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Atomistic mechanisms that determine atomic coordination and local concentration of dopabf at
(310/[001] symmetric tilt grain boundaries in Y0s-doped ZrQ are analyzed using atomistic simulation
techniques. Segregation mechanisms are found to be different from those in metals or metalloids, with local
strain relief controlled by short-range interactions, which act as the driving force for segregation, while
long-range Coulombic interactions between the grain boundary region and the dopants resist segregation. It is
found that ¥** ions segregate to a region within around 0.6 nm either side of the grain boundary plane. The
equilibrium local concentration of dopants in the vicinity of the grain boundary, which is determined by the
balance between repulsive forces between dopants and the grain boundary and attractive forces associated with
local strain relief, is calculated to be 16.7 mol % for 10.3 mol ¥0¥-doped ZrQ. Cosegregation of an?D
vacancy is necessary to accommodate®aiwn at theS5 grain boundary; & vacancies play important roles
in reducing repulsion between dopants and the grain boundary and relieving local strain further. These con-
clusions are supported by Monte Carlo simulations using an unrestricted model. Segregation-induced modifi-
cations to the grain boundary structure observed in the simulations are used to interpret experimental HREM
and Z-contrast images.
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[. INTRODUCTION In this study, atomistic mechanisms of dopant segregation
in Y,03-doped cubic Zr@ [yttria-stabilized zirconidYSZ)]

Controlling grain boundaryGB) structures and chemistry are investigated. This is an example of a material in which
is an important issue in the development of advanced matdereign ions and defects are present both at GBs and in the
rials such as oxide ceramics, since their macroscopic propegrain interiors. Aliovalent dopant containing ZyGsuch as
ties are often governed by their GB properties. When impu¥SZ, is widely used as an electrolyte in solid oxide fuel
rities and dopants are present, they often segregate at GBslls"® and oxygen gas sensdrits oxide ion conductivity at
which strongly affects the GB chemistry. Therefore, it is im- elevated temperatures is dramatically increased by addition
portant to understand segregation behavior at GBs in thef M,O5; or MO, whereM is a divalent or trivalent cation,
materials. So far, a number of theoretical models for GBowing to formation of G~ vacancies to maintain charge
segregation, such as the Langmuir-McLean and BETheutrality’®'! It is well known that GBs in polycrystalline
models!—2 have been proposed, but they are based on conrO, are a source of resistance to oxide ion conductfot?.
binations of macroscopic thermodynamics and statistical meFisheret al. pointed out that the resistance is caused by the
chanics. In this case, in order to predict segregation behaviostructural discontinuity at GBs and is enhanced by GB seg-
it is necessary to quantitatively determine the interactionsegation of dopant ion¥ On the other hand, with suitable
between a GB and a single dopant atom, and between diffedoping, ZrQ can be prepared with grains finer thapr in
ent dopant atoms. In addition, the space charge tigbily  diameter and made to exhibit superplastic deformation at el-
commonly used to explain segregation of intrinsic defectsevated temperaturé$:1°This superplasticity phenomenon is
impurities, and dopants at GBs in oxide ceramics. Sincelue to GB sliding?° It is believed that GB sliding is facili-
point defects in oxide materials have effective charges, preftated by dopant ions segregated at GBs since they relieve
erential segregation of a particular charged defect speciestress effectively upon slidim=22 GB segregation therefore
results in formation of a space charge at the GB, where thaeeds to be controlled to optimize both the electrical and
driving force for segregation is basically the difference inmechanical properties of polycrystalline ZrO
formation energies of possible defect species. Although this In recent years, structures of various GBs in Zi@ave
theory can provide quantitative understanding of segregatiobheen investigated using transmission electron microscopy
behavior, the atomic-scale GB structures are not taken intoTEM) and scanning transmission electron microscopy
account in this theory. It is known that GB structures dependSTEM). These studies revealed aspects such as the relation-
on GB characters such as grain misorientation and crystalloship between atomic structure of a GB and its properties; the
graphic GB planes, which would affect segregation. Thus, itelationship between interfacial energy and misorientation
is desirable to examine dopant segregation in terms of thbetween two grains has also been examined quantitatively in
atomic structure of GBs. these studie$!-?2Local chemistry at GBs has also been ana-
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lyzed using spectroscopic methods such as x-ray energy disaodification of the GB structure is analyzed in Sec. Il D.
persive spectroscopfEDS) and electron energy loss spec- Conclusions are given in Sec. IV.

troscopy (EELS) in combination with TEM or STEMS-31

Of various zirconia synthesized, YSZ is the most studied

with respect to structures and compositions of its GB% Il. COMPUTATIONAL PROCEDURE
These investigations have shown that no interstitial cations ) _ _
or amorphous layers are found at G@s high-purity, silica- A. Lattice statics calculation

free materialsand Y8* ions segregate Withi_n a fe_vv nanom-  \when Y,0; is added to Zr@, Y3* ions substitute for ¢
eters pf a GB plane. However, while tyvo—dmjensyonal cationions with one G- vacancy formed for every two ¥ ions
coordination at GBs has been determined with high accuracyqyqeg:

using HREM andZ-contrast images, the spatial distribution '

of Y3* ions and 3@~ vacancies across GBs has not been Y,05— 2Y5, + V5 +305. (1)
clarified on the atomic level, because at present EDS and ) ) ) } )
EELS techniques do not have enough sensitivity or spatidln order to investigate the mechanisms controlling the spatial
resolution to identify individual ¥* ions or vacancies on distribution of Y8* ions and & vacancies across the GB and

Zr** or O% sites, respectively. local concentration of ¥ ions in the vicinity of the GB,

Numerical analyses using atomistic simulations have lednergies of a YSZ supercell containing the GB were calcu-
to further understanding of GB segregatine®In the case lated as a function of the spatial distribution and local con-
of YSZ, simulations allow the spatial distribution ofYions  centration using the energy minimization method known as
to be examined on the atomic level. Sawagusthal, based the lattice statics method. Using this method, for a given set
on results of Monte Carlo simulations, reported thdt ¥ns  of potential parameters, both an optimized structure and its
occupy Zf* sites within several atomic layers from GB lattice energy under static condition are obtained. This
planes®’ Lei et al. also obtained a similar result using a method can also handle a relatively large number of ions
distance-valence least-squares mettfotihese phenomeno- within a reasonable time compared with computationally ex-
logical simulations demonstrated that segregation is energetpensive first-principles methods, so that a large number of
cally favorable in YSZ. However, detailed mechanisms ofdifferent segregation configurations can be studied in a sys-
dopant segregation have not yet been reported. tematic way.

A few interesting observations have been made with re- The lattice energy of an ionic compouig; is given as
spect to the driving force for segregation in YSZ. Shibaita 1
al. p(_)ln'Fed out _that the segregation 8 (11])/[1;0] sym- E, = EC+ESR= _2.2_(¢icj:+ qﬁR), ()
metric tilt GBs is closely related to the change in coordina- 2%

tion number of Z¢* sites at the GB cor&. Mao et al. pointed c: . .
out that Y8* ions preferentially occupy 2t sites at thes5s Wh_ereE is the long-range COl_JIomEli%fg3 energy due to inter-
(310/[001] symmetric tilt GBs because of the greater free.aCtlonS between charged species is the short-range

. : interaction energy resulting from electron cloud overlap and
yolume at such sﬁe%‘. The;e observat|on.s suggest t.“‘?‘t thevan der Waals dispersion forces. Energies are given by a sum
irregular coordination environment of ?rsites in the vicin-

ity of a particular GB core is one of the driving forces for over all ionic pairs, with the Ewald meth&iused for the

. . . . . Coulombic part of the summation. The components in round
segregation. However, Zsites with nontypical or irregular

gt . . brackets in Eq(2), namely,¢S and ¢, are pairwise poten-

X 1 X 1 J |] b X A
coordination environmeniselative to the buI);are too few tials of the Coulombic and the short-range interactions, re-
to account for the local concentration offYions at GBs

observed experimental§2® Furthermore, the role of O spectively. A simple Buckingham type potential function was

vacancies in the segregation process has not been address?&]jployed forg;”, which is given by

in these discussions. Lack of understanding of these issues is s -rj\ Gy
an impediment to the control of grain boundary composition i (rij) = Ay ex —Lp__ ~ e 3
and, in turn, control of the electrical and mechanical proper- E !

ties of polycrystalline Zr@ Deeper understanding is there- whereA;;, p;, andC;; are potential parameters for a pair of
fore needed to improve the properties and performance dbnsi andj andrj; is the distance between them. The param-
these materials. eters developed by Minervieit al., which are summarized in

In this study, mechanisms of GB segregation &f Yons  Table 12%41 were used in this study since they successfully
in YSZ have been investigated using atomistic simulatiorreproduce the most stable configuration of afi @acancy
techniques. A5 (310/[001] symmetric tilt GB was chosen with respect to a ¥ ion in bulk ZrO, observed
as a model boundary since the local concentration ¥f Y experimentally? One limitation of our simple two-body po-
ions and cation coordination at this GB have been measureigntial model is that it fails to reproduce the low-temperature,
experimentally?® The driving force for the segregation and monoclinic structure of pure Zrfa cubic structure is ob-
spatial distribution of ¥* ions across the GB on the atomic tained instead. This is not a serious limitation because at
level are discussed in Sec. Ill A. Mechanisms that determingttria concentrations above 8 mol %, the cubic structure can
the local concentration of % ions in the vicinity of the GB  be stabilized at low temperatures. At GBs to whicki Yons
are addressed in Sec. Il B. In Sec. Il C, these results arbave segregated, the*Yconcentration will be higher than in
compared with an unrestricted model simulating site interthe bulk, so it is reasonable to assume a cubic structure for
change by the Monte Carlo technique. Segregation-inducealll our simulations. Interatomic interactions are truncated at
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TABLE |

Short-range
Buckingham-type pairwise potential function used in this study.

potential

parameters for
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The supercell for the GB model contained two identical
35 symmetric GBs after applying three-dimensional periodic
boundary conditions. As shown in Fig. 1, the supercell was
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0.5nm

(6.424 nm perpendicular to the GB plane, and ang CSL
unit cell length(0.803 nm and two fluorite unit cell lengths
(1.016 nm along the two axes parallel to the GB plane. The
supercell consisted of 156 Zrand 312 G ions in the case FIG. 2. Atomic configuration of &5 (310/[001] symmetrical

of pure ZrQ. As a result, the GBs were separated by fB&r  tilt grain boundary for pure Zr@projected onto two planega)

CSL unit lengths(3.212 nm to ensure no interaction be- parallel to[001], and(b) perpendicular t§001]. It is noted that, to
tween the GBs. The initial ion configuration in the vicinity of reduce repulsive forces between ions of like sign, columns &f Zr
the GBs generated by CSL thebtyas modified slightly to and G ions in the vicinity of the GB plane indicated by broken
minimize interfacial energy; some of the ions positioned tooand dotted circles, respectively, are half filled, and tH& Znd G-
close together were removed or shifted. The relaxed GHons are aligned in a zigzag manner indicated by broken and dotted
structure obtained in this way, shown in Fig. 2, agrees wellines, respectively.

with that reported by Fishest al1® and Maoet al 28 For bulk
model calculations, a supercell in which the fluorite unit cell
was multiplied four times in each of the three directions was

B. Monte Carlo simulation
In order to obtain configurations of % ions and G-

used.

(a)

unit cell of ZrO2

m—————

§mm—
(T

7
IRl 1
A

vacancies in the bulk and around tB& GB, Monte Carlo
simulations involving interchange of dopant and vacancy
sites were carried out. During these simulations, positions of
Y3* jons and & vacancies were changed according to a
Monte Carlo algorithm, and the lattice energies of supercells
with various defect configurations were calculated by an en-
ergy minimization technique similar to that used for the lat-
tice statics calculations. Through a combination of these two
techniques, an optimum configuration was obtained.

In the initial configuration, ¥* ions were randomly sub-

A\ [P E— stituted for Zf* ions and the corresponding number ot O
; »X 4a (2.032 nm) ions removed randomly to maintain charge neutrality. At
each step of the Monte Carlo simulation, a randomly selected
(b) Y3*ion or O? vacancy was interchanged with a*Zor O?~
ion, respectively, that had been chosen randomly from their
B plari B plme nearest neighbor sites. This was followed by a lattice statics
v 0,6ﬂi& nm calculation for the new configuration. From difference in lat-
i g 4155 CLS unit cell tice energy upon exchanging defect sites, it was judged
______ H - 2)__) ¥ length (0.803 nm) whether the interchanged configuration was acceptable or
iy d _g'za(l.mﬂm) not. Using the Metropolis methdd the acceptance ratio of a
e GB region > trial R, was given by

8 X5 CLS unit cell lengths (6.424 nm)

1 (AEx<0),

FIG. 1. Schematic diagrams of supercella) the bulk model tot (4)
representing grain interior ari)) the %5 GB model, whera is the keT (AEx=0),
lattice constant for pure cubic ZgOThe GB region, defined as a
1.2-nm-thick slice with the interface plane at its center, is shown irwhere kg is Boltzmann’s constant and is temperature,

the latter. which was set to 300 K in this study to permit slight thermal

R,=

p( AE,
exp——
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fluctuation. The lattice energy differenc®k,,, was calcu- 1.0
i — (¢]
lated according to S o E(r)
AEot= Eatter— Ebefore (5) Z 0.5¢ 00 = En1)
S
whereE qe, andEpeore@re the lattice energies of the configu- E 0@
rations before and after exchanging defect sites, respectively. = 0.08--- -0 0GB 8RB0 S gB 88 ge -
When AE,,; was negative, the exchange was automatically g " i
accepted. When it was positive, the trial was acceptdy), if ?_0_5_ g
was larger than a random number between 0 and 1. Optimi- &0 N
zation of a configuration was repeated until the lattice energy «
of the supercell converged to within the fluctuations at 300 K -1.05:5 03 10 15
with increasing Monte Carlo steps. Interatomic interactions Distance, » (nm)

were truncated at=0.8 nm in the energy minimization part

of the Monte Carlo simulations to reduce computational FIG. 3. Segregation energies fop,Yand(YZ: V)" models as a

time. function of distance from the GB plane. Open circles and filled

squares are for the )y and (Y 7,:Vg)* models, respectively. Labels

Ill. RESULTS AND DISCUSSION A-D |nFi|cate the_Zi1 _S|tes with irregular coordination environ
ments illustrated in Fig. 8.

A. Driving force for GB segregation

In this section, the energetics of GB segregation f Y O°~ vacancy. According to the analysis by Gebal.® Y**
and \}; species are discussed to clarify the driving forcelONS segregate at YSZ GBs, whereas the concentratiord of O
behind the GB segregation process. In order to simplify the/acancies decreases due to the space charge effect, which is
analysis, two segregation models were considered. The fir§ite different from the present results. Therefore, it can be
model is the Y, model, in which only one ¥ ion was expected that ¥ segregation behavior cannot be simply ex-
introduced at arzuru site in a pureS5 GB ZrO, supercell. plained by the space charge effect, but is also closely related
In the second which we call th&/},:V)® model, a pair of [0 S€gregation of & vacancies. The cosegregation of att'y
Y1, and \f; species was placed near the GB. In the lattefO" and G” vacancy takes place within a region 0.6 nm
model, it was assumed that thé racancy was located at a either side of the GB plane, vyh|ch is much smaller than tha.t
next nearest neighbor site to the’*Yion. This is because Suggeste_d by eXperlment. It is _noted that, even fqr the pair
previous atomistic simulation studies have shown that such S8gregation, there exist a few sites where occupationy Y
Y 5. = Vg configuration is energetically favorate is energetically mor?3 4e7xpen5|ve. This is known as site selec-

r . . e . .

The segregation energy of,Yor a Yj, -V pair at the  tVity of segregatiorf

GB Egdr) was obtained from the lattice energies of the su- h Prﬁliminary analysi.s 0‘; t?e sggreg?tir]on energies shc?wed
percellsE(r) as follows: that they were not a simple function of the oxygen coordina-

tion number of ¥* ions or interatomic distance betweed*"Y
Esedl) = Etot(r) = Eo(®), (6) ions and its 3 neighbors. A combination of these two fac-
) . tors was also found to be unsuccessful in explaining quanti-
wherer is the distance of a defect from the GB plan,e. INtatively the segregation phenomenon and its associated ener-
order to calculatéE,,(><), which corresponds to when &Y gias This is because the distortion to the lattice and vacancy

or Yz, Vg pair is infinitely separated from the GB plane, a gistribution caused by the presence of the dopant affects not
defect was introduced at=1.62 nm(at the center of one of only the immediate environment of the dopdits nearest

the crystal slabs in the GB superdedhd its lattice energy is  neighbors, but the cations and anions several coordination
ce}lcglated. It Is noted here that, in the presence of a singlghells beyond as well. In order to analyze the segregation
Yz ion or Yz,—Vg pair, the charge neutrality of the GB enpergies in more detail, the segregation energies were di-
supercell is not maintained. TherefoiB,(r) values were yiged into their Coulombic componen&S(r) and ES,(r)
calculated with a uniform neutralizing background charge;gng short-range componerﬂ?,R(r) and E?S(r) for the Y},

this contribution to the energy is cancelled in BB). I 4nq(y2 :v2)* models, respectively. Such a strategy allows
a(_jdmon, for the ¥, -Vg parr, three kinds c_)f ¥ POSILONS e influence of changes in coordination and structure be-
with respect to Y, were considered, and their lattice energlesyond the nearest neighbors of a dopant to be taken into ac-

were averaged 1o Obt‘r’."ﬁtﬁ"(r)‘ count. Combining Eqgs(2) and (6), the segregation energy
Figure 3 shows variations &.{r) per defect as a func- a1 therefore be expressed

tion of distancer. In the Y5, model, the segregation energy

Ev(r) increased with decreasing,¥-GB distances, and ex- Ecedl) = Egeg(r) + Egsg(r), (7)
hibited positive values within ca. 0.6 nm from the GB plane.

In contrast, Eq.dr) for the (YZ:VE)" model Eyy(r) de-  Figures 4a) and 4b) show plots of these components as a
creased as the pair moved closer to the GB, which results ifunction of distance. Both EY,,(r) andESS(r) were around
negative values for=<0.6 nm. It can be said, therefore, that 0 eV forr>0.6 nm.E{,(r) increased with decreasingbe-

an isolated Y, receives an energy penalty by segregation tdow r=0.6 nm. This is a consequence of the increasing Cou-
the GB, but tends to segregate when it is accompanied by dombic repulsion between the GB and the charged dopant
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2ol @) _ segregation of ¥* ions without G~ vacancies is energeti-
s o E/(r) cally unfavorable.
L s c
210 Su"a = En() . 34
§ Oop ®m . B. Local concentration of Y°* ions at a GB
= 0.0p----nmmn 5 -0-9-3--'-5-3-!—555535";;--- According to the Gibbs adsorption isotherm, the local
g concentration of solute at an interface depends on the chemi-
S -1.0t cal potential of a solute and the decrease in lattice strain
Loz) when the interface and bulk are in a state of equilibridm.
-2.0 However, factors that might influence the resulting properties
00 03 ) T3 such as local bond geometry and th_e _spaftial d_istribution of
Distance, » (nm) s_olute_ ions are not cor_15|dered explicitly in Glbbs’ _theory
since it is a macroscopic theo?ystructural discontinuities,
S 2.0t (b) o E lattice distortion, and various kinds of defects at the interface
2 str) are not taken into account, while segregants are assumed to
% 1.0 = En) lie on the GB plane. In fact, it is known that in the vicinity of
2 the GB, coordination environments differ from those in
e 1Y) Qoo L ac_ﬁagi‘:. bulk?”-?® and segregants settle within several atomic layers
z 0o o8 from the GB plan&-® rather than on the GB plane itself.
s -1.0-0O ] _' . Therefore, chemical potentials need to be calculated taking
E " into account these variations in atomic structure in order to
“ 20 reliably predict segregation concentrations and their effect on
o5 o3 ™5 T3 materials properties. Our aim in this section is to describe the

atomistic mechanisms that determine the local concentration
of Y3* ions at the GB by calculating chemical potentials
using models containing various concentrations &f.Y

Distance,  (nm)

FIG. 4. Components of segregation energies fof “and . . i
(Y1,:Ve)" models as a function of distance from the GB plaa: Chemical potentials of " ions were calculated as a func-

Coulombic components an¢b) short-range components. Open tipn of local Con<_:entrati0n _Of Sr in _the GB a_nd bulk re-
circles and filled squares are for the,Yand (Y1, :Vg)" models, ~ 9ions. The chemical potentia is defined in this study as

respectively. dE(ny)

species as the dopant approaches the GB. In conig{sr) dny

Qecreased with deCI"eaSilng‘0r r<0.6 nm. Sin(?e the effec- Wher‘eEtot is the lattice energy andY is the number of ?"‘
tive V0|umes Of a \?+ on and d_ Vacancy are d|ﬁerent from ions in each region_ It is numerica”y Ca'culated by
those of the respective Zrion and G~ ion they replace, a

local lattice strain exists around them. The local strain is (ny) = 1| Ewol(Ny+4) — Eta(ny) N Eio(Ny) = Eot(Ny_4)
mainly manifested in the short-range term. The decrease in Hy) = 2 4 4
the short-range components shown in Figh)4herefore in- 1

dicates that the local strain is relieved as thg-YWg pair = Z[Eio(Nyss) = E(Ny_s)]- (9)
approaches the GB. The magnitude of the decreaBgj(r) CR A

is larger than the increase i, (r). Hence, the sum of these, |, this study, the entropy term was neglected, since we as-
Eyv(r), decreased as decreased for<0.6 nm, stabilizing  syme the segregation is mainly dependent on the enthalpy
the pair segregation. In contrast, whi§(r) was around O term. The chemical potential is therefore a measure of the
eV for r>0.6 nm, it increased rapidly asdecreased below yariation in lattice energy when a Y,Q cluster replaces a
r=<0.6 nm. E¢(r), however, did not decrease as much aszr0, cluster. Chemical potentials in the GB regipag and

that for the pair segregation as the defect approached the GBulk region uy,, were calculated using the GB model and
plane. This may be explained as followsg Yias a positive  the bulk model, respectively, described in the previous sec-
effective charge, which counteracts the negative effectiveion. In the GB model, ¥, and V; were confined to within
charge of ¥,,, thereby reducing the net repulsion between thep.6 nm of the GB plane in accordance with the results of Sec.
GB and dopants. In addition, O vacancies are known to ||| A. Configurations of ¥;, and \{; were varied until the cell
relieve the local strain imposed on neighborind*Zobns by  with the energy of its local minimum was found using the
Y3 substitution; Z#* ions prefer seven-fold coordination, Monte Carlo technique. In the case of the GB model, site
while Y3* prefers eight-fold coordinatioff. Since Y;, and  interchange was permitted only in the GB region; outside the
Vg defects produce elastic strain fields around them that argB region no ¥* ion was present. To reduce the effect of
opposite, the excess strain energies of the defects could kgrors associated with the small size of the supercell used in
reduced by pair formation. Since there is no vacancy in thehis study,ugg and uy,,, Were averaged over 8 and 30 cal-
Y, model to relieve the lattice strain caused by YEYR(r)  culations, respectively, of slightly different 2Y and \f;

is greater tharEi\Ff(r), as shown in Fig. #). As a result, configurations as obtained from Monte Carlo optimization
Ey(r) is positive in the vicinity of the GB, indicating that after convergence. The local concentration &f ¥ons in the

w(ny) = (8)
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FIG. 5. Local concentration dependence of chemical potentials - (b)
in the GB and bulk regions. Open circles and filled squares are for \?3 -6.5} © o
the bulk and GB regions, respectively. Arrows indicate equilibration = =
of Y3* ions between the GB and grain interior in the case of 10.3 g -7.0f o - /U(;E:
mol % Y,05-doped ZrQ. 2 O Ly
& 75 °
. . g0 . °©
GB regioncgg was calculated as the ratio of the number of 5 3ol . . " a0
Y3* jons in the 1.2-nm-wide GB region to the number of O
cations Zf* and Y8* in the GB region. Outside the GB re- 2 sl )
gion, neither ¥* ion nor &~ vacancies were substituted in

the GB model. The local concentration of*ions in the 0 Locle(l)l Conc%gtmtio 1130(%&0;1*3) 30
bulk regioncy,, was simply taken as the ratio of the total ’
number of Y* ions to that of the total number of cations in g5 6, Components of chemical potentials in the GB and bulk

the bulk model. Both of these ratios are expressed as catiq@gjons as a function of local concentrati¢ar Coulombic compo-

concentrationgcation %). nent andb) short-range component. Open circles and filled squares
Figure 5 shows chemical potentials in the GB and bulkare for the bulk and GB regions, respectively.

regions as a function of local dopant concentration in each

region. up,x Showed a slight change with increasigg. In

; . The chemical potential for each region is given by a sum
contrast,ugg Started at a smaller value and increased with

. . 0 . . of the Coulombic and short-range components. As shown in
increasingcgg. Above 28.6%, both chemical potentials were Sec. Il A, partitioning energy into these components pro-
similar in value. !

A oned ab h fd he GB .vides detailed physical insights into the segregation. In the
S mentioned above, the amount of dopants at the 'Same way, the chemical potentials can also be separated into
determined by considering the equilibrium between the d°p,fhe Coulombic componentaC and the short-range compo-

ants, interface and bulk structures. When the MAcroscopifants , SR according to Eqs(2) and (8). These components
concentration of dopants is equaldg

satisfy
- ,C4 SR
Chulk = C1 (10) M= (12
since
since the volume fraction of the GB region is negligibly d dEC  dESR
small. In this caseugg and wp satisfy dEo _ dE- b (13)

dny dny, dn,’

Figure Ga) shows the Coulombic components of the
chemical potentials in the GB regiguS; and bulk region
us.i @s a function of local concentration. Boifgg and ug,
had similar values for all local concentrations and they in-
creased monotonically with increasing local concentration.
Since the average distance between, ¥@usters decreases
to 16.7 mol %(28.6 cation % in the GB region in 10.3 with increasing concentration, Coulombic repulsion between
mol % Y,Os-doped ZrQ. The width of the GB region deter- the clusters increases as the distance is reduced unless they
mined by experiment has been reported to be larger thaare perfectly ordered. Consequently, both Coulombic compo-
calculated one due to limitations in spatial resolution. This isnents increased with increasing local concentration.
important, since the value of the local concentration changes Figure &b) shows the short-range components of
with the definition of the GB width. If the GB region is the chemical potentials in the GB regiqwgg and bulk
extended to that reported from experiment, the value obregion ,uﬁjk as a function of local concentration.
tained is in good agreement with experiméht. ,uﬁl?,k increased monotonically with decreasimg,,. The

Hce(C2) = Mpui(Ca)- (11
This relation yields the local concentration of*Mons in the
GB regionc,. For example, for 10.3 mét=18.8 catiorb
Y ,05-doped ZrQ, upux Was 43.5 eVugg is equal touy
whenc, reaches 28.6 cation %. ThusZYions are enriched
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3.7 implies that relief of the local strain accompanies volume
. expansion. However, focgg= 28.6 catiorfs, vgg remains
almost unchanged, just Iikﬂgg. This can be interpreted as
. follows: due to the structural mismatch between two grains,
- the crystal lattice in the GB region is subjected to a large
o stress in order for it to accommodate the structural disconti-
o nuity and, as a result, the lattice expands. In faglg is
larger thanv,, for any local concentration. Since the local
space around Zt sites in the vicinity of the GB is larger,
Y3* jons easily fit into the sites without need for any accom-
o panying volume expansion. Thus, the irregular coordination
o "V, environments at 27 sites in the vicinity of the GB are re-
sponsible for smallepgg and, in turn,ugg. Y3* addition is
not accompanied by volume expansion uriyg reaches
° 28.6 cation %. Thusﬂgg is almost unchanged at this range
of concentration, angkgg increases, as a result of the in-
0 0 20 30 20 50 crease inuSg. Whencgg reaches 28.6 cation %, almost all
Local Concentration (cation%) the available irregular sites are occupied by* Yons, and
further Y3* substitution in the GB region is accompanied by
FIG. 7. Specific volumes in the GB and bulk regions as a func-volume expansion, which results in a decrease@@. Al-
tion of local concentration. Open circles and filled squares are fothough we have not considered in this section the roles of
the bulk and GB regions, respectively. 02" vacancies in determining the local concentration, the ef-
fect of O’ vacancies described in the previous section is not

changes inuf,, and u5R, cancel each other out, so that €xpected to change with increasing concentration.

wou Showed very little change. In contrastSR varied The segregation of neutrally charged impurities in metals
in a similar manner tegg for cgg>28.6 catiords. However, ~ OF metallo@s occurs to relieve local strain at GBs more than
for cep<28.6 catior®s, it remained almost independent in the grain interiof'~> Isovalent dopants in oxides also
of cgg and, as a resultuSR was smaller thanuSR ~ Segregate to GBs in a similar manfief! In these cases, the
for cgg=28.6 catior’s. The smaller ugg for  Segregation is solely determined by atom size mismatch. In

Cop<28.6 catior?s therefore can be ascribed to the more-Ccontrast, segregation in oxides with aliovalent dopants, such
or-less constaniSR. The increase inugg is also a conse- @S occursin YSZ, is controlled not only by the size mismatch

quence of the smalkSR, as it is dominated by the increase of (as manifested in the short-range interactibut also by the
©Sg. As mentioned in the previous section, the short-rangéoulombic repulsion between the GB and dopants. This ex-
component of the energy is strongly correlated with the locaPlains the different segregation be_haV|or in oxides W|th alio-
strain introduced by dopants. These results indicate that locjf!ent dopants compared to that in metals or metalloids, as
strain in the GB region is relieved in a different manner fromevidenced by a comparison of segregatiod8{(111)/[110]

in the bulk, especially focgg=< 28.6 catiorPb. symmetric tilt GBs of fcc meta?é>® and YSZ, which has

When a ¥8* ion substitutes for a ZF ion, the Y3* ion  been discussed by Shibathal ” The results obtained in this

pushes surrounding ions outward due to its larger ionictudy imply that, when foreign cations having different ionic
radius®® Consequently, the lattice constants increase. Theyadii and/or different charges are introduced, segregation of a
remain smaller, however, than those fogO4, which means ~ Cationic species and its associated defects is different from
that there is still local strain around the?Yion. This indi-  that of the ¥¥* ion. In these cases, the local concentration of
cates that the local strain is related to changes in volume ari@€ segregants will be determined by a different combination
that volume change is a good indicator of the local strairPf Coulombic and short-range interactions, although they can
introduced by ¥* addition. In order to understand the local be analyzed in the same manner as used forilv Fig. 5.
concentration dependence of the local strain through volume
change, specific volumes were analyzed. The specific vol-
umev was calculated by

(93]
[=a
a
a
a
a
[e]

b
~

o O Vi

Specific Volume (10 nm¥cation)
O

et
9%

C. Monte Carlo simulation

The results of Sec. Il A revealed that the local strain
_V relief is one component of the driving force for segregation,
U"Kat' (14) while Coulombic repulsion between the GB and dopants
works against the segregation. Chemical potentials were cal-
whereV is the volume of the GB or the bulk region angd,;  culated from atomistic simulations in Sec. Ill B and the re-
is the number of cations in the corresponding region. sults showed that the local concentration of* Yons in the
Figure 7 shows the specific volumes in the GB regigg  vicinity of the GB depends on the chemical potentials in the
and the bulk regiom,, as a function of local concentration. GB and bulk regions. However, the former analysis was only
Upuik INcreased monotonically with increasiig,,. vgg also  valid for the dilute limit since it neglected the interaction
increased with increasingg for cgg> 28.6 catior?. These  between pairs of dopants. Although the interactions within
changes correspond to the decreasgif, and 435, which  the GB or bulk region were taken into account in the latter
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FIG. 9. Local concentrations of % ions obtained by Monte

o o &
© 000006600000 e00000 . . . .
Carlo simulations. Filled squares and open circles show local con-

o7 ¢Y" 00 | centrations in the GB and bulk regions, respectively.
© I . .y
Z 60pme-... sl I Fig. 3. This indicates that ¥ ions occupy Zt* sites with
< NS AN rare e irregular coordination environments even when the locil Y
& 5 N | A concentration is increased. Distributions of"and G~ ions
z 37 convoluted by a Gaussian function with a full width at half
§ 10 maximum(FWHM) of 0.25 nm are shown in Fig.(@). It is
5 Rl found that G~ ions are deficient in the GB region, and thus
£l /\_/A SBTegion \/\ O?" vacancies are enriched together witi*Yons due to
“ 10 50 00 05 10 cosegregation. It should be noted that the distribution of ex-
" Distance from GB Plane (nm) cess 3" vacancies does not perfectly match that of the Y
[ —F — 0% Gure 2209 | ions; the number of & ions on the GB plane is almost the

same as that in pure ZgQvhile Y3* ions are enriched on the
FIG. 8. A typical atomic configuration in the vicinity of a GB plane. Instead, 6 vacancies are enriched 0.2-0.6 nrr;zfrom
projected onto two planes¢a) parallel to[001], and(b) perpendicu- the GB.pIam.a'. This may be perhaps rglated to the role of.O
lar to [001]. The supercell contains 24.Yand 12 \f, (15.4 cat- vacancies dlsczussed in Sec. Il A ltis speculate_d that_, since
ion % Y2%). (c) shows the distribution of ¥ and G ions convo- the intrinsic &~ vacancies due to the _structural d|scont_|nU|ty
luted by a Gaussian function with FWHM of 0.25 nm. For &r€ present near the GB plane even in pure,Ztte extrin-
comparison, the distribution ofDions in pure ZrQis also shown. ~ SIC O°~ vacancies due to Y05 addition are not needed at the
GB core to stabilize the enrichment of¥ions. The differ-
analysis, the interactions across the regions were neglectegince in dopant distributions would create a dipole layer on
Furthermore, Y, and V3 were not allowed to migrate across the GB plane.
the regions to decrease energy in the latter analysis. To verify Figure 9 shows local concentrations of*¥ons in the GB
the validity of the results in the preceding sections, a pheand bulk regions as a function of the total number &f Y
nomenological simulation without these restrictions was carions in the cellNy. For Ny <16, all of the Y** ions segre-
ried out by the Monte Carlo method. gated to the GB regions and the local concentration in the
The same simulation cell as that used in Sec. lll A wasGB regions increased linearly with increasiNg (the con-
employed, and ¥, and VJ contents in the cell were varied; centration was identical at both GBS he local concentra-
the number of Y, and Vj were & and 4, respectively, tion in the GB regions reached 28.6 cation %\gt=16 and
wheren was an integer ranging from 1 to 7. In the initial remained at 28.6 cation % for ¥6Ny, <40. In contrast, the
configuration, each ion or vacancy was randomly substitutetbcal concentration in the bulk region remained O cation %
respectively for one of 156 Ztions and 312 & ions inthe  for Ny <16 and it increased linearly with increasint for
GB model. The configuration was then optimized until theNy >16. These results show that,Yand V3 preferentially
lattice energy reached a local minimum, as described in Sesegregate to the GB regions until the local concentration in
Il B. the GB regions reaches 28.6 cation %. They start to settle in
Figures 8a) and &b) show schematic diagrams of a typi- the bulk region when the local concentration in the GB re-
cal atomic configuration in the vicinity of the GB when the gions exceeds 28.6 cation %. Changes in the local concen-
cell contains 24 ¥, and 12 \}; (total Y** concentration of trations both in the GB and bulk regions are in good agree-
15.4 cation %. At this concentration, not all ¥ and VJ  ment with those predicted in Sec. llIB, and also with
migrated to the GBs; 16 X and 8 \}J segregated to the GB experiment.
regions, and 8 ¥, and 4 \; remained in the bulk region. The above results indicate that increasing concentration
This agrees well with the concentrations predicted based odoes not affect the findings of Sec. lll A and that interaction
the chemical potentials in Sec. Il B.2Y ions occupied the and migration across the regions does not affect the findings
Zr** sites labeled A to D in the figure. These*Zsites cor-  of Sec. Il B. Consequently, it is concluded that the atomistic
respond to the lower energy sites found in Sec. ll{3&e mechanisms for segregation revealed in the preceding sec-
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configuration in the vicinity of &5 (310/[001] symmetric

tilt GB in pure Zr0,, viewed along[001]. Arrows in Fig.
(c) 10(a) show two columns of cations that extend along the
& 1) [001] direction and are separated from the GB plane. The
® L4 ® r'Y o ) distance between the columns was around 0.15 nm. Since the
9 ionic radius of Zf* ion is 0.084 nn?? occupying all the sit
@ o (O] ' ( -Uo4 nny pying all the sites
(¢} (0} @ ® in these columns is energetically expensive; they are only
°J

4 2 o half filled, with the cations aligned in a zigzag manner along
} @ the GB plane as shown in Fig.1238Figures 10b) and 1c)
- show schematic diagrams of cation configurations with ran-
GB region 0.5nm domly distributed and segregated*Yions, respectively, in
| o &Y | YSZ. The total \'3" cpncentration is 20.5 cation % and the
local concentration in the GB region is 28.6 cation % for
both cases. When dopants were randomly distributed
FIG. 10. Comparison of cation configurations in the vicinity of a throughout the cell, the columns at the GB appeared to be
GB: (a) pure ZrQ, (b) YSZ with random distribution of ¥*ions,  similar to those in pure Zrgi.e., they were only half filled.
and (c) YSZ with segregation of ¥* ions. In both(b) and(c), the  However, the two columns merged into one fully filled col-
total Y3* concentration is 20.5 cation % and the loc&™toncen-  ymn when ¥* ions and & vacancies segregated to the GB
tration in the GB region is 28.6 cation %. region.
Figure 11 shows intercolumnar spacid@s a function of
tions are valid for a wide range of concentrations, and theyhe local concentration in the GB regiagg for YSZ with
can thus be used to predict the spatial distribution &figns ~ Segregated ¥ ions. The intercolumnar spacing decreased
and & vacancies and their local concentrations in the vi-With increasingcgg. It decreased to around 0.03 nm for
cinity of a GB. Although changes in chemical bonding upontes= 14.3 fat'orp/g;r which is much smaller than the ionic
mixing have not been taken into account in the potentiarad” of Zr** and Y .Thls_ result indicates that the half-filled
model used in this study, the agreement with experiment imcolumns form one fully filled column on the GB plane when
plies that the main component of the driving force for Seg_the local concentration due to the segregation is greater than

regation in YSZ can be described by classical interactions. &round 14.3 cation %. Comparison of Figs(t)Cand 1dc)
indicates that, to form the fully filled column at the GB plane

for cgg=14.3 catior?s, Y3* ions occupy Zt* sites with ir-
regular coordination environments in order of increasing en-
As mentioned earlier, local strain relief is responsible forergy. Unless these sites are occupied b¥ dns, the fully
the GB segregation of % ions and G~ vacancies in YSZ. filled column is not formed at the GB plane even if the local
This implies that GB structures in YSZ may be altered byconcentration increases.
dopant segregation. It is known in the case of metals that GB Dickey et al. have obtained &-contrast image of &5
core structures and faceting are altered by segreg#t®fn®®  GB in 10 mol % (18.2 cation % Y ,05-doped ZrQ.2° The
Although no significant change in GB structure is expectedZ-contrast image agrees well with the cation configuration in
in the case of YSZ since ZY,0;, and their solid solu- YSZ in Fig. 10c). The fully filled column appeared as one
tions have similar structures, exact understanding of théright spot on theZ-contrast image using a probe of 0.13 nm
structure is needed to interpret electron microscope imagegiameter. If the two half-filled columns witti~ 0.15 nm had
or to model grain boundary in atomistic simulations. In thisformed at the GB, they would have been clearly distinguish-
section, we examine the effect of segregation on the GRble as two separate bright spots in th&ontrast image.
structure in YSZ. This suggests that 3 ions segregated to the GB in this
Figure 1@a) shows a schematic diagram of the cationsample.

o ¢
[
®

1 ©

@

D. Segregation-induced modification of GB structure
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HREM andZ-contrast image simulations have often beenon the atomic level. The chemical potential is the sum of
performed to analyze GB structures of YSZ based on th&oulombic repulsion between dopants and local strain relief.
cation configuration of pure, cubic ZsOOur results indicate The strain release term in the GB region is different from
that an incorrect simulation image of a GB is obtained wherthat in the bulk in that addition of dopants is not accompa-
pure ZrG or YSZ with randomly distributed dopants is used nied by volume expansion. The calculated local concentra-
as the simulation model. GB segregation needs to be takeiion of Y3* ions in the GB region is 16.7 mol % for 10.3
into account to reproduce and analyze the GB structure amol % Y,05-doped ZrQ, which is in good agreement with
YSZ. experiment.

(3) These predictions are supported by results from Monte
Carlo simulations with an unrestricted treatment fof énd
IV. CONCLUSIONS 0?2~ vacancy configurations, which showed systematic

Numerical analyses of solute segregation at3& changes in the local concentration at the GB and grain

(310//[001] symmetric tilt GB in YSZ have led to the fol- INterior. . L .
lowing conclusions. (4) GB structure is modified in a systematic way by the

(1) Relief of the local strain enables the increasing Cc)u_concentration of segregants. The degree of segregation there-

lombic repulsion to be overcome and is the driving force for'©'€ N€€ds 1o be taken into account when interpreting HREM

GB segregation. This originates from the irregular coordina 0" £-contrast images of the GB.

tion environments of Zt sites in the vicinity of the GB.
Cosegregation of & vacancies plays important roles in re-
ducing repulsion between dopants and grain boundary and The authors thank Professor Y. Ikuhara at the University
relieving local strain further. The region of segregation isof Tokyo for valuable discussions and Dr. C. A. J. Fisher at
confined to around 0.6 nm either side of the GB plane. the University of Surrey for critical reading of the manu-

(2) The local concentration of dopants at the GB canscript. T.O. is supported in part by Murata Manufacturing
be predicted by balancing the chemical potentials calculate@o., Ltd.
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