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bstract

intering aids or dopants have often been used successfully to limit the grain growth of alumina during sintering. Recently codoping of alumina
ith transition elements has been reported to produce additional effects in comparison to single doping in enhancement of creep and real in-line

ransmittance of light. The current study attempts to address the issue of the atomistic mechanism behind these experimentally observed codoping
ffects. The effect of codoping on the atomistic structure of a series of La–Y, Mg–Y, La–Mg codoped �-alumina interfaces was studied using energy
inimization calculations. The segregation energy for single doping as well as codoping is negative for all the surfaces and grain boundaries.

hile, there is no significant energetic gain for La–Y cosegregation in comparison to single doping whereas segregation energies for Mg–Y and
g–La codoping is more negative than single doping. A specific arrangement of dopants (associative effect) is also observed in La–Y codoped

nterfaces. Both mechanisms can thus contribute to the improved microstructures and properties.
 2012 Elsevier Ltd. All rights reserved.
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.  Introduction

Since the discovery of translucent polycrystalline alumina
LucAlOx) by Coble1 in 1962, efforts have been made to achieve
ransparent polycrystalline alumina in many research groups for
he last few decades.2–5 In addition to its excellent mechani-
al properties and chemical stability at high temperatures, the
ossibility of large flat sheets and curved shapes makes it a
otential material for a wide variety of transparent applications;
.g. watches, jewelry, wave guides, armors, high temperature
indows6 and metal–halide lamps.7 It has been well established

hat fully dense (99.99%) ultrafine grained alumina is neces-
ary to achieve high real in-line transmittances (RITs) due its
irefringence.3,5,8 Therefore, it is necessary to achieve maxi-
um densification with minimum grain growth in the final stages

f sintering. Various rare earth elements (La, Mg, Y) have been
mployed in the literature as sintering aids/dopants for the sin-

4,5,9
ering of transparent alumina. These dopants segregate to the
rain boundaries, thereby reducing the rate of densification as
ell as grain size/sintered density ratio.10,11 Recently, codoping
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f alumina with rare earth elements (e.g. La–Y, Y–Mg, Mg–La)
as been reported to further reduce the creep rates12,13 as well as
o increase the real inline transmittance4 in alumina. However,
ifferent atomistic mechanisms9,14 have been proposed in the lit-
rature for the role of dopants in the sintering and strengthening
ffects and the issue is still far from settled.

Codoping can affect the properties of alumina by changing
ts microstructural features and/or transport mechanisms. Song
nd Coble15 found that codoping with Mg in addition to Ca or Si
ives an equiaxed structure in contrast to the platelike/abnormal
rain structure when doped singly with Ca or Si. Song and
oble16 also proposed a charge balance and strain balance con-
ition for the appearance of platelike abnormal grains in codoped
lumina. Swiatnicki et al.17 reported that segregation of Mg to
rain boundaries is suppressed when codoped with larger and
igher charge cations like Ti, which was also supported by the
b initio simulation study of Elsässer and Elsässer.18 Depletion
f Mg was attributed to the “site competition” effect between
g and the dopants or impurities of higher valence at grain

oundaries.
Lartigue et al.13 claimed that the constitutive laws change
n high temperature deformation of alumina by Mg–Y codop-
ng, i.e. yttrium segregates strongly to the grain boundaries and
trengthens Mg doped alumina, which is more pronounced under
ension than under compression. Gavrilov et al.19 studied the

http://www.sciencedirect.com/science/journal/09552219
dx.doi.org/10.1016/j.jeurceramsoc.2012.02.056
mailto:abhishek.tewari@epfl.ch
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i–Mg codoped system and found that the grain boundary con-
entration of both ions is reduced by a factor of 5 or more over
ingle doping. Additionally, codoping increases the mutual bulk
olid solubility of the dopants, an effect which has also been
tudied by Dillon et al.20 who used atomistic modeling, and by
lsässer and Elsässer18 who did an ab initio study. The benefi-
ial effect of MgO addition in controlling the microstructure of
i containing alumina was attributed to its ability to redistribute
i ions from the grain boundaries to the bulk.

Harmer and coworkers12,21,22 conducted an extensive study
o understand the beneficial effect of codoping on grain size in
lumina and concluded it to be primarily a solid solution effect,
s after precipitation, no further improvement with increasing
opant concentration was observed. They reported enhanced
reep resistance in Nd–Zr codoped alumina compared to singly
oped alumina due to cosegregation of both the dopants. It
as postulated that different sized cations can produce a bet-

er packing at the interface and thereby reduce the free volume
or grain boundary transport. Therefore, disparity of cation size
as thought to be the main reason for additional effects of

odoping on enhancing creep resistance. This logic was fur-
her strengthened by the findings of their simulation studies,21

here they showed that doping with larger cations can break the
ono-modal size distribution of cation substitutional sites vol-

me and create several potential substitutional sites with varying
izes, many larger than the corresponding bulk sites. Therefore,
opants with different sizes can segregate easily to these sites
nd pack the interface efficiently. Elsässer and Elsässer18 con-
ucted several ab initio studies of codoping at the (0 0 0 1) grain
oundary of alumina and reported that covalent dopant pairs
refer to arrange on nearest neighbor sites parallel to a rhombo-
edral plane, showing a coupling effect. They also reported that
odoping of alumina with trivalent ions and bivalent/tetravalent
ons can improve the covalent bonding for alumina since triva-
ent ions are accommodated chemically better than bivalent or
etravalent cations.

In the present study, we will focus on Y, La and Mg
odoping. Since the bulk solubility of both Y and La is very
ow (≤10 ppm) we assume that bulk interactions between the
opant only have minimal effect and we will therefore focus on
urface and grain boundary structures. Ab initio studies being
omputationally expensive, only small systems with few 100
toms can be calculated. Using classical atomistic modeling
ethods based on empirical potential provides an opportunity to

onsider larger systems as well as larger configurational space
ith lower computational cost. In our previous studies23,24 it
as been shown that satisfactory agreement between classical
tomistic calculations and experimental as well as first principle
esults can be reached for alumina. The current simulation study
ims to improve the understanding of the atomistic mechanisms
ehind doping and codoping using classical atomistic modeling
ethods. Energy minimization methods based on empirical

otentials have been used to calculate relaxed surfaces and

rain boundaries. The effect of doping and codoping has
een studied on 9 surfaces and 8-grain boundaries for three
odoping combinations: La–Y, La–Mg and Mg–Y. Segregation
f dopants was observed to be energetically favorable in all the

h
t
s
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ases and a specific coordinative arrangement was observed in
ase of La–Y codoping. These results give interesting insights
nto interfacial energies and consequent grain growth for better
ontrol of microstructures toward transparent ceramics.

.1. Computational  method

The details of the computational method can be found in
revious work.23–26 Only relevant details of the method will
e provided here. Doped and undoped equilibrium interface
nergies and structures were calculated using the Born model
or solids, which has been implemented in METADISE.27 The
orn model describes interatomic forces in terms of pair poten-

ials. A pair potential consists of an electrostatic potential and
hort range attractive as well as repulsive forces. In addition, the
ore–shell model by Dick and Overhauser28 has been used to
ake into account the polarizability of oxygen ions. The potential
arameters developed by Lewis and Catlow29 were used in the
resent work and the initial alumina crystal structure has been
aken from the work of Liu et al.30 Nonpolar surface cuts were
enerated at different depths along the same surface normal and
he lowest energy cut was chosen to create the final relaxed sur-
ace atomic structure. To create the mirror twin grain boundaries,
wo surfaces are put back to back allowing a rigid shift in the
rain boundary plane. The minimum energy relative position of
he two half crystals is chosen to create the final grain boundary
tructure. For surfaces as well as grain boundaries, 2D periodic
oundaries are applied in the plane parallel to the interface. In
he direction perpendicular to the interface, a two region model
s applied where ions within ∼9 Å from the interface are allowed
o relax while the rest of the ions are kept fixed during energy

inimization.23,24 The bulk as well as the interface atomistic
tructures produced using the current method have been shown
o be in good agreement with ab initio as well as experimental
esults.23

In order to reduce the otherwise large number of possible
odoping configurations, energy minimization was performed
nly on what were estimated to be the highest probability con-
gurations. First, interface Al ions within a certain distance
f the interface (15 Å for La–Y codoping, 6 Å for Mg–La and
g–Y codoping) were substituted one by one with the different

opants and the substitutional energy for each site was calcu-
ated for each dopant. The probabilities for a specific site were
hen calculated as follows: [exp (�Ei)/Σ  exp (�Ei)]. �Ei is the
nergy of the site i  (Ei) minus the energy of the farthest site
rom the interface. The probability of a specific multiple dopant
onfiguration was then estimated as the product of the proba-
ilities of each occupied site. For codoping, the probability of a
articular codoping configuration is considered to be the prod-
ct of respective single dopant configurations as illustrated in
ig. 1. For each dopant concentration, energy minimization was

hen done for the 150 configurations with the highest estimated
robabilities.
In the case of the divalent dopant Mg, one oxygen vacancy
as to be created for every two-dopant ions for charge neu-
rality. Our previous work on Mg doping showed that the Mg
ubstitutional defect and oxygen vacancies are not coupled and
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Fig. 1. (a) single site substitution, (b) permutation of lowest energy sites for multiple dopant configurations, (c) codoping configuration as a combination of respective
s
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Table 1
Sigma values of the twin grain boundaries, surface area (A) of the cells used for
the calculations and interfacial energies of grain boundaries (�GB) and surfaces
(�surf) calculated in the present work. Sigma values is the ratio of the lattice
points in the unit cell of coincident site lattice and the original lattice.

Miller indices Σ γsurf (J/m2) γGB (J/m2) A (nm2)

(00.1) 3 2.99 2.66 0.7713
(01.2) 7 2.62 0.27 0.7020
(10.0) 3 2.89 0.5 0.5866
(11.2) 7 3.44 2.85 1.0867
(10.1) 11 3.67 1.88 0.6175
(11.0) – 3.02 – 1.0160
(11.3) 13 3.20 2.42 1.1691
(
(
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w
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e
o
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t
b
i
p
ourselves to the case of equal dopant concentration for both
dopants.
ingle dopant configurations.

herefore should be treated independently.24 Consequently the
ubstitutional Mg defect and oxygen vacancy defect (VO) were
onsidered separately in the present work instead of considering

 cluster defect of Mg–VO–Mg. Therefore, the bulk defect ener-
ies of substitutional Mg and oxygen vacancies are subtracted
eparately in the expression (Eq. (2)) for segregation energy
alculation. For a pair of Mg dopants, there are a large number
f possible oxygen vacancy positions. In order to address this
roblem, the interface width was divided in slabs of widths of
Å. For a certain pair of divalent dopant ions in a slab, oxy-
en vacancies were created only in the same slab. Thereafter,
he probabilities for Mg sites as well as vacancy sites were cal-
ulated in a similar fashion as for trivalent dopants. The lowest
nergy Mg sites and vacancy sites were permutated in order to get
he lowest energy configurations of multiple Mg doped alumina
nterfaces.

In order to check the accuracy of the configuration proba-
ility estimation, energy minimization was also performed on
000 and 1500 randomly chosen configurations for trivalent
nd bivalent dopants, respectively. The results show that the
inimum energy configurations are always obtained by the

oping strategy employed in the present case, while the energy
f the random configurations was always higher as shown by
xamples in Fig. 2.

The segregation energy of the codoping was calculated using
he expression:

Hseg(NY +  NLa)

= (H(NY +  NLa) −  H(0) −  NY�HY,bulk −  NLa�HLa,bulk)

(NY +  NLa)
(1)
Hseg(NMg +  NLa) = 1

(NMg +  NLa)

(
H(NMg +  NLa) −  H(0) −  N
22.3) 43 3.18 2.95 2.1127
11.1) 93 3.48 2.87 1.0341

�Hseg(N) is the enthalpy of segregation in a structure contain-
ng N  dopant ions, H(N) is the potential energy of the structure
ontaining N  dopant ions, and �Hi,bulk is the change in enthalpy
hen inserting a dopant ion i  or oxygen vacancy in the bulk. For
–La codoping, 9 surfaces and 8-grain boundaries were consid-

red. All the grain boundaries were mirror twin grain boundaries
f the same indices as the surfaces. (1 1 0) surface is parallel to

 mirror plane of the crystal and therefore a (1 1 0) mirror twin
rain boundary is equivalent to the bulk alumina. For Mg–La
nd Mg–Y codoping, 5 surfaces and the corresponding 4 mirror
win grain boundaries were studied. A brief summary of the grain
oundaries and surfaces calculated in the present work is given
n Table 1. Additionally, since it was impossible to explore all
ossible combinations of dopant concentrations, we restricted
La�HLa,bulk −  NMg�HMg,bulk − NMg

2
�HOvac,bulk

)
(2)
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In order to characterize the atomic arrangement at the inter-
ace a coordination number (CN) was determined by counting
he number of atoms within a cut off radius. Cut off radii were
aken11,31 as Y–O: 2.9 Å, La–O: 3.1 Å, Mg–O: 2.7 Å, Y–Y:
.54 Å, Y–La: 4.65 Å, La–La: 4.76 Å. Cut off radii were deter-
ined as the center of the nearest neighbor and second neighbor

istance where the coordination number remains constant for a
ertain range of cut off radius.

.2. Theoretical  considerations

Whereas the case of single doping has been studied quite
xtensively and an expression for the ratio between the interface
Xi) and bulk cationic ratio (Xb) in function of the segregation
nergy (�Hseg) has been developed by Mackrodt and Tasker,32

he case of codoping has, to our knowledge, not been looked at
horoughly from a theoretical standpoint. However an expres-
ion for Xi/Xb very similar to the case of single doping can be
erived analogically to the Mackrodt and Tasker derivation for
ingle doping (see Supplementary material).

i
D1 =  Xb

D1 ·  e
−((�HD1

seg(Xi
D1,X

i
D2)+Xi

D1(Xi
D1+1)(∂�HD1

seg )/(∂Xi
D1)+Xi

D2(X

The subscripts D1 indicate one dopant and D2 the other, k
s the Boltzmann constant and T the temperature. The biggest
ifference to the case of single doped segregation is that the
xpression is now also dependent on the change of the segre-
ation energy of the second dopant with respect to the dopant
oncentration of the first.

Since we restricted ourselves to equal interfacial dopant con-
entrations in this work we can set Xi

D,tot =  Xi
D1 +  Xi

D2 and
i
D1 =  Xi

D2 =  0.5 ∗  Xi
D,tot. If additionally we consider the case

here codoping is neither energetically favorable nor disfa-
orable and hence the segregation energy of a dopant is only
ependent on the total dopant ionic ratio (Xi

D,tot) at the interface
nd not on the individual ratios of each dopant (Xi

D1 and Xi
D2)

e can simplify Eqs. (3) and (4).

.5 · Xi
D,tot =  Xb

D1 · e
−(�HD1

seg(Xi
D,tot)+0.5·Xi

D,tot(0.5Xi
D,tot+1)(∂ΔHD1

seg/∂

For the sake of discussion let us suppose that the shape of the
Hseg vs. Xi curves for the different dopants are very similar

nd hence the derivative of both �HD1
seg and �HD2

seg with the total
opant concentration to be about equal. According to our results,
his assumption is not too far off (see Fig. 3).

.5 · Xi
D,tot(0.5Xi

D,tot +  1)
∂�HD1

seg

∂Xi
D,tot

+  0.5 · Xi
D,tot(0.5 ·  Xi

D,tot +  1)
∂�HD2

seg

∂Xi
D,tot

≈  Xi
D,tot(X

i
D,tot +  1)

× ∂�HD1
seg

∂Xi
(5)
D,tot

With this assumption we can see that the derived expression
Eq. (4)) is very similar to the case of single doping (Eq. (6)),

f
r
s
s
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1)(∂�HD2
seg/∂Xi

D1))/(kT )) (3)

)+0.5·Xi
D,tot(0.5·Xi

D,tot+1)(∂�HD2
seg/∂Xi

D,tot))/(kT ) (4)

ee Mackrodt and Tasker32 for more details) except for the fac-
or of 0.5 in front of the interfacial dopant concentration. This

eans that at the same bulk concentration of dopant one Xb
D1

e have a higher total interfacial dopant concentration Xi
D,tot.

his again means that, if we assume there are no interactions
etween the dopants in the bulk because of their low concentra-
ion (≤10 ppm for La and Y) and hence the bulk solubility of
oth dopants being the same in the case of single doping and
odoping, we have a higher total interfacial dopant concentra-
ion at the solubility limit in the case of codoping than in the
ase of single doping. The reason for this is the additional con-
gurational entropy of having two instead of only one dopant
see Supplementary material).

i
D,tot =  Xb

D1 · e
−(�HD1

seg(Xi
D,tot)+Xi

D,tot(X
i
D,tot+1)(∂�HD1

seg/∂Xi
D,tot))/(kT )

(6)

For the case discussed above (i.e. neither favorable nor dis-
avourable interactions between D1 and D2) we should observe

 codoping segregation energy �Hseg which is the average of the
egregation energies of D1 and D2 (i.e. ΔHseg =  0.5 ∗  �HD1

seg +
.5 ∗  �HD2

seg), if there is no favorable interaction between dif-
erent type of dopants. In the following discussion we will
ence consider any calculated �Hseg below 0.5 ∗  �HD1

seg +  0.5 ∗
HD2

seg to be indicative of favorable interactions between the
opants of different types. Any �Hseg above that value would
ndicate disfavourable interactions such as e.g. site competition
etween D1 and D2.

.  Results  and  discussion

.1.  Segregation  energies

.1.1.  La–Y  codoping
Nine surfaces and 8 grain boundaries were calculated for

–La codoping. For all dopant concentrations, single doped
nd codoped, the segregation energies are negative as listed
n Table 2. Therefore, segregation to the surfaces and grain
oundaries is energetically favorable for all systems studied.
egregation energy for La–Y codoping varies from −2.14 to
5.25 eV/atom for surfaces and from −1.57 to −4.27 eV/atom
or different grain boundaries, which indicates stronger seg-
egation on surfaces than GB’s. It should be noted that the
egregation energies calculated for Y in the present work are
lightly more negative (0.5–1.0 eV/atom) in comparison to the
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Fig. 2. Comparison of probabilistic cod

nergies calculated in our previous work23 due to the more effi-
ient method of selecting low energy configurations, especially
t higher dopant concentrations. However the general behavior,
.e. often observed important energy minima, does not change.
t may lead to higher solubility of dopants at interfaces than we
alculated earlier.24

Codoping segregation energy for La–Y codoped surfaces
ncreases continuously for low concentrations and reaches a con-

tant value of −2.14 to −5.25 eV at a dopant concentration of
bout ∼8–10 atoms/nm2 (Fig. 3a). Analysis of the simulated
tomistic structures shows that 8–10 atoms/nm2 is the dopant

able 2
symptotic/local minimum segregation energy values (�Hseg) and correspond-

ng concentration (C) for La–Y codoped surfaces and grain boundaries.

Csurf (at./nm2) �Hseg, surf (eV) Cgb (at./nm2) �Hseg, gb (eV)

00.1) 10.3720a −5.25a 5.1860b −3.84b

10.372b −4.07b

01.2) 14.2453b −4.15b 8.5472b −2.9b

10.0) 10.2291a −4.61a 6.8194d −1.57d

10.2291d −2.34d

10.1) 9.7174a −2.14a 6.4783b −2.98b

16.1957b −3.44b

11.0) 9.8429a −4.06a – –
11.1) 9.6703a −4.41a 7.7362a −4.27a

11.2) 9.2022a −4.38a 7.3618a −3.55a

11.3) 8.5535a −4.54a 6.8428a −3.9a

22.3)c 6.6267 −4.23 6.6267 −3.16

a Asymptotic �Hseg and C.
b Value of �Hseg and C at a local minima.
c Neither asymptotic value nor minimum is observed.
d change in the slope of the energy curve.
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 with randomly chosen configurations.

oncentration which is required for the complete coverage of
he surface Al sites with dopants and Al surface sites are no
onger available to be substituted by the dopants. As the inter-
ace Al sites are filled up, the sites that remain available become
nergetically less favorable and hence the asymptotic value of
egregation energy is reached after this concentration.

In the case of Y–La codoped grain boundaries, segre-
ation energy for codoping neither decreases nor increases
or (00.1) GB. For other low �  grain boundaries, ((01.2),
10.0), and (10.1)), segregation energy decreases with concen-
ration (Fig. 3b). A minimum is observed for (01.2) GB at
–8 atoms/nm2 dopant concentration and a change in the slope
s observed for (10.0) GB around the same concentration. For
he higher �  surfaces (i.e. (11.1), (11.2), (11.3), and (22.3)), the
egregation energy for codoping increases with dopant concen-
ration and approaches a constant value from 6–8 atoms/nm2

imilar to the surfaces (Fig. 3b). This concentration is similar
o the concentration corresponding to minima observed in the
ase of low index grain boundaries (6–8 at./nm2). One possible
xplanation for the decreasing segregation energy with increas-
ng concentration in the case of low index grain boundaries

ight be that pure interfaces are closely packed and therefore
annot accommodate larger size cations. In the beginning as
he dopant concentration increases, atomic rearrangement takes
lace at the interface, which leads to more open interface struc-
ures favoring segregation. After a critical concentration, atomic
earrangement no longer remains energetically favorable, since
he GB is saturated and hence the segregation energy remains

onstant.

To compare segregation energies of codoped interfaces with
ingle doping, a curve corresponding to [�Hseg, min(D1,C)
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Fig. 3. Representative segregation energy plots for La–Y codop

 �Hseg, min(D2,C)]/2 is shown in the segregation energy plots,
here �Hseg, min(D1,C) is the minimum segregation energy of

ingly doped interface at a concentration C  of dopant D1. As
iscussed in Section 2.2, the codoped configurations, which

ave segregation energy below this curve, are energetically
ore favorable than single doping. Only (10.0) and (22.3) sur-

aces have slight energetic gain over single doping. For grain

c
g
t

) surfaces, and (b) GB’s. The lines serve as visual guides only.

oundaries energetically favorable interactions have only been
bserved for the (01.2) grain boundary possibly due to the spe-
ific ordering of the dopants on this specific grain boundary that
ill be discussed further in the next section. All other Y–La
odoped surfaces and grain boundaries have no clear energetic
ain/loss over single doping as shown through some representa-
ive segregation energy plots in Fig. 3. In general, therefore there
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Table 3
Segregation energy values (�Hseg) and corresponding concentration (C1 and C2) for Mg–La Codoped surfaces and grain boundaries. C1 and C2 are the interface
dopant concentrations when 4 and 8 dopant atoms are put on the interface respectively.

C1 (at./nm2) �Hseg, surf (eV) �Hseg, GB (eV) C2 (at./nm2) �Hseg, surf (eV) �Hseg, GB (eV)

(00.1) 5.186 −6.44 −4.65 10.372 −5.47 −4.14
(01.2) 5.6981 −4.33 −2.14 11.3962 −4.25 −2.69
(11.0) 7.8743 −4.49 11.8115 −4.25
(
(
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11.1) 7.7362 −4.91 −4.52 

11.3) 6.8428 −4.57 −4.63 

s no conclusive favorable/unfavorable interaction between La
nd Y dopant ions at codoped interfaces.

Another important point to be noted is that the codoping
egregation energies for different configurations with the same
oncentration have a much more continuous spectrum, no par-
icularly lowest energy configurations are observed contrary to
he single doping cases (Fig. 3). This will lead to an increase in
he configurational entropy for segregation in case of codoping
ue to higher number of comparable energy configurations.

.1.2. Mg–La  codoping
Calculations were done for 5 surfaces and 4 grain boundaries

or Mg–La and Mg–Y codoping. In case of codoping with Mg as
ne of the dopants, the concentrations which can be calculated
re restricted due to the fact that one O vacancy has to be included
or 2 Mg ions in the structure. Therefore concentrations are more
iscrete in comparison to Y–La case and hence it is difficult

o comment on the pattern of the codoping segregation energy
ariation with dopant concentration in this case. Segregation
nergies for codoping are again negative for all the interfaces as
hown in Table 3. Again, the Mg segregation energy calculated

a
i
v

Fig. 4. Representative segregation energy plots for Mg–La codope
11.6043 −4.49 −4.16
10.2642 −4.69 −4.27

n the present work is 0.5–1.0 eV lower than reported in our
arlier work24 due to improved method to choose lowest energy
onfigurations. It may increase the solubility of the dopants at the
nterfaces and hence the previously calculated24 overall nominal
olubility as well.

Fig. 4 shows some representative segregation energy plots
f Mg–La codoped surfaces and grain boundaries. Codoping
egregation energy increases for all the Mg–La codoped grain
oundaries except for (01.2), where it decreases with increas-
ng dopant concentration (Fig. 4(b) left panel). The segregation
nergy is always more negative for surfaces than GB’s suggest-
ng stronger segregation toward surfaces than GB’s in this case
s well.

Segregation is energetically more favorable for all the Mg–La
odoped surfaces and grain boundaries except for (01.2) grain
oundary in comparison to single doping, as codoping segre-
ation energy plots lie below the average of the single doping
egregation energy plots (Fig. 4). It suggests that there is favor-

ble interaction between segregated Mg and La dopants on
nterfaces, which may be attributed to the presence of oxygen
acancies in this case. Due to the creation of oxygen vacancies

d (a) surfaces and (b) GB’s. The lines are visual guides only.
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Table 4
Segregation energy values (�Hseg) and corresponding concentration (C1 and C2) for Mg–Y codoped surfaces and grain boundaries. C1 and C2 are the interface
dopant concentrations when 4 and 8 dopant atoms are put on the interface respectively.

C1 (at./nm2) �Hseg, surf (eV) �Hseg, GB (eV) C2 (at./nm2) �Hseg, GB (eV) �Hseg, GB (eV)

(00.1) 5.186 −5.04 −2.95 10.372 −4.14 −3.94
(01.2) 5.6981 −2.14 −2.84 11.3962 −2.69 −2.68
(11.0) 7.8743 −3.02
(11.1) 7.7362 −3.4 −3.6 11.6043 −3.15 −3.18
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11.3) 6.8428 −3.06 −3.62 

here is more free space available for the segregation of larger
ize dopants and it acts as driving force for segregation. The spe-
ific atomic ordering of the dopants is observed on (01.2) grain
oundary similar to the La–Y case.

.1.3. Mg–Y  codoping
Similar to other codoping combinations, the segregation

nergy for single as well as codoping is negative for all the
nterfaces. Again segregation toward surfaces for Y–Mg codop-
ng is energetically more favorable than toward grain boundaries
Table 4). The cosegregation energy increases with increasing
opant concentration for all calculated surfaces and grain bound-
ries except for (01.2) GB, where it decreases with increasing
oncentration as shown in Fig. 5.

Except (11.3) surface and (01.2) grain boundary, segregation
s energetically more favorable for calculated Mg–Y codoped

urfaces and grain boundaries than single doping average as
hown in Fig. 5, and hence there is favorable interaction between

g and Y dopants on the interfaces. As mentioned earlier the
avorable interaction in this case might be attributed to the

a
s
c
l

Fig. 5. Representative segregation energy plots for Mg–Y codoped
10.2642 −3.1 −3.2

dditional driving force due to more available space created by
he oxygen vacancies.

.1.4.  Results:  summary
For grain boundaries the segregation energies (Tables 2–4)

or the low energy grain boundaries (01.2) and (10.0) are less
egative (La–Y: 1.57–2.9 eV; Mg–La: 2.69 eV; Mg–Y: 2.68 eV)
han for the other grain boundaries (La–Y: 2.98–4.27 eV;

g–La: 4.14–4.27 eV; Mg–Y: 3.18–3.94 eV). This leads to the
omogenization of the grain boundary energies and hence to
he homogenization of the sintered microstructure and a lower
ercentage of highly special low �  twin boundaries. This has
lso been reported in case of Mg doping in our earlier study.24

owever even in undoped alumina the percentage of low energy
 twin boundaries is very low33 and a change in the homo-

eneity of the microstructure upon doping is not observed.4,33

or surfaces the segregation to low and high-energy surfaces

re similar. The segregation energies for the (00.1) surface is
ignificantly more negative than for the other surfaces in all the
odoped cases (Tables 2–4). Since the (00.1) surface is one of the
owest energy surfaces the highly negative segregation energies

 (a) surfaces and (b) GB’s. The lines are visual guides only.
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ight be supposed to lead to a very low relative (00.1) surface
nergy and hence the domination of equilibrium morphology
y the (00.1) surface (i.e. platelet like morphology).

Segregation energy calculations show that while Mg–La and
g–Y codoping combinations are energetically more favorable

n comparison to single doping, La–Y codoping does not have
ny significant energetic gain over single doping. Two factors
re likely to contribute to the favorable Mg–Y and Mg–La inter-
ctions. The first factor is the creation of oxygen vacancies to
ompensate the charge of the Mg dopants on the Al sites. The
resence of oxygen vacancies can be supposed to create more
pace for the accommodation of the significantly oversized Y
nd La ions. If the presence of oxygen vacancies is responsible
or the energetic gain, sintering in vacuum should increase the
mount of Y and/or La dopants at the interfaces similar to the
ddition of Mg because it increases the concentration of oxygen
acancies.

The second factor is the disparity in ionic sizes of the dopants
Mg2+: 0.86 Å, Y3+: 1.04 Å, La3+: 1.17 Å). Harmer et al.21

howed in their atomistic simulation work that doping with
arger cations can break the unimodal size distribution and cre-
te several potential substitutional sites with varying sizes, many
arger than the corresponding bulk sites. These sites can prob-
bly easily accommodate the Mg ions, which are relatively
maller to other dopants. If this is the main reason for the
nergy gain, codoping of La or Y with an isovalent dopant with
maller radius (e.g. Indium (0.94 Å) should also be energetically
avorable.

Comparison of the codoping segregation energies for
ifferent codopant combinations shows that the segrega-
ion energy is most negative for Mg–La dopant pairs (i.e.

Hseg, Mg–La ≤  �Hseg, Y–La < �Hseg, Mg–Y) for all the calcu-
ated surfaces and grain boundaries, as shown in Fig. 6.
he difference between Mg–La and Y–La segregation energy

s not very marked, while the cosegregation energy for
g–Y is significantly higher. This order is consistent with

he order of segregation energies for single doped (i.e.
Hseg, La < �Hseg, Mg ≤  �Hseg, Y). The observed interaction

nergies as discussed in the previous sections do not alter the

nergetic order of the segregation energies. This is not surprising
s in most cases the observed interaction energies between the
ifferent dopants were small.

o
i
d

Fig. 6. Codoping segregation energy comparison for three d
eramic Society 32 (2012) 2935–2948 2943

.2.  Interface  atomic  structure  characteristics

Atomistic structures of the codoped surfaces and grain bound-
ries show that the dopants are confined to a very narrow region
t the interfaces for all the dopant combinations and all the
nterfaces. Fig. 7 shows illustrative atomistic structures of Y–La
odoped surfaces and grain boundaries at characteristic interface
opant concentrations as mentioned in Table 2 in the previous
ection. Observation of the atomistic structures suggests that
egregation is sensitive to surface and grain boundary structure
s suggested in the recent work where such specific structure
ependence has been termed complexion.34 That is to say clear
ifferences can be seen in the atomic arrangement of dopants
etween for instance the (01.2) and (11.3) surface as well as the
rain boundaries. While dopants form an ordered atomic layer at
he (01.2) interfaces, they are randomly distributed at the (11.3)
nterfaces.

The dependence on the underlying interface structure can also
e seen when looking at the packing efficiency. Dopants affect
he packing efficiency of surfaces and grain boundaries differ-
ntly depending on the interface and the dopant combination.
he same dopants may improve the atomic packing at some
f the interfaces but create more spaces/voids on other inter-
aces. To confirm the effect of dopants on atomic arrangement
f the interfaces, packing fractions were calculated for single
oped and codoped grain boundaries. Packing fractions were
etermined by calculating the ratio of occupied volume of the
rain boundary region (according to the ionic radii of the differ-
nt ions) to the total volume of the considered grain boundary
egion. The average packing fraction was determined from all the
alculated codoping configurations at different doping concen-
rations. The calculated packing fraction values (Table 5) show
hat the packing fractions vary quite significantly depending on
he nature of the grain boundary as well as the doping com-
inations. Y doped grain boundaries are denser in comparison
o La doped or La–Y codoped grain boundaries. Similarly, Mg
oped grain boundaries have higher packing efficiency than La
oped or Mg–La codoped grain boundaries. However, in case of
g–Y codoping, no conclusion can be drawn regarding effect
f codoping on grain boundary packing efficiency since pack-
ng efficiency increases in few cases and decreases in others,
epending on the grain boundaries.

oping combinations. The lines are visual guides only.
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Fig. 7. Interface structure dependent cosegregation and atomic arrangment of La–Y codoped �-alumina (a) surfaces and (b) grain boundaries. All the atomistic
structures are shown from the side view parallel to the grain boundary/surface plane with the white lines showing roughly the position of the grain boundary or
s t blue
l

c
b
b
f
fi

t
l

urface plane. Oxygen ions are shown in red, aluminum ions in violet, Y in ligh
egend, the reader is referred to the web version of the article.)

There is no specific pattern formation by the dopants at the
odoped grain boundaries, with the exception of the (01.2) grain

oundary where a pattern is observed for all three codoping com-
inations. As shown in Fig. 8 dopants occupy positions which
orm an atomic layer parallel to the grain boundary. Dopants
rst exhaust the interface Al sites available before going to

m
g
f
o

 and La in dark blue. (For interpretation of the references to color in this figure

he next sub-surface layers leaving on original alumina atomic
ayer intact in between. The absence of pattern formation for the
ajority of interfaces studied is in contrast to the formation of
eometric patterns by Y in many of the single doped alumina sur-
aces and grain boundaries at minimum energy concentrations,
bserved in earlier simulation studies.23 This is also consistent
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Table 5
Packing fractions of the single and codoped grain boundaries (grain boundary width for packing fraction calculation was taken 10 Å for La–Y, La and Y doping,
while 6 Å for Mg–Y, Mg–La and Mg doped, 6 Å for undoped grain boundaries).

La Y Mg La–Y Mg–La Mg–Y Undoped

(00.1) 0.59 0.64 0.65 0.63 0.63 0.69 0.68
(01.2) 0.59 0.62 0.58 0.62 0.56 0.58 0.62
(10.0) 0.53 0.61 – 0.57 – – 0.63
(10.1) 0.53 0.61 – 0.57 – – 0.64
(11.1) 0.55 0.58 0.57 0.56 0.58 0.59 0.58
(11.2) 0.57 0.60 – 0.58 – – 0.62
( 0.6
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11.3) 0.58 0.62 0.64 

22.3) 0.61 0.61 – 

ith the fact that in general upon codoping no minimal energy
onfiguration is observed, the energies calculated for the differ-
nt configurations for a specific dopant concentration seem to
orm a continuous energy band, indicating a higher configura-
ional entropy in the case of codoped than in the case of single
oped interfaces.

In general codoping is observed to produce more ordered and
acked atomistic structures at the interfaces. This effect is most
ronounced when La doped structures are compared to Mg–La
nd Y–La codoped structures, due to its higher size mismatch.
or example, as shown in Fig. 9, in comparison to La-doped
11.1) grain boundary (Fig. 9b), Mg–La and Y–La codoped grain
oundaries (Fig. 9d and f) have more ordered and rigid structure.
he effect is also visible for Mg and Y dopants, but to a lesser
xtent.

.3. Coupling  effect

As mentioned in the previous section, there is no energetic
ain for cosegregation over single dopant segregation in case
f Y–La codoped surfaces and grain boundaries. However, an
tomistically preferred arrangement of the dopants is observed
n the case of Y–La codoping. As shown in Fig. 10, dopants of
ifferent species arrange themselves around the oxygen at near-
st neighbor positions. An oxygen ion seems to be more often
oordinated by an Y and a La than by two La or two Y. To con-
rm the atomistic observations coordination numbers (CN) were
etermined for different surfaces and grain boundaries from the
tomistic structures of the interfaces at characteristic concentra-

ions for each interface as mentioned in Table 2. Coordination
umber for Y–La was found to be higher in comparison to Y–Y
nd La–La coordination numbers for all the surfaces and grain
oundaries, (10.1) and (11.1) grain boundaries being the only

n
d
o
c

ig. 8. Formation of dopant atomic layer on Y–La codoped (01.2) grain boundary w
ons in violet, Y in light blue and La in dark blue. (For interpretation of the reference
rticle.)
0 0.59 0.63 0.68
1 – – 0.58

xceptions. CN’s for both Y–Y (2.39) and La–La (3.55) are
igher than Y–La (2.17) for (10.1) grain boundary. Similarly,
or (11.1) grain boundary La–La CN (2.39) is higher than Y–La
N (2.09). For other grain boundaries, the coordination number

or Y–La varies from 1.53 to 2.22, while for Y–Y and La–La
t varies from 0.51 to 1.64 and 0.83 to 1.43, respectively. Simi-
arly the coordination number of Y–La, Y–Y and La–La varies
rom 1.81 to 3.01, 1.39 to 2.2 and 0.98 to 1.94, respectively for
odoped surfaces. Higher coordination number for Y–La in com-
arison to Y–Y and La–La for each individual interface shows
he higher probability of Y and La at nearest neighbor position
round oxygen. In an ab initio study, Elsässer and Elsässer18

lso observed a similar specific atomic arrangement of dopants
n rhombohedral twin boundary of alumina when codoped with
ivalent/trivalent dopant ions. They reported that in case of
odoping, dopant pairs prefer to arrange on nearest neighbor
ites parallel to rhombohedral plane, showing a coupling effect.

.4. Dopant–oxygen  coordination  number

The dopant–oxygen coordination numbers (CN) have been
alculated for all the codoping cases. The characteristic con-
entrations to calculate dopant–oxygen coordination number
or La–Y codoping were taken from Table 2. For Mg–Y and

g–La codoping the concentration corresponding to 8 dopant
ons was considered to calculate the dopant–O CN. In accor-
ance with the different geometry (i.e. at the surface neighbors
ormally found in the bulk are missing whereas at grain bound-
ries only their relative positions will change), coordination

umbers are higher for grain boundaries than for surfaces. The
opant–oxygen coordination numbers do not vary much from
ne codoping combination to another (Table 6). No significant
hange in Y–O and Mg–O coordination environment between

ith increasing dopant concentration. Oxygen ions are shown in red, aluminum
s to color in this figure legend, the reader is referred to the web version of the
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Fig. 9. Comparison of single doped and codoped (11.1) grain boundaries (a) Mg doped, (b) La-doped, (c) Y-doped, (d) Mg–La codoped, (e) Mg–Y codoped, and
(f) La–Y codoped (concentration = 7.74 at./nm2). Oxygen ions are shown in red, aluminum ions in violet, Y in light blue, La in dark blue and Mg in green. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

Fig. 10. (11.1) Y–La codoped surface looked from the top perpendicular to the surface. Specific coordinative arrangement/coupling effect where oxygen ion is
always surrounded by two different types of dopant ions.

Table 6
Dopant–oxygen coordination number (CN) and nearest neighbor (NN) distance for different codoping combinations.

Doping combination La–O Mg–O Y–O

CN NN (Å) CN NN (Å) CN NN (Å)

La–Y surfaces 5.12–5.84 2.39–2.47 – – 5.62–5.87 2.24–2.33
La–Y GB’s 6.56–9.39 2.49–2.55 – – 6.24–7.86 2.28–2.41
La–Mg surfaces 5.37–5.80 2.42–2.49 4.40–5.58 2.03–2.11 – –
La–Mg GB’s 7.49–7.80 2.49–2.53 5.12–5.97 2.11–2.14 – –
Mg–Y surfaces – – 4.20–5.49 2.00–2.12 4.90–5.70 2.19–2.31
Mg–Y GB’s – – 5.44–5.74 2.03–2.11 6.17–7.34 2.25–2.34
Single doped surfaces [23,24] 3.8–6.0 2.33–2.43 – – 3.00–5.82 2.00–2.37
Single doped GB’s [23,24] 5.5–6.5 2.36–2.45 5.00–5.50 2.09–2.12 6.51–7.49 2.30–2.40



ean C

s
t
i
Y
s
o
c
r
b
O
e
s
p
a

3

i
n
c
g
c
i
i
g
d
g
d
e
H
l
a
e
m
t
w
a
i
p
e
e
r
t
d
a

A

f
2

R

1

1

1

1

1

1

1

1

1

1

2

2

2

2

A. Tewari et al. / Journal of the Europ

ingle doped and codoped structures is observed. The coordina-
ion numbers as well as the nearest neighbor distance are similar
n single doped and codoped alumina for Mg and Y. However, the
–O coordination number seems to be more homogeneous than

ingle doped alumina across different surfaces. For La–O on the
ther hand, the coordination numbers are significantly higher in
odoped alumina in comparison to single doped alumina, which
esults in ordered and better packed structure of codoped grain
oundaries in comparison to single doping as shown in Fig. 9.
bserving no favorable interactions earlier in the segregation

nergy discussion, it can be said that La–Y codoping effect is a
olid solution effect rather than being an energetic effect. These
acked atomistic structure should strengthen the grain boundary
gainst creep as also reported by Buban et al. [11]

. Conclusions

Atomistic arrangements and segregation energies have been
nvestigated using potential based energy minimization tech-
iques for 9 different surfaces and 8-grain boundaries for La–Y
odoping in alpha alumina. A lower number of surfaces and
rain boundaries were investigated for the Mg–La and Mg–Y
ases due to the higher computational cost caused by the need to
ntroduce oxygen vacancies to compensate for the difference
n valence of Mg with the host cation Al. Energy of segre-
ation is negative for all the interfaces and for all the single
oping and codoping combinations, which suggests that segre-
ation of dopants is energetically favorable for all larger size
opant cations. Cosegregation does not have significant gain
nergetically over single doping in case of La–Y codoping.
owever, Y–Y, La–La and Y–La coordination number calcu-

ations in combination with atomistic structure of dopants show
 preferred atomic arrangement of the dopant atoms (coupling
ffect) at the Y–La codoped interfaces. Segregation energy is
ore negative for Mg–La and Mg–Y codoping in comparison

o single doping for most of the surfaces and grain boundaries,
hich may be attributed to two possible factors: grain bound-

ry space created due to oxygen vacancies and disparity in the
onic size of the dopants. This observation leads to an interesting
ossibility of doping alumina with three different sized cations,
.g. Mg–La–In or La/Y–In, to further enhance the additional
ffects of codoping in alumina. For all the three cases, codoping
esults in an increase in the configurational entropy as well as
he ordering of the atomistic structure in comparison to single
oping, which will lead to strengthening of grain boundaries
gainst creep.

ppendix  A.  Supplementary  data

Supplementary data associated with this article can be
ound, in the online version, at doi:10.1016/j.jeurceramsoc.
012.02.056.
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