice f", iir,"rri"n of tire cubic oxygen atom for every two yttrium atoms

symmetry along trr l 'Jir".t ion <100>. The is removed from the zirconia' This is ac-

posit ions of the 
".;r";-; ; iT. 

." 
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i l  
""1nit i"f  

iv tr '" dif f icult ies associated

iirection mav be "ipress"a bv means :#: 
*5ff;"il:ffiXffi":;H"ji;l1lt:1"i

distortion pararoeter di 
trium and oxygen vacancies which requlre

zo=\O '25+d) 'c '  
separa te  examinat ion '

H e r e c i s t h e l a t t i c e c o n s t a n t a l o n g t h e T h e m e t h o d a n d d e t a i | s o f c a | c u | a t i o n s
direct ion of distort ion'  ,and -t l . : - :^"t t"  

d may 
Calculat ions were carr ied out using

have both Posit ive and negattve'

The total  energy of the crysral  has two FHl96M;"O',og' ,uln t l5 l  based on the

minima as a funciion of d (one *i;;t;; it '"o'y or tni fi inctional of electronic den-

at rhe positive value of d, the .,ft"t on" ui sity it 6' 1';1' the method^ of the pseudo-

rhe negat ive value).  The central  p"r i ; ; ;  ; i  poient iat  unO't t t"  basis of f lat  waves'  To

the oxygen aroms (at d = 0) 
""rr"r;;;;; 

ialculate the volume and correlation energy

t o t h e i d e a l c u b i c s t r u c t u r e a n d i s n o . , . u - w e u s e t h e g r a d i e n J a p p r o x i m a t i o n i n t h e
ble. rhe experimenral value of the equilib- l:l'-t':iJ'Jq 

il :T.:-::n:;'r"":Ji'1lf,I
r ium value or a"ir-b.065, the theoretical 9l) '  The pseudo-potentlals \^

value 0'052. As Jo*n in [ l ] '  'h" ' ; ; ; ; ; ;- o' i"g t irJirultei-Martins method [19] us-

tion of ttre oxyge-n^-rotru,ri." i, 
"h";;;;;; 

ing itre FHI'SPP program [20]; thev were

istic not only of rhe retragonur prrur"^Ji1i" ""i:ili::o 
for the- absencl' of ghost states

z i r con iabu ta l soo f t hecub i cp t , u , " . r n "a ' nov l l l t i ed fo r t hecapac i t y t o rep roduce
cubic structure b;";*;, stable only-at high the main lattice characteristics of bulk ma-

remperatures. when the oxygen "r".r'it,ip 
i"'iat' (tuiiJ" 

"onstant 
and elasticity modu-

from one t'n'*u* to the other one' and lus)' 
n of the set of

the cubic 'rttnti, i'"'Ji'"a in the mean' The energy of truncatto

There has been'u numb", 
"f 

i"; ; ; ; ;- the f11: *uu"' was assumed to be equal to

t ions [g-1+l in *rr i"h- attention h;;"#"" 44 rydberg, the minimum^cell of the cubic

given to the '""';;;;;' ir'" 
"utiti"""i 

ti" :o:iili 
iu' tt'" cetr ztoo' whose form ts

cubic zirconia, alloyed with tte impu'iti"s indicated in the figures' uia 'tt" supercell

such as Y, Mg, Ca' The .majority 
of the *u' ttp'""nted Uy ttre minimum cell taken

au tho rsassume tha t t he rna in reason fo r t he f romth reemeasu remen tscon ta i n i nga to -
stabil isation is the local increase of the 

I Zr

strength of the zr-! c.heml;il^o:'::,::': t *,
:::;ii; it'" 'i-ou"ibution or the electronic t tr

tfrT:1,''**;1'tl{':.,ii{::if'ffi ffid i s c u s s e d t h e r o i e o f o x l ' e e n v a c a n c i e s ' ^ t h e l

*tiiikrf"t#rflr*TJ:]:ji"#i lW
tween the presence of impuii: ies and the 

L{ i  
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;; ; ; ;".y for phase rearrang3:tent '  ̂ - . taA 
t- -

In this wotk, investigatio"t *:t^t 
^t1t:t-t1 Flq. t. The distribution or the zirconiui*.tTl::"i$"il:In this wotk, investtgatiott  ": ' :  " :- . . ; ,^ 

Flo. t .  The distr ibution of the zirconiurTl ?rlo oxvsctt e'"" '"

out into only the r,Jiiitu'lon of rhe cubrc ';'in;;;-u;";;j;';i;9"iu r1-"^31rows indicate the

zirconia by magnes;;; ;;; '-"icium because oi'eftronotoi'il;iry:lil:n"o'vq"natomsrromtheideal

the case of  y t t r ium i . - ' i - ' *at .  compl icated.  cubic posi t ions in  d is tonron'
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tal of 32 zirconium atoms and 64 oxygen
atoms (ZrrrOuo). The very large supercell
combined with the high truncat ion energy
required restriction for the single k-point (in
particular, the gamma point) in the Brillouin
zone fo r  the  de terminat ion  o f  the  to ta l
energy. This is ful ly acceptable for non-
meta l l i c  mater ia ls .  In  opera t ion  w i th  the
minimum cel l ,  containing 4 zirconium atoms
and 8  oxygen a toms,  two spec ia l  po in ts
were  used:  (0 .25 :  0 .25 ;  0 .25)  and (0 .25 ;
0 .25 ;  O.75)  w i th  the  we igh t  o f  0 .25  and
0.75, respect ively.  The accuracy of calcu-
lat ing the total  energy was 0.0001 eV for
the unit  of  ZrOr, i .e.  the error was consid-
erably smaller than the difference of the
energies of the cubic and tetragonal phases
(0 .05  eV) .

Using the Murnagam equat ion of state

[21]:

ta l  data.
As indicated by the data in Table l ,  the

Examination of the mechanism of phase stability of zirconia

calculated values are in ful ly sat isfactory
agreement with the experimental  data, i .e.
the pseudo-potential determined in this work
described quite adequately of the energetics
of interact ion of the atoms of Zr,  Mg and
Ca with the oxygen atoms and may be used
for examining the system ZrO"-MgO and
ZrOr-CaO.

The experimental results and
discussion

The distortion of oxygen atoms in pure
cubic zirconia

The stability of the lattice of cubic zirconia
in relat ion to the displacement of the oxy-
gen atoms from the ideal cubic posit ions
was invest igated on the ZroO, cel l .  In i t ia l ly,
al l  the atoms of the cel l  were placed in the
ideal cubic posit ions with the theoret ical
equi l ibr ium latt ice constant a = 0.522 nm
and, subsequent ly,  the total  energy and the
forces ,  ac t ing  on  the  a toms were  ca lcu-
lated. In this case, only the boundary at-
oms of the cel l  (z irconium) were f ixed, and
the oxygen atoms were regarded as free.
I t  appears that the oxygen atoms do not
move spontaneously from the ideal cubic
posit ions, the forces on the atoms are equal
to zero, and the lat t ice is quasi-stable. The
attempt to vary the geometry of the lattice
from cubic tetragonal (elongat ion in one
direct ion and compression into other direc-
t ions) increased the total  energy.

In this work, i t  was the required to ex-
amine in detail the distortion of the oxygen
sublatt ices. The pure zirconium because the
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E,,(V) = t{V)+ffix
r  '  . \  / , , \ B '  I

" lr ' f  r-bl. f  hl -t  l .
L\ v)\v) l

where E,o, is the total energy, V is the vol-
ume of the cel l ,  Vo is the equi l ibr ium value
of the volume of the cel l ,  E(Vo a)- is the
equi l ibr ium value of energy, B'  is the de-
r iva t ive  o f  B  in  respec t  o f  p ressure ,  we
determine the equi l ibr ium constants of the
latt ice (a) and the volume modul i  of  elas-
t ic i ty (B) for the cubic phases ZrO' MgO
and CaO.  The resu l ts  a re  p resented  in
Table 1 in comparison with the experimen-

Table 1 The calculated and experimental values of the lattice constant and elasticity parameters for the size ol Zr, Mg
and Ca

CaO
Parameter

Experiment

4, nm

B, GPA

B '

0.522 o.so9 [14] 0.424 0.4211231
21s!2O t94l24l 160110 t62[25]

3.9 4. r

0.488 0.480l27l
11sfl0 111 [261

4.5

The experimental value a = 0.509 nm for the cubic zirconia was obtained in [1a] by measurements at high temperatures
andinterpolat ionto0K.Thevalue B=194GPain[24]  wasobta inedinexaminat ionof  thecubicz i rconiastabi l isedbyyt t r ium
and by interpolation to the zero content of yttrium.
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main task was examinat ion of the mecha-

nism of stabi l isat ion of cubic zirconia by

impuri t ies. We were interested only in the

final state in which the oxygen sublattice

is after deviation from the cubic symme-

t ry .  There fore ,  we sPec i f ied  smal l

d isp lacements  o f  one (a rb i t ra ry )  oxygen

atom (by 0.0001 nm) and i t  was shown that

this results in the increased displacement

of hal f  of  the oxygen atoms in one direc-

tion and of the other half in the opposite

direct ion result ing in the distort ion of the

oxygen lat t ice in the direct ion <100> and

in the formation of non-zero forces on the

atoms of the zirconium sub-lat t ice'  The cal-

culated value of the equi l ibr ium distort ion

d for the cubic zircoma was 0'045 which

is close to the value of 0 '04 obtained in

122) for the cubic phase' The mean dis-

p lacement  o f  the  oxYgen a toms was

0 . 0 1 2  n m .
In order to conf irm that the approach

used in this work descr ibes eff ic ient ly the

transit ion from the cubic tetragonal phases'

we changed the form of the cell stretching

it  in one direct ion ( in the direct ion of oxy-

gen distortion) and compressing in other two

I irect ions, f ix ing every t ime i ts boundaries

( i .e.  f ix ing the zirconium atoms)'  I t  appears

that the cel l  becomes equi l ibr ium at the

calculation ratio of cla : 1'02 which is very

close to the value of 1.026, character ist ic

of the tetragonal phase, i 'e '  the transi t ion

from the cubic to tetragonal symmetry takes

p lace  w i thout  any  bar r ie rs  and,  - fo r  
th is

purpose, any smal ler in i t ia l  disordering of

ih" o*yg"n sublatt ice is sui table'  However '

t t re staUit i ty of  the cubic phase at high

temperatures is determined by the presence

of  v ib ra t ions  o f  the  oxygen sub- la t t i ces

(from one distort ion minimum to another)

which take place in relat ion to the mean'

cubic posit ions. The zirconium atoms which

are heavier do not mana'ge to track fast col-

lect ive osci l lat ions of the ox)-gen atoms and

carry out thermal osci l lat ions in relat ion to

the  cub ic  pos i t ions .  Wi th  a  decrease o f

temperature, the oxygen sublatt ice stops in

one of the distort ion minima' and the zirco-

nium atoms react to this distort ion, and the

cubic lat t ice is rearranged into tetragonal '

I t  was shown rn l22l  that the energy of

act ivat ion of the col lect ive vibrat ions of the

oxygen sublatt ices is in good agreement

with the temperature of transition from the

tetragonal to cubic Phase.
thi  instabi l i ty of  the oxygen sublatt ices

of cubic zirconia in relation to the small

d isp lacement  o f  the  oxygen a toms was

u"rifi"d on the ZrrrOuo supercell (with one

k-point) .  The effect was the same as rn

the lat t ice of ZroO, (with two k-points):  the

displacement of one oxygen atom results in

the col lect ive effect of  the paired shi f t  of

the oxygen atoms with the value of distor-

tion d approximately 0.05 with the simulta-

neous formation of non-zero forces on the

zirconium atoms.

The atomic structure of stabilised
zirconia

The Z111064 superce l l  was  used fo r  the

examinafion of the effect of the impurities

Mg, Ca and Y on the atomic structure of

the cubic phase ZrOr. The zirconium ions

in zirconia have the charge +4, the magne-

sium and calcium atoms the charge +2 and,

therefore, to examine the charge equi l ib-

r ium, together with the introduct ion of one

atom of Mg and Ca we removed one oxy-

gen atom from the nearest neighbourhood

of the impuri ty atom' In this case, the at-

oms of the impurity were distributed in such

a manner that they were located approxi-

mately uniformly in the supercell, but with-

ou t  any  order ing .  Spec ia l  a t ten t ion  was

given to the fact that the adjacent atoms

of Vfg and Ca do not have common bind-

ing  oxygen a toms '  Of  course ,  one a tom

cannot be distr ibuted uniformly or without

ordering. Therefore, the atom was placed

in the centre of the supercel l .  The concept
'approximately uniformly but without order-

ing  re la tes  to  the  cases  in  wh ich  the

number  o f  the  imPur i tY  a toms in  the

supercel l  is greater than 1. In this case'

110 Journal of ldsanced \taterials 2005 12 (2) 105-lL2



when taking into account the translat ion of
the supercel l ,  the atoms of the impuri t ies
are distr ibuted at approximately the same
distance in al l  three measurements, but in
this case there was no art i f ic ial  symmetry
of the distr ibut ion of the atoms inside rhe
supercel l .  Thus, we examine the conf igu-
rat ions Zt rrMrO ur,  Zr.oMrO u, and
ZrrrMoOro (M is Mg or Ca),  corresponding
to the molar concentrat ions of MgO and
CaO equa l  to  3 .125,  6 .25  and l2 .5Vo,  re -
spect ively.  Examinat ion of the high concen-
trat ions of the impuri ty is compl icated by
the  c losed d is t r ibu t ion  o f  the  per iod  the
atoms and oxygen vacancies in relat ion to
each other result ing in the need for special
examinat ion of the effect of  interact ion of
these atoms and is outside the framework
of the present work.

The effect of the impurity on the atomic
structure of the cubic zirconia is manifested
in the relaxat ion of the lat t ice in the vic in-
i ty of the impuri ty atoms and oxygen va-
cancies with the cubic symmetry retained.
Calculat ions show that the impuri ty atoms
more from the ideal s i tes of the lat t ice, and
are  repu lsed f rom the  c loses t  oxygen va-
cancies. The zirconium atoms, in the im-
mediate vic ini ty of the oxygen vacancy, are
also repulsed from the vacancy. The dis-
placement is maximum for Mg and mini-
mum for Y and depends only slightly on the
concentrat ion of the impuri ty.  The values
of the displacement of the impuri ty atoms
from the ideal posi t ions are presented in
Table 2. The displacement of the zirconium
atoms is  approx imate ly  the  same in  a l l
cases ,  and equa ls  0 .015 nm.

Table 3 gives the data on the displace-
ment  o f  the  oxygen a toms.  The oxygen
atoms, close to the oxygen vacancies, are

Table 2 The mean displacement of the impurity atoms (nm)
in stabilised cubic zirconia

3.125
6 ) S

I z. )

0.025
0.026
0.028

o.422
0.u23
0.024

Excnrination of the mechanism of phase stability of zirconia

Table 3 The displacement of the atoms of oxygen (nm) in
rhe stabilised cubic ZrO,

Molar content
ofaddition,7o

ZrO2-MgO 7rO2-CaO

Mean
displace-
ment, nm

Percent of
displaced

atoms

Mean
displace-
ment, nm

Percent of
displaced

aloms

3.125
6.25
r2.5

0.020
0.022
0.024

3
6

l 7

0.020
0.022
0.024

3
U

1 7

attracted to the vacancy. The number of
the oxygen atoms, whose displacement is
greater than 0.012 nm, corresponding to the
va lue  o f  the  d is to r t ion  o f  the  oxygen
sublatt ices, required for the transformation
of  the  cub ic  phase the  te t ragona l ,  i s  ap-
prox imate ly  p ropor t iona l  to  the  impur i ty
concentrat ion. The mean value of the dis-
p l a c e m e n t  d e p e n d s  o n l y  s l i g h t l y  o n  t h e
concentrat ion and type of the impuri ty.

These results are in correlat ion with the
fact according to which the transi t ion of
tetragonal zirconia, alloyed with different
and addit ions, at  high temperatures to the
cubic phase takes place approximately of
the  same impur i ty  concent ra t ion  [3 -5 ] .  We
be l ieve  tha t  the  mechan ism o f  s tab i l i sa t ion
of the cubic zirconia, determined by the
suppression of the tendency of the oxygen
sub la t t i ces  were  d is to r t ion ,  cou ld  a lso  be
formal ly retained in the case of love tem-
peratures: at  l ist ,  at  high concentrat ions of
the stabi l is ing addit ions. The instabi l i ty of
the cubic phases ZrO2-MgO and ZrOr-
C a O  i s  a s s o c i a t e d ,  i n  o u r  v i e w ,  w i t h  a
d i f fe ren t  reason,  namely :  w i th  the  la rge
discrepancy of the lat t ice constant of ZrOr,
MgO and CaO. In the case of MgO, the
mismatch  w i th  the  cub ic  la t t i ce  i s  l8 . l7o ,
in the case of CaO i t  is 6.4Vo, showing the
high mechanical  stresses in the eutectoid
separat ion of the phases, result ing in the
cracking of the crystal .  In addit ion to this,
are the cel ls of MgO and CaO are char-
acter ised by a completely di f ferent const i-
tut ion ( type NaCl) in comparison with the
cel l  of  the cubic zirconia ( type CaFr) which
compl ica tes  the i r  con tac t  w i th  the  main
crv  s ta l .

i 
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Conclusions

Calculat ions carr ied out on the basis of the

f i rst  pr incipies show that the smal l  displace-

."ni  of  eien a single oxygen atom from

its posit ion in the ideal cubic lat t ice of the

zirconium dioxide results in the increase of

the displacement of the atom and of al l

other aioms of oxygen along the given di-

rection. This results in the formation of non-

, " .o  fo r " "s  app l ied  to  the  a toms o f  the

zirconium subiatt ices, leading to the elon-

gat ion of the cel l  and the transi t ion to the

I"tragonal phase. I f  the part  of  the ions of

Zr*a  is  subs t i tu ted  by  the  ions  w i th  a

smal ler charge, the excess atoms ot oxy-

gen leave the crystal  and of the remaining

ionised atoms of oxygen are displaced from

their  cubic posit ions'  The resultant disor-

dered cubic sublatt ices is stable and does

not interfere with the lat t ice of the anions

character ised in the mean by cubic sym-

metry.  However '  for the complete the re-

al isai ion of the stabi l is ing effect of  a spe-

ci f ic addit ion i t  is necessary to ensure that

the geometr ical  parameters of the lat t ices

of tn-e oxide of the given impurity and cubic

zirconia are simi lar.
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