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Abstract

Sintering aids or dopants have often been used successfully to limit the grain growth of alumina during sintering. Recently codoping of alumina
with transition elements has been reported to produce additional effects in comparison to single doping in enhancement of creep and real in-line
transmittance of light. The current study attempts to address the issue of the atomistic mechanism behind these experimentally observed codoping
effects. The effect of codoping on the atomistic structure of a series of La—Y, Mg—Y, La—Mg codoped a-alumina interfaces was studied using energy
minimization calculations. The segregation energy for single doping as well as codoping is negative for all the surfaces and grain boundaries.
While, there is no significant energetic gain for La—Y cosegregation in comparison to single doping whereas segregation energies for Mg-Y and
Mg-La codoping is more negative than single doping. A specific arrangement of dopants (associative effect) is also observed in La—Y codoped

interfaces. Both mechanisms can thus contribute to the improved microstructures and properties.

© 2012 Elsevier Ltd. All rights reserved.
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1. Introduction

Since the discovery of translucent polycrystalline alumina
(LucAlOx) by Coble! in 1962, efforts have been made to achieve
transparent polycrystalline alumina in many research groups for
the last few decades.’™ In addition to its excellent mechani-
cal properties and chemical stability at high temperatures, the
possibility of large flat sheets and curved shapes makes it a
potential material for a wide variety of transparent applications;
e.g. watches, jewelry, wave guides, armors, high temperature
windows® and metal-halide lamps.” It has been well established
that fully dense (99.99%) ultrafine grained alumina is neces-
sary to achieve high real in-line transmittances (RITs) due its
birefringence.>>® Therefore, it is necessary to achieve maxi-
mum densification with minimum grain growth in the final stages
of sintering. Various rare earth elements (La, Mg, Y) have been
employed in the literature as sintering aids/dopants for the sin-
tering of transparent alumina.*>° These dopants segregate to the
grain boundaries, thereby reducing the rate of densification as
well as grain size/sintered density ratio.!%!! Recently, codoping
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of alumina with rare earth elements (e.g. La-Y, Y-Mg, Mg—La)
has been reported to further reduce the creep rates'>!3 as well as
to increase the real inline transmittance? in alumina. However,
different atomistic mechanisms® !4 have been proposed in the lit-
erature for the role of dopants in the sintering and strengthening
effects and the issue is still far from settled.

Codoping can affect the properties of alumina by changing
its microstructural features and/or transport mechanisms. Song
and Coble'> found that codoping with Mg in addition to Ca or Si
gives an equiaxed structure in contrast to the platelike/abnormal
grain structure when doped singly with Ca or Si. Song and
Coble!® also proposed a charge balance and strain balance con-
dition for the appearance of platelike abnormal grains in codoped
alumina. Swiatnicki et al.!” reported that segregation of Mg to
grain boundaries is suppressed when codoped with larger and
higher charge cations like Ti, which was also supported by the
ab initio simulation study of Elsisser and Elsisser.'® Depletion
of Mg was attributed to the “site competition” effect between
Mg and the dopants or impurities of higher valence at grain
boundaries.

Lartigue et al.!3 claimed that the constitutive laws change
in high temperature deformation of alumina by Mg-Y codop-
ing, i.e. yttrium segregates strongly to the grain boundaries and
strengthens Mg doped alumina, which is more pronounced under
tension than under compression. Gavrilov et al.!” studied the
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Si—Mg codoped system and found that the grain boundary con-
centration of both ions is reduced by a factor of 5 or more over
single doping. Additionally, codoping increases the mutual bulk
solid solubility of the dopants, an effect which has also been
studied by Dillon et al.?® who used atomistic modeling, and by
Elsisser and Elsisser'® who did an ab initio study. The benefi-
cial effect of MgO addition in controlling the microstructure of
Si containing alumina was attributed to its ability to redistribute
Si ions from the grain boundaries to the bulk.

Harmer and coworkers'2?!122 conducted an extensive study
to understand the beneficial effect of codoping on grain size in
alumina and concluded it to be primarily a solid solution effect,
as after precipitation, no further improvement with increasing
dopant concentration was observed. They reported enhanced
creep resistance in Nd—Zr codoped alumina compared to singly
doped alumina due to cosegregation of both the dopants. It
was postulated that different sized cations can produce a bet-
ter packing at the interface and thereby reduce the free volume
for grain boundary transport. Therefore, disparity of cation size
was thought to be the main reason for additional effects of
codoping on enhancing creep resistance. This logic was fur-
ther strengthened by the findings of their simulation studies,”!
where they showed that doping with larger cations can break the
mono-modal size distribution of cation substitutional sites vol-
ume and create several potential substitutional sites with varying
sizes, many larger than the corresponding bulk sites. Therefore,
dopants with different sizes can segregate easily to these sites
and pack the interface efficiently. Elsisser and Elsisser!® con-
ducted several ab initio studies of codoping at the (000 1) grain
boundary of alumina and reported that covalent dopant pairs
prefer to arrange on nearest neighbor sites parallel to a rhombo-
hedral plane, showing a coupling effect. They also reported that
codoping of alumina with trivalent ions and bivalent/tetravalent
ions can improve the covalent bonding for alumina since triva-
lent ions are accommodated chemically better than bivalent or
tetravalent cations.

In the present study, we will focus on Y, La and Mg
codoping. Since the bulk solubility of both Y and La is very
low (<10 ppm) we assume that bulk interactions between the
dopant only have minimal effect and we will therefore focus on
surface and grain boundary structures. Ab initio studies being
computationally expensive, only small systems with few 100
atoms can be calculated. Using classical atomistic modeling
methods based on empirical potential provides an opportunity to
consider larger systems as well as larger configurational space
with lower computational cost. In our previous studies?>?* it
has been shown that satisfactory agreement between classical
atomistic calculations and experimental as well as first principle
results can be reached for alumina. The current simulation study
aims to improve the understanding of the atomistic mechanisms
behind doping and codoping using classical atomistic modeling
methods. Energy minimization methods based on empirical
potentials have been used to calculate relaxed surfaces and
grain boundaries. The effect of doping and codoping has
been studied on 9 surfaces and 8-grain boundaries for three
codoping combinations: La-Y, La-Mg and Mg-Y. Segregation
of dopants was observed to be energetically favorable in all the

cases and a specific coordinative arrangement was observed in
case of La-Y codoping. These results give interesting insights
into interfacial energies and consequent grain growth for better
control of microstructures toward transparent ceramics.

1.1. Computational method

The details of the computational method can be found in
previous work.?320 Only relevant details of the method will
be provided here. Doped and undoped equilibrium interface
energies and structures were calculated using the Born model
for solids, which has been implemented in METADISE.?” The
Born model describes interatomic forces in terms of pair poten-
tials. A pair potential consists of an electrostatic potential and
short range attractive as well as repulsive forces. In addition, the
core—shell model by Dick and Overhauser?® has been used to
take into account the polarizability of oxygen ions. The potential
parameters developed by Lewis and Catlow? were used in the
present work and the initial alumina crystal structure has been
taken from the work of Liu et al.>* Nonpolar surface cuts were
generated at different depths along the same surface normal and
the lowest energy cut was chosen to create the final relaxed sur-
face atomic structure. To create the mirror twin grain boundaries,
two surfaces are put back to back allowing a rigid shift in the
grain boundary plane. The minimum energy relative position of
the two half crystals is chosen to create the final grain boundary
structure. For surfaces as well as grain boundaries, 2D periodic
boundaries are applied in the plane parallel to the interface. In
the direction perpendicular to the interface, a two region model
is applied where ions within ~9 A from the interface are allowed
to relax while the rest of the ions are kept fixed during energy
minimization.>>>* The bulk as well as the interface atomistic
structures produced using the current method have been shown
to be in good agreement with ab initio as well as experimental
results.?

In order to reduce the otherwise large number of possible
codoping configurations, energy minimization was performed
only on what were estimated to be the highest probability con-
figurations. First, interface Al ions within a certain distance
of the interface (15 A for La—Y codoping, 6 A for Mg-La and
Mg-Y codoping) were substituted one by one with the different
dopants and the substitutional energy for each site was calcu-
lated for each dopant. The probabilities for a specific site were
then calculated as follows: [exp (AE;)/ X exp (AE;)]. AE; is the
energy of the site i (E;) minus the energy of the farthest site
from the interface. The probability of a specific multiple dopant
configuration was then estimated as the product of the proba-
bilities of each occupied site. For codoping, the probability of a
particular codoping configuration is considered to be the prod-
uct of respective single dopant configurations as illustrated in
Fig. 1. For each dopant concentration, energy minimization was
then done for the 150 configurations with the highest estimated
probabilities.

In the case of the divalent dopant Mg, one oxygen vacancy
has to be created for every two-dopant ions for charge neu-
trality. Our previous work on Mg doping showed that the Mg
substitutional 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

single dopant configurations.

therefore should be treated independently.?* Consequently the
substitutional Mg defect and oxygen vacancy defect (Vo) were
considered separately in the present work instead of considering
a cluster defect of Mg—Vo—Mg. Therefore, the bulk defect ener-
gies of substitutional Mg and oxygen vacancies are subtracted
separately in the expression (Eq. (2)) for segregation energy
calculation. For a pair of Mg dopants, there are a large number
of possible oxygen vacancy positions. In order to address this
problem, the interface width was divided in slabs of widths of
2 A. For a certain pair of divalent dopant ions in a slab, oxy-
gen vacancies were created only in the same slab. Thereafter,
the probabilities for Mg sites as well as vacancy sites were cal-
culated in a similar fashion as for trivalent dopants. The lowest
energy Mg sites and vacancy sites were permutated in order to get
the lowest energy configurations of multiple Mg doped alumina
interfaces.

In order to check the accuracy of the configuration proba-
bility estimation, energy minimization was also performed on
1000 and 1500 randomly chosen configurations for trivalent
and bivalent dopants, respectively. The results show that the
minimum energy configurations are always obtained by the
doping strategy employed in the present case, while the energy
of the random configurations was always higher as shown by
examples in Fig. 2.

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

A[{seg(NY + Nra)
_ (H(Ny + Nira) — H(0) = NyAHy puik — NLaA Hpa buik)
(Ny + NLa)

ey

AHgeo(NMg + NLa) = —————
seg( Mg La) (NMg+NLa)

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 ('ygg) and surfaces
(Ysurf) 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 z Yourt Fm?) yes (Im?) A (nm?)
(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) 13 320 242 1.1691
(22.3) 43 3.18 2.95 2.1127
(1L.1) 93 3.48 2.87 1.0341

AHgeg(N)is the enthalpy of segregation in a structure contain-
ing N dopant ions, H(N) is the potential energy of the structure
containing N dopant ions, and AH; pyik is the change in enthalpy
when inserting a dopant ion i or oxygen vacancy in the bulk. For
Y-La codoping, 9 surfaces and 8-grain boundaries were consid-
ered. All the grain boundaries were mirror twin grain boundaries
of the same indices as the surfaces. (1 1 0) surface is parallel to
a mirror plane of the crystal and therefore a (1 1 0) mirror twin
grain boundary is equivalent to the bulk alumina. For Mg-La
and Mg—Y codoping, 5 surfaces and the corresponding 4 mirror
twin grain boundaries were studied. A brief summary of the grain
boundaries and surfaces calculated in the present work is given
in Table 1. Additionally, since it was impossible to explore all
possible combinations of dopant concentrations, we restricted
ourselves to the case of equal dopant concentration for both
dopants.

Nm
(H(NMg + NLa) - H(O) - NLaAHLa,bulk - NMgAHMg,bulk - 2gAHOvac,bulk> (2)
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In order to characterize the atomic arrangement at the inter-
face a coordination number (CN) was determined by counting
the number of atoms within a cut off radius. Cut off radii were
taken'!3! as Y-0: 2.9A, La-O: 3.1 A, Mg-0O: 2.7A, Y-Y:
4.54 A, Y-La: 4.65 A, La-La: 4.76 A. Cut off radii were deter-
mined as the center of the nearest neighbor and second neighbor
distance where the coordination number remains constant for a
certain range of cut off radius.

1.2. Theoretical considerations

Whereas the case of single doping has been studied quite
extensively and an expression for the ratio between the interface
(X") and bulk cationic ratio (X?) in function of the segregation
energy (AHjeg) has been developed by Mackrodt and Tasker,>?
the case of codoping has, to our knowledge, not been looked at
thoroughly from a theoretical standpoint. However an expres-
sion for X'/X” very similar to the case of single doping can be
derived analogically to the Mackrodt and Tasker derivation for
single doping (see Supplementary material).

see Mackrodt and Tasker>? for more details) except for the fac-
tor of 0.5 in front of the interfacial dopant concentration. This
means that at the same bulk concentration of dopant one .X}l)Dl
we have a higher total interfacial dopant concentration Xp .
This again means that, if we assume there are no interactions
between the dopants in the bulk because of their low concentra-
tion (<10 ppm for La and Y) and hence the bulk solubility of
both dopants being the same in the case of single doping and
codoping, we have a higher total interfacial dopant concentra-
tion at the solubility limit in the case of codoping than in the
case of single doping. The reason for this is the additional con-
figurational entropy of having two instead of only one dopant
(see Supplementary material).

i),tot o le)l . e_(AH‘g;}l(X;.D.Iot)+Xi)4tol(X;.),tot+l)(aAHgé/aX;),mt))/(kT)

(6)

X, = Xb, - e (AHGD | Xpp)+ X, (X, + DA Higg) (X Xy (X DOAH /0XD, )/ KT)) 3)

The subscripts D1 indicate one dopant and D2 the other, &
is the Boltzmann constant and T the temperature. The biggest
difference to the case of single doped segregation is that the
expression is now also dependent on the change of the segre-
gation energy of the second dopant with respect to the dopant
concentration of the first.

Since we restricted ourselves to equal interfacial dopant con-
centrations in this work we can set X"D’tot = X5, + X, and
Xp, = X}, = 0.5 % X[ - If additionally we consider the case
where codoping is neither energetically favorable nor disfa-
vorable and hence the segregation energy of a dopant is only
dependent on the total dopant ionic ratio (X {),mt) at the interface
and not on the individual ratios of each dopant (X f) ; and X f)z)
we can simplify Egs. (3) and (4).

. D1 yi i i P D1 i
05 . Xi) tot = XbDl . e_(AHSCg(Xii),tot)+0'5'Xl[),tnt(o'sxi)‘tm+1)(6AHseg/DX

For the sake of discussion let us suppose that the shape of the
AHgeg vs. X' curves for the different dopants are very similar
and hence the derivative of both A HR4 and A HQ; with the total
dopant concentration to be about equal. According to our results,
this assumption is not too far off (see Fig. 3).

3 D1
. ; seg
0.5- Xi),tot(o'sxi),tot + 1) Xt
D, tot
D2
. . se . .
+0.5- Xi),tot(o-s : Xi),tot + 1) aXi £ ~ Xi),tot(Xi),tot + 1)
D, tot
dAHR!
« : seg (5)
BXiD,tot

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

i
D,tot)

For the case discussed above (i.e. neither favorable nor dis-
favourable interactions between D1 and D2) we should observe
acodoping segregation energy AHje, which is the average of the
segregation energies of D1 and D2 (i.e. AHgeg = 0.5 * AHD! 4

seg
0.5 AH£§), if there is no favorable interaction between dif-
ferent type of dopants. In the following discussion we will

hence consider any calculated AHgeg below 0.5 x AH, Dl 4+ 0.5 %

seg

AH& to be indicative of favorable interactions between the
dopants of different types. Any AHge, above that value would
indicate disfavourable interactions such as e.g. site competition
between D1 and D2.

+0.5-Xi

B 10 0-5- X5 o A DOAHR2/OXE )/ (KT) (4)

2. Results and discussion
2.1. Segregation energies

2.1.1. La-Y codoping

Nine surfaces and 8 grain boundaries were calculated for
Y-La codoping. For all dopant concentrations, single doped
and codoped, the segregation energies are negative as listed
in Table 2. Therefore, segregation to the surfaces and grain
boundaries is energetically favorable for all systems studied.
Segregation 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
for different grain boundaries, which indicates stronger seg-
regation on surfaces than GB’s. It should be noted that the
segregation energies calculated for Y in the present work are
slightly more negative (0.5-1.0 eV/atom) in comparison to the
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Fig. 2. Comparison of probabilistic codoping with randomly chosen configurations.

energies calculated in our previous work?® due to the more effi-
cient method of selecting low energy configurations, especially
at higher dopant concentrations. However the general behavior,
i.e. often observed important energy minima, does not change.
It may lead to higher solubility of dopants at interfaces than we
calculated earlier.?*

Codoping segregation energy for La—Y codoped surfaces
increases continuously for low concentrations and reaches a con-
stant value of —2.14 to —5.25eV at a dopant concentration of
about ~8—10 atoms/nm? (Fig. 3a). Analysis of the simulated
atomistic structures shows that 8—10 atoms/nm? is the dopant

Table 2
Asymptotic/local minimum segregation energy values (AHgeg) and correspond-
ing concentration (C) for La—Y codoped surfaces and grain boundaries.

Court (a[-/nmz) AHgeg, surf V) Cgb (a[-/nmz) AHgeg, gb eV)

(00.1)  10.3720* —5.25% 5.1860P —3.84°
10.372° —4.07°
(01.2) 14.2453b —4.15% 8.5472° —2.9b
(10.0) 10.2291* —4.612 6.81944 —1.574
10.22914 —2.344
(10.1)  9.7174% —2.142 6.4783P —2.98b
16.1957° —3.44b
(11.0)  9.8429° —4.06* - -
(11.1)  9.6703% —4.41* 7.73622 —4.27*
(11.2) 920222 —4.382 736182 —3.55%
(11.3)  8.5535% —4.542 6.8428° —3.92
(22.3)°  6.6267 —4.23 6.6267 —3.16

4 Asymptotic AHeg and C.

b Value of AHgeg and C at a local minima.

¢ Neither asymptotic value nor minimum is observed.
d change in the slope of the energy curve.

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

In the case of Y-La codoped grain boundaries, segre-
gation energy for codoping neither decreases nor increases
for (00.1) GB. For other low X grain boundaries, ((01.2),
(10.0), and (10.1)), segregation energy decreases with concen-
tration (Fig. 3b). A minimum is observed for (01.2) GB at
7-8 atoms/nm? dopant concentration and a change in the slope
is observed for (10.0) GB around the same concentration. For
the higher ¥ surfaces (i.e. (11.1), (11.2), (11.3), and (22.3)), the
segregation energy for codoping increases with dopant concen-
tration and approaches a constant value from 6—8 atoms/nm?
similar to the surfaces (Fig. 3b). This concentration is similar
to the concentration corresponding to minima observed in the
case of low index grain boundaries (68 at./nm?). One possible
explanation for the decreasing segregation energy with increas-
ing concentration in the case of low index grain boundaries
might be that pure interfaces are closely packed and therefore
cannot accommodate larger size cations. In the beginning as
the dopant concentration increases, atomic rearrangement takes
place at the interface, which leads to more open interface struc-
tures favoring segregation. After a critical concentration, atomic
rearrangement no longer remains energetically favorable, since
the GB is saturated and hence the segregation energy remains
constant.

To compare segregation energies of codoped interfaces with
single doping, a curve corresponding t0 [AHgeg min(D1,C)
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Fig. 3. Representative segregation energy plots for La—Y codoped (a) surfaces, and (b) GB’s. The lines serve as visual guides only.

+ AHgeg, min(D2,C)]/2 is shown in the segregation energy plots,
where AHgeo min(D1,C) is the minimum segregation energy of
singly doped interface at a concentration C of dopant D1. As
discussed in Section 2.2, the codoped configurations, which
have segregation energy below this curve, are energetically
more favorable than single doping. Only (10.0) and (22.3) sur-
faces have slight energetic gain over single doping. For grain

boundaries energetically favorable interactions have only been
observed for the (01.2) grain boundary possibly due to the spe-
cific ordering of the dopants on this specific grain boundary that
will be discussed further in the next section. All other Y-La
codoped surfaces and grain boundaries have no clear energetic
gain/loss over single doping as shown through some representa-
tive segregation energy plots in Fig. 3. In general, therefore there
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Table 3

2941

Segregation energy values (AHge,) and corresponding concentration (C; and C;) for Mg-La Codoped surfaces and grain boundaries. Cy and C; are the interface
dopant concentrations when 4 and 8 dopant atoms are put on the interface respectively.

C, (at./nm?) AHgeg surf (€V) AHgee B (€V) C> (at./nm?) AHgeg surf (€V) AHgeg GB (V)
(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
(11.1) 7.7362 —491 —4.52 11.6043 —4.49 —4.16
(11.3) 6.8428 —4.57 —4.63 10.2642 —4.69 —4.27

is no conclusive favorable/unfavorable interaction between La
and Y dopant ions at codoped interfaces.

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

2.1.2. Mg—La codoping

Calculations were done for 5 surfaces and 4 grain boundaries
for Mg—La and Mg-Y codoping. In case of codoping with Mg as
one of the dopants, the concentrations which can be calculated
are restricted due to the fact that one O vacancy has to be included
for 2 Mg ions in the structure. Therefore concentrations are more
discrete in comparison to Y-La case and hence it is difficult
to comment on the pattern of the codoping segregation energy
variation with dopant concentration in this case. Segregation
energies for codoping are again negative for all the interfaces as
shown in Table 3. Again, the Mg segregation energy calculated
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in the present work is 0.5-1.0eV lower than reported in our
earlier work?* due to improved method to choose lowest energy
configurations. It may increase the solubility of the dopants at the
interfaces and hence the previously calculated?* overall nominal
solubility as well.

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

Segregation is energetically more favorable for all the Mg—La
codoped surfaces and grain boundaries except for (01.2) grain
boundary in comparison to single doping, as codoping segre-
gation energy plots lie below the average of the single doping
segregation energy plots (Fig. 4). It suggests that there is favor-
able interaction between segregated Mg and La dopants on
interfaces, which may be attributed to the presence of oxygen
vacancies in this case. Due to the creation of oxygen vacancies
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Fig. 4. Representative segregation energy plots for Mg—La codoped (a) surfaces and (b) GB’s. The lines are visual guides only.
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Table 4
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Segregation energy values (AHseg) and corresponding concentration (C; and C;) for Mg-Y codoped surfaces and grain boundaries. C; and C; are the interface
dopant concentrations when 4 and 8 dopant atoms are put on the interface respectively.

C (at./nm?) AHgeq surf (€V) AHgeq B (€V) C> (at./nm?) AHgeg GB (V) AHgeg GB (V)
(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 —-34 —-3.6 11.6043 —-3.15 —3.18
(11.3) 6.8428 —3.06 —3.62 10.2642 —-3.1 -3.2

there is more free space available for the segregation of larger
size dopants and it acts as driving force for segregation. The spe-
cific atomic ordering of the dopants is observed on (01.2) grain
boundary similar to the La—Y case.

2.1.3. Mg-Y codoping

Similar to other codoping combinations, the segregation
energy for single as well as codoping is negative for all the
interfaces. Again segregation toward surfaces for Y-Mg codop-
ing is energetically more favorable than toward grain boundaries
(Table 4). The cosegregation energy increases with increasing
dopant concentration for all calculated surfaces and grain bound-
aries except for (01.2) GB, where it decreases with increasing
concentration as shown in Fig. 5.

Except (11.3) surface and (01.2) grain boundary, segregation
is energetically more favorable for calculated Mg-Y codoped
surfaces and grain boundaries than single doping average as
shown in Fig. 5, and hence there is favorable interaction between
Mg and Y dopants on the interfaces. As mentioned earlier the
favorable interaction in this case might be attributed to the
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additional driving force due to more available space created by
the oxygen vacancies.

2.1.4. Results: summary

For grain boundaries the segregation energies (Tables 2—4)
for the low energy grain boundaries (01.2) and (10.0) are less
negative (La-Y: 1.57-2.9eV; Mg-La: 2.69eV; Mg-Y: 2.68eV)
than for the other grain boundaries (La-Y: 2.98-4.27¢eV;
Mg-La: 4.14-4.27 eV; Mg-Y: 3.18-3.94 eV). This leads to the
homogenization of the grain boundary energies and hence to
the homogenization of the sintered microstructure and a lower
percentage of highly special low X twin boundaries. This has
also been reported in case of Mg doping in our earlier study.’*
However even in undoped alumina the percentage of low energy
¥ twin boundaries is very low?? and a change in the homo-
geneity of the microstructure upon doping is not observed.*33
For surfaces the segregation to low and high-energy surfaces
are similar. The segregation energies for the (00.1) surface is
significantly more negative than for the other surfaces in all the
codoped cases (Tables 2—4). Since the (00.1) surface is one of the
lowest energy surfaces the highly negative segregation energies
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Fig. 5. Representative segregation energy plots for Mg—Y codoped (a) surfaces and (b) GB’s. The lines are visual guides only.
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might be supposed to lead to a very low relative (00.1) surface
energy and hence the domination of equilibrium morphology
by the (00.1) surface (i.e. platelet like morphology).

Segregation energy calculations show that while Mg—La and
Mg-Y codoping combinations are energetically more favorable
in comparison to single doping, La—Y codoping does not have
any significant energetic gain over single doping. Two factors
are likely to contribute to the favorable Mg—Y and Mg-La inter-
actions. The first factor is the creation of oxygen vacancies to
compensate the charge of the Mg dopants on the Al sites. The
presence of oxygen vacancies can be supposed to create more
space for the accommodation of the significantly oversized Y
and La ions. If the presence of oxygen vacancies is responsible
for the energetic gain, sintering in vacuum should increase the
amount of Y and/or La dopants at the interfaces similar to the
addition of Mg because it increases the concentration of oxygen
vacancies.

The second factor is the disparity in ionic sizes of the dopants
(Mg2*: 0.86 A, Y3*: 1.04A, La’*: 1.17A). Harmer et al.?!
showed in their atomistic simulation work that doping with
larger cations can break the unimodal size distribution and cre-
ate several potential substitutional sites with varying sizes, many
larger than the corresponding bulk sites. These sites can prob-
ably easily accommodate the Mg ions, which are relatively
smaller to other dopants. If this is the main reason for the
energy gain, codoping of La or Y with an isovalent dopant with
smaller radius (e.g. Indium (0.94 A) should also be energetically
favorable.

Comparison of the codoping segregation energies for
different codopant combinations shows that the segrega-
tion energy is most negative for Mg—La dopant pairs (i.e.
AHgeg Mg-La < AHgeg, v 10 < AHgeg Me—y) for all the calcu-
lated surfaces and grain boundaries, as shown in Fig. 6.
The difference between Mg—La and Y-La segregation energy
is not very marked, while the cosegregation energy for
Mg-Y is significantly higher. This order is consistent with
the order of segregation energies for single doped (i.e.
AHgeg 10 < AHgeg Mg < AHgeg v). The observed interaction
energies as discussed in the previous sections do not alter the
energetic order of the segregation energies. This is not surprising
as in most cases the observed interaction energies between the
different dopants were small.
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2.2. Interface atomic structure characteristics

Atomistic structures of the codoped surfaces and grain bound-
aries show that the dopants are confined to a very narrow region
at the interfaces for all the dopant combinations and all the
interfaces. Fig. 7 shows illustrative atomistic structures of Y-La
codoped surfaces and grain boundaries at characteristic interface
dopant concentrations as mentioned in Table 2 in the previous
section. Observation of the atomistic structures suggests that
segregation is sensitive to surface and grain boundary structure
as suggested in the recent work where such specific structure
dependence has been termed complexion.3* That is to say clear
differences can be seen in the atomic arrangement of dopants
between for instance the (01.2) and (11.3) surface as well as the
grain boundaries. While dopants form an ordered atomic layer at
the (01.2) interfaces, they are randomly distributed at the (11.3)
interfaces.

The dependence on the underlying interface structure can also
be seen when looking at the packing efficiency. Dopants affect
the packing efficiency of surfaces and grain boundaries differ-
ently depending on the interface and the dopant combination.
The same dopants may improve the atomic packing at some
of the interfaces but create more spaces/voids on other inter-
faces. To confirm the effect of dopants on atomic arrangement
of the interfaces, packing fractions were calculated for single
doped and codoped grain boundaries. Packing fractions were
determined by calculating the ratio of occupied volume of the
grain boundary region (according to the ionic radii of the differ-
ent ions) to the total volume of the considered grain boundary
region. The average packing fraction was determined from all the
calculated codoping configurations at different doping concen-
trations. The calculated packing fraction values (Table 5) show
that the packing fractions vary quite significantly depending on
the nature of the grain boundary as well as the doping com-
binations. Y doped grain boundaries are denser in comparison
to La doped or La-Y codoped grain boundaries. Similarly, Mg
doped grain boundaries have higher packing efficiency than La
doped or Mg—La codoped grain boundaries. However, in case of
Mg-Y codoping, no conclusion can be drawn regarding effect
of codoping on grain boundary packing efficiency since pack-
ing efficiency increases in few cases and decreases in others,
depending on the grain boundaries.
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Fig. 6. Codoping segregation energy comparison for three doping combinations. The lines are visual guides only.
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(100)

(112)

(113)

Fig. 7. Interface structure dependent cosegregation and atomic arrangment of La—Y codoped a-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
surface plane. Oxygen ions are shown in red, aluminum ions in violet, Y in light blue and La in dark blue. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of the article.)

There is no specific pattern formation by the dopants at the
codoped grain boundaries, with the exception of the (01.2) grain
boundary where a pattern is observed for all three codoping com-
binations. As shown in Fig. 8 dopants occupy positions which
form an atomic layer parallel to the grain boundary. Dopants
first exhaust the interface Al sites available before going to

the next sub-surface layers leaving on original alumina atomic
layer intact in between. The absence of pattern formation for the
majority of interfaces studied is in contrast to the formation of
geometric patterns by Y in many of the single doped alumina sur-
faces and grain boundaries at minimum energy concentrations,
observed in earlier simulation studies.? This is also consistent
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Packing fractions of the single and codoped grain boundaries (grain boundary width for packing fraction calculation was taken 10 A for La-Y, La and Y doping,

while 6 A for Mg-Y, Mg-La and Mg doped, 6 A 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
(11.3) 0.58 0.62 0.64 0.60 0.59 0.63 0.68
(22.3) 0.61 0.61 - 0.61 - - 0.58

with the fact that in general upon codoping no minimal energy
configuration is observed, the energies calculated for the differ-
ent configurations for a specific dopant concentration seem to
form a continuous energy band, indicating a higher configura-
tional entropy in the case of codoped than in the case of single
doped interfaces.

In general codoping is observed to produce more ordered and
packed atomistic structures at the interfaces. This effect is most
pronounced when La doped structures are compared to Mg—La
and Y-La codoped structures, due to its higher size mismatch.
For example, as shown in Fig. 9, in comparison to La-doped
(11.1) grain boundary (Fig. 9b), Mg-La and Y-La codoped grain
boundaries (Fig. 9d and f) have more ordered and rigid structure.
The effect is also visible for Mg and Y dopants, but to a lesser
extent.

2.3. Coupling effect

As mentioned in the previous section, there is no energetic
gain for cosegregation over single dopant segregation in case
of Y-La codoped surfaces and grain boundaries. However, an
atomistically preferred arrangement of the dopants is observed
in the case of Y—La codoping. As shown in Fig. 10, dopants of
different species arrange themselves around the oxygen at near-
est neighbor positions. An oxygen ion seems to be more often
coordinated by an Y and a La than by two La or two Y. To con-
firm the atomistic observations coordination numbers (CN) were
determined for different surfaces and grain boundaries from the
atomistic structures of the interfaces at characteristic concentra-
tions for each interface as mentioned in Table 2. Coordination
number for Y-La was found to be higher in comparison to Y-Y
and La—La coordination numbers for all the surfaces and grain
boundaries, (10.1) and (11.1) grain boundaries being the only

exceptions. CN’s for both Y-Y (2.39) and La—La (3.55) are
higher than Y-La (2.17) for (10.1) grain boundary. Similarly,
for (11.1) grain boundary La—La CN (2.39) is higher than Y-La
CN (2.09). For other grain boundaries, the coordination number
for Y-La varies from 1.53 to 2.22, while for Y-Y and La-La
it varies from 0.51 to 1.64 and 0.83 to 1.43, respectively. Simi-
larly the coordination number of Y-La, Y=Y and La—La varies
from 1.81 to 3.01, 1.39 to 2.2 and 0.98 to 1.94, respectively for
codoped surfaces. Higher coordination number for Y-La in com-
parison to Y-Y and La—La for each individual interface shows
the higher probability of Y and La at nearest neighbor position
around oxygen. In an ab initio study, Elsisser and Elsisser!8
also observed a similar specific atomic arrangement of dopants
on rhombohedral twin boundary of alumina when codoped with
bivalent/trivalent dopant ions. They reported that in case of
codoping, dopant pairs prefer to arrange on nearest neighbor
sites parallel to rhombohedral plane, showing a coupling effect.

2.4. Dopant—oxygen coordination number

The dopant—oxygen coordination numbers (CN) have been
calculated for all the codoping cases. The characteristic con-
centrations to calculate dopant—oxygen coordination number
for La—Y codoping were taken from Table 2. For Mg-Y and
Mg-La codoping the concentration corresponding to 8 dopant
ions was considered to calculate the dopant—-O CN. In accor-
dance with the different geometry (i.e. at the surface neighbors
normally found in the bulk are missing whereas at grain bound-
aries only their relative positions will change), coordination
numbers are higher for grain boundaries than for surfaces. The
dopant—oxygen coordination numbers do not vary much from
one codoping combination to another (Table 6). No significant
change in Y-O and Mg-O coordination environment between

Fig. 8. Formation of dopant atomic layer on Y-La codoped (01.2) grain boundary with increasing dopant concentration. Oxygen ions are shown in red, aluminum
ions in violet, Y in light blue and La in dark blue. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the

article.)
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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, (¢) Mg-Y codoped, and
(f) La—Y codoped (concentration =7.74 at./nm?). 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 (A) CN NN (&) CN NN (&)
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 2.33-243 - 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
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single doped and codoped structures is observed. The coordina-
tion numbers as well as the nearest neighbor distance are similar
in single doped and codoped alumina for Mg and Y. However, the
Y-O coordination number seems to be more homogeneous than
single doped alumina across different surfaces. For La—O on the
other hand, the coordination numbers are significantly higher in
codoped alumina in comparison to single doped alumina, which
results in ordered and better packed structure of codoped grain
boundaries in comparison to single doping as shown in Fig. 9.
Observing no favorable interactions earlier in the segregation
energy discussion, it can be said that La—Y codoping effect is a
solid solution effect rather than being an energetic effect. These
packed atomistic structure should strengthen the grain boundary
against creep as also reported by Buban et al. [11]

3. Conclusions

Atomistic arrangements and segregation energies have been
investigated using potential based energy minimization tech-
niques for 9 different surfaces and 8-grain boundaries for La—Y
codoping in alpha alumina. A lower number of surfaces and
grain boundaries were investigated for the Mg-La and Mg-Y
cases due to the higher computational cost caused by the need to
introduce oxygen vacancies to compensate for the difference
in valence of Mg with the host cation Al. Energy of segre-
gation is negative for all the interfaces and for all the single
doping and codoping combinations, which suggests that segre-
gation of dopants is energetically favorable for all larger size
dopant cations. Cosegregation does not have significant gain
energetically over single doping in case of La—Y codoping.
However, Y-Y, La-La and Y-La coordination number calcu-
lations in combination with atomistic structure of dopants show
a preferred atomic arrangement of the dopant atoms (coupling
effect) at the Y-La codoped interfaces. Segregation energy is
more negative for Mg-La and Mg-Y codoping in comparison
to single doping for most of the surfaces and grain boundaries,
which may be attributed to two possible factors: grain bound-
ary space created due to oxygen vacancies and disparity in the
ionic size of the dopants. This observation leads to an interesting
possibility of doping alumina with three different sized cations,
e.g. Mg-La-In or La/Y-In, to further enhance the additional
effects of codoping in alumina. For all the three cases, codoping
results in an increase in the configurational entropy as well as
the ordering of the atomistic structure in comparison to single
doping, which will lead to strengthening of grain boundaries
against creep.

Appendix A. Supplementary data
Supplementary data associated with this article can be

found, in the online version, at doi:10.1016/j.jeurceramsoc.
2012.02.056.
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