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Monoclinic to tetragonal semireconstructive phase transition of zirconia
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Accurate data, obtained by neutron diffraction, have been used to monitor the first-order reconstructive
monoclinic—tetragonal phase transition as a function of the temperature both during heating and cooling. Data
analysis supports an orientational relationgldf0],,|| [001]; and (100),]| (110), between the tetragonal and
the monoclinic phases. The analysis of the oxygen atoms evolution in the tetragonal phase supports a displa-
cive mechanism for the monoclinietetragonal phase transition. Based on these data, a microscopic model is
proposed explaining the unusual behavior of zirconia.
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[. INTRODUCTION ambient pressure, the Zr polyhedron is strongly distorted and
two independent O atoms are necessary to describe the struc-
Zirconia is an interesting technological material becausdure: the @1) atoms define a triangular pyramid with the Zr
of its outstanding mechanical and electrical propertigs. ~cation setting at the apex; the(2) atoms form, with the
particular, the possibility to accept selective substitutionsS@Me Zr atom, a square pyramid corresponding to one-half

makes zirconia a good host for nuclear wastes. ThereforE'® n(r)]_rmal Zr@ unit of Lhe idealdﬂuocrjite structure.There-
assessing the stability of the structure is of paramount impor.o'€ tis transition can be considered as semireconstructive.
evertheless, it is nowadays commonly accepted that this

tance to match the severe nuclear standards. Unfortunatel st-order phase transition has a displacive charbcied

under |rrad|at|_0r?, the room-temperature monocllnl_c phase some authors propose to describe this transition within the
undergoes a first-order phase transition characterized by Abit-mode formalismi=® As a matter of fact, lattice dynamic
important volume variation. The onset of large strain fields incacyjations based on empirical Born-Mayer short-range
the material is responsible for the consequent integrity 0SS jiantiqld0.11 predict the existence of soft phonons in the
and migration of nuclear wastes out of the matrix. The sam tragonal phas¥'® Phonons frequencies obtained from
monoclir_lic to. tetragonal phase transition is o_bserved iN UNthese calculations disagree with thabinitio calculation
doped zirconia at about 1400 K. Understanding the mechaesults!“!°Up to now, the structural datatomic positions,
nism of this phase transition in pure Zr@t a microscopic  anisotropic thermal displacements, gtextracted from dif-
level can help to improve the stability of this material. fraction measurements versus temperature are not accurate
Zirconium and oxygen atoms sit in a fluorite structureenough to check this mechanigfit’ The aim of this work is
(Fmgm space groupbelow the melting temperatu@973  to obtain improved structural data near the transition tem-
K). Zirconia undergoes two successive phase transitions operature in order to estabilish a microscopic mechanism of
cooling. The former transition occurs at about 2573 K and itthis phase transformation. To this purpose, we have collected
is second order or weakly first ordet.The cubic structure several high-resolution neutron-diffraction patterns at differ-
becomes tetragonalP@é,/nmd) and it is characterized in €Nt temperatures above and below the tetragonal to mono-
particular by the onset of a shear strain along the fourfolod'n'c transition and analyzed these r_esults within the Ri-
axis; the coordination polyhedron for Zr in the ideal fluorite etveld method to extract the .behavpr O.f the structural
structure (ZrQ unit) is only sligthly modified. On the other parameters and to describe their evolution in the framework

hand, the second phase transition, occurring at about 1330 Rf the Landau theory of the second-order phase transition.

on coolllng. and at abput 1500 K on heatln_g, mvongs impor- Il EXPERIMENT

tant variations of unit-cell parameters. This transition, asso-

ciated with an important volume change, is strongly first or- The sample was a high-puritabout 99.92%commercial
der. In the monoclinic phase, stable at room temperature ang@rO, powder (Alfa-Aesar Co) with an average grain size
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smaller than 1Qum. The experiment was carried out at the a4

high-resolution and high flux neutron powder diffractometer & H/H‘% {

D20 at ILL using a wavelength of 1.28 A obtained from a & }/ \%\ /H/ /{\{ L.
vertically focusing graphite monochromator. The powder @ ;.| H %\ /\H}/}:H@—J{@
was put in an open Pt cylinder placed at the common focus § H

of two ellipsoidal mirrors and heated by two halogen lamps.

Data were collected on heating and on cooling between room 100+ 3
temperature and 1600 K and analyzed by a multiphase Ri- ) f
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etveld program(XND).!® The few diffraction peaks of the Pt /
sample holder were handled as a parasitic phase since eithel 4
they do not overlap or they can be easily distinguished and 80 4 /
deconvoluted from the zirconia ones. Atomic positions and b4
anisotropic thermal displacement parameters for all atoms in < /
zirconia were refined at all temperatures in the tetragonal and -% *
monoclinc phases. The occupancies of zirconium and oxygen & 60 /
atoms were checked throughout the refinements and they do§ bid

not change from their nominal values, either on heating or on /
cooling, as previously observéfi!” Since neutron-scattering %
lengths for O pp=5.80 fm) and Zr atoms lf,,=7.16 fm 74

are of the same order, the accuracies on the structural param- <

eters for all atoms are better than those obtained from x-ray
diffraction.

404

tetragonal volum

20 4

b
. RESULTS ] &
o
The diffraction pattens in the tetragonal and in the mono- ?"QQQ j

clinic phases are consistent with tR2,/c and P4,/nmc
space groups, respectively. Structural refinements give good 1150 1200 1250 1300 1350 1400 1450 1500 1550
reliability factors,Rgaqq<3%, in the single phase region,
and about 5% in the two phase range. Figure 1 displays the T(K)
temperature eYO'““O” of th.e. volumic fr"_iCtion of the tetrago.- FIG. 1. Bottom panel: evolution of the tetragonal volumic frac-
nal phase during the transition. T.he width of the hystgresqion of ZrO, on heating(squares and on coolingopen dots as a
extends over 170 K1325-1495 Kin good agreement with - ¢nction of temperature. Top panel: the evolution of the scale factor
previous observatiorisThe scale factors variations of the g heating and on cooling does not exhibit any particular variation.
two phases are too small to suggest a significant disorder or
an additional short-range-order modulation. Further carefuphases is responsible for this macroscopic strain and it may
examination of the integrated intensities of mMono-explain the important hysteresis range of this transition. Fig-
clinic, (111),, (111),, (002),, (020),, and tetragonal, ure 3 presents the evolution of th8<{ 7/2) angle associated
(101), (110), (002), peaks does not indicate any abnor-with the monoclinic distortion as a function ofT{—T)
mal intensity variation versus temperature such as those prevhere T, is the critical temperature associated with the
viously reported by x-ray studiés. transition®! This distortion presents a linear dependence be-
The analysis of the symmetry elements associated witlween the transition temperatu¢&500 K) and 1200 K. Be-
both phases clearly suggests a correspondence between tbe this temperature it follows a square-root law. This
monoclinic axis and the fourfold axis in the tetragonal phasechange of the behavior of the monoclinic distortion suggests
Following the work of Wolte® we have choosen the that a crossover mechanism occurs and a microscopic
[010],,| [001], and (100),| (110), orientational relations model for this phase transition should actually reproduce
between the two phases sinagsing is close toy2a, (Fig.  this feature.
2). The evolution of these unit-cell parameters in both phases To follow the structural evolution of the atomic displace-
is linear. The values of the thermal-expansion coefficients irments in the tetragonal phase, the oxygen posiid®)
the two phases, extracted from this refinement, are summadong the fourfold axis and anisotropic mean-square dis-
rized and compared to previous experiméftsn Table I. placements of both atomsi'{) were refined. The correlation
On the other hand, an important deviation from linearitybetweerz,(O) and (") for the oxygen atoms is not signifi-
is observed fom; andc; below 1400 K on heating and below cant. At high temperature, no thermal evolution of the oxy-
1200 K on cooling(Fig. 2). This remarkable behavior, al- gen position along the fourfold axis is observed. This sug-
ready observed by some authbfsyccurs for low volumic  gests that the mechanism responsible for the transition from
fractions of the tetragonal phagef. Fig. 1) and could be the cubic to the tetragonal phase is already completed. On
interpreted as the signature of an important macroscopithe other hand, the amplitudes of some components of the
strain on the tetragonal phase induced by the appearance afisotropic thermal displacement parameters ou)(and
the monoclinc phase. The volume difference between the twé@r (u') in the tetragonal phase significantly increase on
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FIG. 2. Evolution of the unit-cell parameters,b,c) of the 0 200 400 600 800 1000 1200 1400

monoclinic(subscriptm) and tetragonalsubscriptt) phases during
heating(squares and cooling(open dots (TC'T) (K)

cooling near the temperature of transitiéfig. 4). These FIG. 3. Evolution of the monoclini@— /2 distortion angle as
& function of the temperature. The evolution on heatisguares

evolutions pO.SSIny are a precursor effect of the ransition t and on coolingopen dots of the distortion is plotted as a function
the monoclinic ph‘;"}z%a”d the analysis of these thermal dig;"  * 1y"yith T_ equal to 1500 K. The data fisolid fine) is
plag:ement.elllpso! ' proyldes key information about th_e linear for small values of [.—T) as displayed in the inset. It fol-
main amplitudes involved in the eventual phonon freezing, < 5 square-root law for larger values df,(T)

Concerning the monoclinic phase, within a one-phonon con- ¢ '
densation mecha_msm, Just b_elow the p_hase transition, th rs do not exhibit any significant temperature dependence.
froze_n phonon brings the mam_contrlbutlon to the observe oreover, the observed atomic displacements displaying a
atomic dllsplacgr.nents. Indeed, In the low-temperature phas?Emperature dependence in the monoclinic phase do not cor-
the atomic positions should be inferred from the novel COO0Mesnond(Fig. 7) to the main components of the phonon ex-
dinates of the soft phonon. W|th|n a mean-flel'd approach, t.h ected to soften in the tetragonal phase as we have deter-
thermal dependence of these displacements in the monoclin ined by the analysis afl

phase should be proportional to the square root D ( .

A v, th its diplaved in Fi . dif Therefore a more complex mechanism must be consid-
—T). Actually, the results diplayed in Figs. 5 —7present dif- o o4 1 explain this situation and it is extremely important to

feren_t behaviors and some displac_ements cle;a_lrly exhibit thﬁientify all the order parameters of this phase transition. Fol-
classical thermal evolution approching a transition while Oth'lowing the theoretical work by Negifabased on group

_ . _ theory, this phase transition can be described by the conden-
TABLE |. Thermal-expansion coefficients fitted from our

. X X . sation of two phonons belonging respectivelyMg andM,
neutron-diffraction results and compared to previous works in thqrreducible representations at thé point of the tetragonal

monc_)c_llnlc a_md tetragonal phases. The values of thgrmal-expansmgrmouin zone[ ky = (/a, , m/a,,0)]. Therefore it is interest-
coefficients in the two phases are extracted from Fig. 2. . . . . .

ing to classify these displacements in the monoclinic phase
and the anisotropic thermal displacements in the tetragonal

Present work Previous works . . ) )
@ [K1] o [K 1] phase accordlng_ t_q the wrgdumble representatighsand .

M,. The compatibility relations between the two phases im-

am 7.16 9.5 ply a well defined order for these phonon condensations: the

b, 2.16 1.5 only way to obtain the monoclinic phase is the phonon be-

Cm 1.26 1.4 longing to M irreducible representation be the first one to

a 10.80 12,5 freeze. This doubles the unit cell, leading to an orthorhombic

c, 13.70 145 phase(Pbcn. Since no experimental evidence exists for this

phase, the second condensatidvi,] should immediately
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FIG. 4. Variation of the anisotropic mean-square displacements F|G. 5. variation of thex andy fractional coordinates of Zr
u*! (Zr) (dotted lineg and u* (O) (solid ling) in the tetragonal  atoms in the monoclinic phase on heatiisguaresand on cooling
phase on heatingbottom panel and on cooling(top panel.  (open dots The full line represents a fit with a square-root law
The other anisotropic thermal displacememts decrease with ther —T). These atomic displacements are related taMérreduc-
temperature. ible representation.

follow the first one leading to the observed monoclinic low-temperature one through a sudden condensation dt the

phase. The symmetry adapted eigenvectors associated wigoint of thisPbcnphase. The compatibility relations between

the different representations are summarized in Table Il.  the three space groups are displayed in Fig. 8. To reproduce
From this analysis, the main components of the anisothe unstable character of this intermediate phase, the Landau

tropic thermal displacement parameters of Zr and O in thdree energyF(M,,M,), describing the tetragonal to mono-

tetragonal phase behave according toNhgirreducible rep-  clinic phase transition, should exhibit a critical saddle point.

resentation. The mean static atomic displacements of Zr andfter the M, condensation, any variation of thd, order

O(1) follow a square root evolution versus temperature antharameter, now a zone center mode belonging toBhe

O(2) behaves according to thé, irreducible representation irreducible representation in ttbcn phase, would be am-

in the monoclinic phaséFig. 7). Therefore these experimen- plified, allowing large atomic displacements, and explaining

tal results fully support the two phonon condensation mechathe semireconstructive character of the phase transition.

nism for this phase transition. The analysis of the evolution of the structures in the two
The computation of zirconia phonon spectra using shortphases allows a precise characterization of the primary order

range interatomic potentials published by Mirgorodskyparameters, andM,. To take into account all the experi-

et al1® supports the softening of thil, phonon in the te- mental observations, this analysis has to include also the pos-

tragonal phase. Unfortunately, this calculation is not able taible couplings with the secondary order parameters as, for

also reproduce the softening of tiMe; phonon. instance, the monoclinic distortion. From symmetry argu-
ments, it is possible to find and to discuss all the possible
IV. DISCUSSION couplings among primary and secondary order parameters.

Such an analysis allows us to build an expression for the
Within this analysis of the thermal evolution of the struc- Landau free energy.
tures of pure zirconia, a virtual intermediate phase must be Provided the (10Q) || (110) and[010]| [001]; orien-
involved. Since no experimental evidence exists for such atations, the compatibility relations obtained by our analysis
orthorhombic phaséPbcn induced by the condensation of lead to the condensation b} andM3 phononsFig. 8); the
the M; mode, this phase is expected to be unstable. Thisorresponding primary order parameters are respectively la-
orthorhombic phase should transform into the monoclinicbeled¢ and 7 in the following. Using two basis invariants,
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phase on heatingquaresand on coolingopen dots They exhibit
a square- root dependengell lines), and they are related to the

M irreducible representation.

l,=7?+ ¢? and | ,= »?¢?, the corresponding Landau free

energy term is
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clear evolution ofy[O(2)] is observed whereas the behavior of
y[O(1)], related to theM, irreducible representation, follows a

Cll
2 _ 2 2
F (e1!e21e31651e6)_ 2 (el+e2)+

oY)

This equation is expected to obey the usual conditians
=a(T—T.) wherea andd are positive’? To describe the
first-order nature of the transition, this expansion should ) _ _
include?? at leastl 3. Therefore this is the simplest form of WhereC;; are the isothermal elastic constarande; is the

the Landau energycf. the Appendix able to produce a Strain field, indexed in the Voigt notation.

saddle point associated with the unstable orthorhoriRbizn

phase.

spontaneous strain tensor allowed by symmegiy:e, and L ] X |
e; belonging toA, 4, 5 ande, belonging respectively to the in terms of irreducible representations®4,/nmcis

square-root law.

33
2

Cus
+Ci3(e1et+ese3)+ > e

CGG

2

+—-e§,
2

Cas ,
— €5+ Cy218

e

All the possible couplings between primary and second-

ary order parameters can be built looking at the decomposi-
In the tetragonal phase, there are four components of thiion onto irreducible representations of the symmetrized

E4 andB,, irreducible representations. These terms are char-
acterized byk=0 and so are not involved in the doubling of

the unit cell occurring at the phase transition. These straifarefore it can be shown that the expression of these cou-

components explain the observed large volume change as
ciated with the phase transition and they are expected

[My+M,]?=2A; @ Eq@Boy®Ag @By @ E, .

?gﬁngs in the Landau free energy is

square oM+ M,. The decomposition of this representation

behave like secondary order parameters. The correspondings_¢ (e + e.)( 72+ b2) + f-ea( 72+ ) + Faen( 72— b2
term of the Landau free energy associated with this elastic w@ute)(m7+ ¢7) +faes(n™+ ¢7) +see( 0"~ 67)

energy is
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TABLE 1l. Symmetry adapted eigenvector@on-normalizeyl at the M point of the tetragonal
Brillouin zone.

M point
M1 M2 M3 M3 VES M3 M3 M3
AX a a 0 0 @ a 0 0
Zrl Ay a —a 0 0 —a a 0 0
Az 0 0 o o 0 0 0 0
AX a —a 0 0 @ -« 0 0
Zr2 Ay a a 0 0 -« —a 0 0
Az 0 0 o —a 0 0 0 0
Ax 0 0 B B’ 0 0 5 5
01 Ay 0 0 y v' 0 0 € €'
Az B B 0 0 B B 0 0
Ax 0 0 -8 B’ 0 0 5 -&
02 Ay 0 0 -y v 0 0 € —€’'
Az -8 B 0 0 -B B 0 0
AX 0 0 y -y 0 0 € —€'
03 Ay 0 0 B -B 0 0 5 -8
Az B -B 0 0 -B -B 0 0
AX 0 0 -y -y’ 0 0 € €'
04 Ay 0 0 -B -B 0 0 5 5
Az -B -B 0 0 B -B 0 0
where thef; are phenomenological coefficients. displacements associatedNb, exhibit a locking 150 K be-

The total Landau free energy is the sum of the three partlow T, [evolution of x,(O1) in Fig. § while the atomic
F!, F2, andF? discussed above. Figure 9 presents the difdisplacements associated with, continue to evolve accord-
ferent extremdi.e., the stable and the unstable phassso- ing to the square-root law, the product of the two primary
ciated with this free energycf. the Appendix. The mono- order parameteré.e., es) will follow a square-root law far
clinic phase lies on the first-order transition line as expectedirom the phase transition as experimentally observed. This
Minimizing this free energy with respect to the strain leads tobehavior seems to be related to the need to reduce the im-
a dependence o€ (the distortion angler/2— B) propor-  portant Coulombian repulsion occurring between the anions
tional to ¢ 7. Since both¢ and » follow a square-root de- in the ZrQ(1) polyhedron.
pendence onT.—T), the expected evolution s versus
temperature is linear. V. CONCLUSION

This linear evolution oks is actually observed only near
the phase transitiofFig. 3. On the other hand, this model =~ Accurate data on zirconia structures, extracted by Ri-
gives a straightforward explanation of the square-root deperftveld refinement of neutron-diffraction patterns, allow a mi-
dence of the monoclinic distortionm{2— B8) far from the  croscopic description of the tetragonal to monoclinic first-
transition. It is interesting to point out that the two param-order phase transition. Only the tetragonal and the
eters present a different behavior versus temperature far froffonoclinic phases were observed in the diffraction patterns
the phase transition sincgZr), x(O1), andx(02) do not in the investigated temperature range. No intermediate phase
display any significant variation whilgO1) andz(O2) ex- Was detected close to the transition temperature either on

hibit a square-root dependen¢gig. 6). Since the atomic heating or on cooling. In the high-temperature phdstag-
onal), the anisotropic mean-square displacements of Zr and

O atoms were analyzed and interpreted in terms of the soft-
ening of a mode belonging to thé, irreducible representa-
tion. In the low-temperature phasgnonoclinig, several
static atomic displacements of Zr(D, and 2) atoms dis-
play a square-root evolution versus temperature, suggesting

Tetragonal Orthorhombic Monoclinic
P4s/nme Pben P2 /e

Mi— = A A,

M2 B, ,,/ the condensation of another mode belonging toNheirre-
2 T ducible representation. Group theory clearly confirms the or-
By, (es)/’/ der of these condensations and the symmetry of these two

phonons. Thus a Landau free energy is built to describe all

FIG. 8. Compatibility relations of the irreducible representationsthe possible couplings betwegn Fhese modes, the primary or-
in the three phases describing the tetragonal to monoclinic phagéer parameters, and the strain field, the secondary order pa-
transition sequence. rameter, induced during the phase transition by the volume
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tion. A thermal annealing at 573 K of the irradiated samples
restores the monoclinie2, /c phase and so the usual phase-
transition sequence.
P21/C Q The mechanism presented in this paper may also explain
! the stability of the nanometric particles of tetragonal
0.5 P2 /c zirconig”?® at room temperature. In this case, the energy
contribution related to the surface effects may produce a
renormalization of the transition temperature calculated with
the Landau free-energy expansion.
Finally, the unstable intermediate orthorhombic phase oc-
curring in this phase transition can also be useful to under-
First order stand the complex pressure-temperature phase diagram of
transition line pure zirconia where different orthorhombic phases appear at
high pressuré.

0.6 5

0.4 1

0.3 1
APPENDIX: LANDAU FREE ENERGY

The total Landau free enerdydescribing the phase tran-

sition is the sum of three termBZ, a term induced by atoms

displacement§Eq. (1)]; F2, an elastic energy terfiEq. (2)];

and a coupling ternfr3 [Eq. (3)]. The equilibrium condition

for the low-symmetry phase leads to the minimizatiorFof
stability line =F1+F2+F3 with respect to the strain field. This leads to

the following relation between first-order parameters and the

/ second-order parameteg:

0.2 ~

0.1 Pbcn
P42/nmc

0.0-~-.---'- ....... @

I This equation clearly shows the4 exhibits a linear behavior
versus temperature if we suppose tliaf, does not vary

FIG. 9. Schematic description of the phase diagram in thesignificantly with the temperature. This result agrees with
(11,1,) plane @d=c=—a=—2b=1). Full dots and open dots rep- €xperimental datdinear part of Fig. 3.
resent stable and unstable phases, respectively. The stability line Using the equilibrium conditions, it is possible to rewrite
(dotted and first-order transition linédashegl are displayed. F only as a function of the invariant basis sEt.the total
Landau free energy, is then described by Eq.with new
difference between the two phases. This analysis predicts anlues of the phenomenological coefficients now depending
explains the observed evolution of the monoclinic distortionon the different isothermal elastic constants of the tetragonal
versus temperature. phase,
Within this framework, the first-order semireconstructive
tetragonal to monoclinic phase transition is described as a a b c d .
two stage process. The condensation ofthephonon in the F(l1.12)= EI 1t Z(Il_2|2)+ §|2+ E(Il_?’lzll)'
tetragonal phaseé produces an orthorhombic phagebcn (A2)
(Fig. 9)._Th|s phase is never_obser\{ed exp_enmentally be.The minimization ofF leads to four solutions: the trivial one
cause it is unstable and associated with a critical saddle pomtOrres onding to the tetraconal phase
of the Landau free energy. Therefore any instability related” P 9 9 P ’
to the condensation of the second phonon belongin o (11,1,)=(0,0), (A3)
irreducible representation at this saddle point is amplified. . o ) o ]
This leads to the actual monoclinic phase, characterized by /0 possible monoclinic phases with nontrivial invariant
drastic change in the Zr coordination. This semireconstrucvalues,
tive character of the phase transition explains the observed 5
strain and volume change. _[c—b ad+c —bc
(l 1 vl 2) - ’ (A4)

U fadpm
T r T sin

5 )ae5=— o (A1)

D S

Such a description of the tetragonal to monoclinic phase d "’ d2
transition helps to explain the behavior of pure zirconia un-
der irradiatior?* Pure monoclinic zirconia becomes tetrago- (I,15)
nal when irradiated by charged ions at room temperature.
The structure of this tetragonal phase is strongly perturbed
by the ballistic collision®2° occurring during the irradiation
process. The radiation damage heavily affects the zirconium
and oxygen sublattices preventing tklg phonon condensa- (A5)

—b+b?—2(2a+c)d —b+b?*—2(2a+c)d

2d 16d2
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The stable monoclinic phase is described by the solution The different transition temperature associated to the
(A5). The fourth solution corresponds to a phase with afirst-- order phase transition are equal to

trivial invariant value, . 16dc—3b2 . 2cd— b2 .
1= le™ Ty 2= e T
32d 4d
—b+ b?—4ad o ‘o ¢
(I4,15)= T’O , (AB6) Taking into account the existence of these four phases and

the stability condition for the existence of the monoclinic
. _ - _ _ phase, we obtain a set of inequalities for the phenomenologi-
and it can be identified with an orthorhombic phasg ( cal coefficients which allow us to describe a part of the phase

#0,7=0). diagram in the K;,1,) plane(cf. Fig. 9.
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