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Abstract

Transition element dopants (e.g. Y, La) are commonly used as sintering aids in polycrystalline alumina
ceramics, which segregate to the grain boundaries and control the grain boundary mobility. However,
due to the extremely thin (<2 nm) layer of segregated dopants, the experimental characterization of the
segregated alumina grain boundaries is a complex task. Computational studies have focused only on
tilt grain boundaries, which are only a small fraction in a sintered alumina sample. In this study, a
quantitative characterization of the segregation of Y and La at general high angle grain boundaries in
transparent alumina is carried out using a unique combination of advanced TEM and near coincidence
grain boundary atomistic simulations. The result show that high angle grain boundaries may lead to
enhanced grain growth in comparison to symmetric tilt twin grain boundaries due to the reduced
configuration entropy for dopant segregation and higher order grain boundary complexions. On the
other hand, multi-doping with different dopants was shown to be more beneficial than single doping

due to its contribution in increasing the configurational entropy for segregation. The advanced TEM



analysis showed Y and La distributions and concentrations on a series of general grain boundaries in
very good agreement with the atomistic simulations. This validation of atomistic modelling technique
used in the current study means, since it a generic method, can be used as a predictive tool to design

ceramic microstructure and properties.

1. Introduction

The use of transparent polycrystalline alumina in place of synthetic single crystals of sapphire has
huge commercial promise in areas related to energy (lighting,® and solar energy?*3#), medical
implants,® ceramic armors® and, as highlighted in the use of sapphire in smart phones, as shock
resistant display materials. Recent progress leading to polycrystalline aluminas with real in-line
transmittances (RITs) of >70% has been made using pressure assisted sintering”®° and colloidal
processing.t®! Light transmission properties of the polycrystalline alumina are governed by their
microstructural characteristics, especially defects and grain boundaries. For higher light transmission
in polycrystalline alumina needed for commercial use, grain sizes have to approach the nano regime,
(<200 nm), grain alignment needs to be enhanced and pores >50nm have to be totally eliminated®?.
Currently dopants are used to control the grain size and the porosity,”® the type and quantity of which
are chosen empirically. However to reach transmittances approaching that of sapphire (84%) for a
commercially sustainable material, in-depth investigation of the mechanisms at play in the evolution of
the grain boundaries during processing of the doped powders, which control the microstructure and
hence transparency, is needed.

The majority of the computational segregation studies have been done on the highly symmetrical tilt
grain boundaries of varying complexities to minimize the computational cost,'>!3415 which is
required to simulate non symmetrical, large general grain boundaries. However, the fraction of highly

symmetrical tilt grain boundaries found in the sintered alumina samples is reported to be very small.



Transmission electron microscopy studies of undoped alumina samples by Lartigue and Prister®
showed that grain boundary misorientation is randomly distributed and the fraction of near coincidence
grain boundaries is very low. It was also reported that the microstructure of alumina does not change
significantly due to the Y doping,'’ however Mg doping increases the number of near coincidence
grain boundaries.'® Later these findings were confirmed by statistical determination of grain boundary
misorientation using electron back scattered Kikuchi diffraction (EBKD) by Cho et al.'® The
proportion of coincidence site lattice boundaries was also reported to be very low (1-5%) in this study,
which is small to have any significant effect on the properties of doped alumina. In a more recent study
on transparent polycrystalline alumina, the grain boundary orientation distribution was reported to be
random with no preference for low angle twin grain boundaries.?® However, a preference for the (00.1)
plane was reported in Y and La doped alumina samples.

Although it has been shown in experiments conducted on metal system that the lowest degree of
segregation occurs on the grain boundaries with higher atomic densities,?* there is not enough evidence
to conclude the same in case of alumina ceramics. In addition, the variation in grain boundary volume
versus concentration across different experimental studies can make them difficult to compare with
one another. It has been also suggested that there is no direct relationship between three dimensional
coincidence relationship and grain boundary segregation and the nature of solute and solvent atoms
also needs to be taken into account in addition to the boundary characteristics.?

In the light of these experimental observations of mostly general grain boundaries in doped and
undoped alumina, and the missing direct link between experiments and atomistic modeling, efforts are
required to simulate the realistic general grain boundaries dominating in polycrystalline alumina. It
will also help to understand how far the observations made on simple tilt grain boundaries in the
simulations can be extended to the general grain boundaries in the real alumina samples. The

breakthrough presented here is the validation of atomistic modelling predictions on doped high angle



general grain boundary structures using a combination of analytical transmission electron microscopy
and large angle convergent beam electron diffraction. Instead of usually simple and computationally
cheaper tilt boundaries, the atomistic simulations have been carried out on an experimentally observed
general grain boundary, which allow the prediction of dopant structure at realistic boundaries and the
formation of grain boundary phases (or complexions) that control the sintering and grain growth

behaviour.?®

2. Methods

2.1. Experimental Method

Transparent polycrystalline aluminas with RITs near 50% and grain sizes around 0.95 um were
prepared by Spark Plasma Sintering (SPS) codoped with 225 ppm of Y and La each.” 300 nm thick
alumina TEM lamella were prepared using Zeiss NVision 40 CrossBeam with a focused ion beam
(FIB). FEI Tecnai Osiris microscope operating at 200 kV was used for the microscopy analysis in the
present work. High resolution EDX analysis was performed to quantify the dopant segregation in grain
boundaries. First an individual grain boundary was tilted to be edge on and parallel to the electron
beam. Then, EDX data was collected on that grain boundary with one hour acquisition time for the
whole grain boundary length. Line scans were done normal to the grain boundary plane and quantified
with Esprit 1.9 to give the atomic percentage of elements versus distance from grain boundary.?*
Number atomic density of alumina, and length and thickness of the grain boundary were then used to
calculate the grain boundary concentration of dopant elements in the alumina sample as described in
detail in the supplementary material (S1.1).

Low angle convergent beam electron diffraction (LACBED) analysis was used to identify the grain
boundary orientations. To do so, first the grain boundary was tilted to be edge on and parallel to the

optical axis. Then, a LACBED pattern is acquired showing the grain boundary and both adjacent



grains (figure S3 centre). Afterwards, LACBED patterns were taken from each grain while tilting the
sample to get to a recognizable zone axis (Figure S3 left and right). These patterns from the starting
angle, when the grain boundary is edge on, to the angle where we find a recognizable zone axis are
stitched together and indexed by the JEMS software,?* which is a tool developed at CIME, EPFL for
the simulation of diffraction patterns and high resolution images. Using the first LACBED pattern
from the grain boundary we were able to identify the grain boundary position in the indexed pattern
and find the planes which are almost parallel to the grain boundary in each adjacent grain. Further

details of the LACBED analysis can be found in the supplementary material (S1.2).
2.2. Computational Method

The Born model for solids was used to represent the energy surface of the alumina grain boundaries.
The potential parameters developed by Lewis and Catlow® were used in the present work and the
initial alumina crystal structure was taken from the work of Liu et al.?® These potentials have been
successfully used to predict a-alumina surface behaviour and compare well to ab-initio results for the
>3 (00.1) grain boundary and the X7 (01.2) grain boundary, giving atomic positions within 3% of the
ab-initio results.?’

The general grain boundary simulation cell was created using the near coincidence grain boundary
method as explained in detail in the supplementary material (S2.1). The general grain boundary
between two grains with different miller indices can be considered as 2D hexagonal lattices for
hexagonal systems. Although the crystal structure of alumina is rhombohedral, it can be approximated
with a hexagonal lattice for the purpose of the current work as shown earlier by Sayle et al.?8. A 2D
coincidence site lattice was produced by rotating one lattice with respect to the other lattice about an
axis perpendicular to the grain boundary plane until three lattice sites of the two grains are in common
(c.f. figure S4).

Empirical force field based energy minimization was used to calculate the segregation energy of the
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dopants to the general grain boundary B2 observed in the experiments (table 1). The misfit between
the two grains of the grain boundary was minimized by rotating the planar lattices by 25.28° with
respect to each other. The area of the resultant optimized 2D coincidence site lattice was calculated to
be 5.01 nm?.

High computational cost was the main reason behind doing the calculations on only one grain
boundary. The miller indices of the other two grain boundaries (table 1) are unreasonably large, which
will require larger primitive unit cell of the coincidence site lattice to minimize the misfit of two planar
lattices (S2.1) and hence, will be computationally much more expensive. The simulation cells of these
general grain boundaries contain more than 10000 atoms. The grain boundary region where the atoms
are free to relax contains about 2500 atoms, which makes the energy minimization calculations
computationally very expensive. In addition the dopant calculations were done for several dopant
configurations and concentrations, increasing the number of calculations significantly for one grain
boundary. It is also worth pointing out that we include a representation of the electronic polarization
via the shell model, which further increases the computational cost.

First, the segregation energy of single cation sites was calculated by substituting each grain boundary
Al atom with both the dopants one by one. The following expression was used to calculate the

segregation energy of the dopants,

E(Ny +Ny,)=E(0)= Ny AEuuy = NiaAEuia 1)

AEseg(NV+NLa): (N N )
Y La

AEseg(N) is the energy of segregation in a structure containing N dopant ions, E(N) is the potential
energy of the structure containing N dopant ions, and 4Eipui is the change in the energy when inserting
a dopant ion i in the bulk.

The 20 highest probable single cation sites were chosen and permutated to create the configurations

with higher dopant concentrations. The details of the screening method to find highest probable



configuration are explained in the supplementary material (S2.2) and in earlier work®®. The segregation
energy was calculated for the 30 highest probable configurations for each dopant concentration.
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 the dopants.

3. Results and Discussion

3.1. Grain Boundary Characterization

Figure 1 (a, b) shows an overall view of the 300 nm thick FIB prepared specimen acquired by
Scanning Transmission Electron Microscopy (STEM bright field), clearly revealing the grain
boundaries in a nearly equiaxed microstructure. Energy Dispersive X-ray (EDX) mapping was done on
the La-L, edge and Y-K, edge, on the grain boundaries in the same area (figure 1c, d). EDX maps
show that both the elements segregate together at all the visible grain boundaries, and there is no
indication of selective segregation of the two dopants to specific grain boundaries.

High resolution EDX maps were acquired on 7 relatively straight grain boundaries (6 of them marked
in figure 1a) to quantify the concentration of dopants at the grain boundaries after orienting them edge
on with respect to the electron-beam (S1.1). Figure 2 shows an enlarged view of the grain boundary B6
together with the Y and La line profiles integrated over the total length of the grain boundary. The line
profiles for other 6 grain boundaries are provided in the supplementary material (figure S2). The ~5
nm width of the profile (figure 2d) can be attributed to a slight residual miss tilt of the grain boundary
of about 1°. The average concentration of the Y and La dopants was found to be 2.8+0.4 and 2.3+0.6
atoms/nm? respectively. The low value of standard deviation shows the small variation of the dopant
concentration between grain boundaries, confirming the qualitative observation that the dopants
segregate uniformly to the observed grain boundaries. The nominal bulk concentration corresponding

to the measured grain boundary concentration can be calculated using a simple microstructural model



where the grains are approximated by truncated octahedrons (eq. 7, 8 in ref!*) The calculated
concentration comes out to be 415+85 ppm, which is in very good agreement with the nominal dopant
concentration (450 ppm) of the powders.

Three grain boundaries were then characterized using large angle convergent beam electron diffraction
(LACBED) to calculate their orientation and grain boundary planes (table 1). LACBED can identify
the plane of the grain boundary with a high accuracy (less than 1°) without relying on the precision of
the goniometer as would be the case with selected area diffraction patterns. The three investigated

grain boundaries were all random high angle grain boundaries.
3.2. Segregation Energy Calculations

Grain boundary B2 (table 1) was chosen in the present work for the atomistic modelling of Y and La-
dopant segregation in a Y-La codoped samples for its relative simplicity in comparison to other two
grain boundaries. One of the planes in grain boundary B2 is parallel to (00.1), which was found
preferably in La and Y-doped alumina samples in our earlier EBSD study®. Therefore, it will be
provide further insights into the experimental findings.

3.2.1. Single Dopants

The AE<q for single cation sites in 2 A region on both sides of the grain boundary varies from -3.3 to
15.7 eV/atom for Y and La (Figure 3b). 4Esq is more negative for La in comparison to Y because
there is a stronger driving force for the segregation of La due to the higher bulk elastic strain caused by
larger La ions. However, only ~25% of the sites have negative AFEseg, hence are energetically
favourable for segregation, as can be observed in figure 3b. This is in contrast to the depth profile
observed in the case of simulation of Y or La segregation on tilt grain boundaries, where almost all the
cation sites were found to be energetically favourable for segregation,?’ this indicates a lower
configurational entropy for the case of general grain boundary in comparison to tilt grain boundary. In

an STEM study of a Y13 grain boundary,?® bi-crystal tilt boundary, Shibata et al also showed that the
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Y-atoms selectively occupy only specific atomic sites on the grain boundary, which is in agreement
with our current calculations on a near coincidence grain boundary.

The majority of the energetically favourable cation sites were observed to be on the lower index plane
(00.1) of the grain boundary (figure 3a). This can be attributed to the lower atomic density of the
(00.1) plane providing extra space for larger dopants causing lower structural strain due to the
segregation. Lartigue et al.?>% also reported a reduced segregation on the grain boundaries, whose
plane is parallel to one of the higher atomic density planes in both the grains. It can also be observed
(top panel, figure 3) that Y and La occupy different sites at the grain boundaries, i.e. there are two
different sets of favourable sites for two dopants. Therefore, higher dopant concentration can be
accommodated at the grain boundaries for the case of codoping in comparison to single doping due to
increased number of favourable sites, which leads to enhanced solute drag effect. In addition, the
configurational entropy is also increased in case of codoping due to the higher number of choices
available for the segregation of dopants, thereby making the free energy of segregation more negative.
Therefore, on the one hand configurational entropy of segregation decreases on a general grain
boundary due to the reduced number of energetically favourable cation sites, but on the other hand it
increases for the codoping due to two mutually exclusive sets of cationic sites present for the
segregation of two different dopants.

3.2.2. Codoping

Although only a certain number of cation sites (25%) are energetically favourable for the segregation,
AEseq for all the calculated dopant concentrations and configurations was found to be negative (figure
3b) making segregation energetically favourable. Therefore, the number of favourable grain boundary
cation sites is sufficient to accommodate the dopant ions at the experimentally observed concentrations
(4-5 atoms/nm?).

Figure 4 shows the atomistic structures of Y-La codoped grain boundary at varying dopant



concentrations. Codoping is seen to be energetically favourable and both dopants should be found at
the grain boundary as seen experimentally. i.e. there is no preference for one or other dopant at this
general grain boundary. Distinct grain boundary phases can be observed at different dopant
concentrations (figure 4), which will determine the mobility of the grain boundary. These grain
boundary phases are thermodynamically stable at the grain boundary but do not exist as the bulk
phase, and are also termed as grain boundary complexions.®3? The dopants are adsorbed in a bilayer
complexion at the grain boundary for all the calculated concentrations. This is in contrast to the
simulated tilt grain boundaries, where the dopants segregate in a monolayer complexion at lower
concentrations as seen in a (11.1) Y-La codoped grain boundary (supplementary material S2.3, figure
S6). The higher order bilayer complexion is formed in the general grain boundary at the same dopant
concentrations. In an earlier analytical modelling study®, it was also reported that lower order
complexions exist over shorter concentration ranges on high energy general grain boundaries than
lower energy symmetric tilt grain boundaries, again coherent with our simulations. Therefore
according to the grain boundary complexion theory?, it is expected that the presence of high angle
general grain boundaries will lead to the higher grain boundary mobility and hence enhanced grain

growth in comparison to symmetric tilt grain boundaries.

4. Conclusions

In this study, TEM-EDX analysis of the La-Y codoped polycrystalline transparent alumina sample
showed that the dopants segregate together to the general high angle grain boundaries, identified in the
microstructure characterized using low angle convergent beam electron diffraction (LACBED)
analysis. One of the experimentally observed high angle general grain boundaries was simulated for
the first time using near coincidence grain boundary approach, where segregation of both dopants

together was predicted in line with the experimental observations. Segregation calculations showed

10



that the general high angle grain boundaries behave very differently to the often simulated/studied tilt
grain boundaries: Only a certain fraction of grain boundary cation sites (about %) were found to be
energetically favourable for the segregation and higher order grain boundary complexions were
predicted to be more probable at the general grain boundaries when compared to tilt grain boundaries.
It was also shown that the beneficial effects of codoping over single doping stem from the increased
configuration entropy of the segregation due to the higher number of energetically favourable sites
available for two dopants, the different dopants occupy different sites. The concentration at the grain
boundaries measured experimentally and from the simulation matched very well, validating the
general simulation method.

The current findings suggest that by increasing the fraction of symmetric tilt grain boundaries and by
using multiple dopants (codoping or triple-doping) better grain growth reduction and hence, higher
transparency in polycrystalline alumina can be achieved. The power of the analytical TEM and
electron diffraction approach combined with atomistic scale simulation has given deep insight into
general doped grain boundary behaviour in alumina, but the approach is generic and can be applied to
other ceramic systems. This type of knowledge can lead us towards atomistically engineered grain
boundaries and enhanced ceramic and device properties, in particular by defining concentrations that

produce specific grain boundary phases (or complexions) and hence their behaviour.
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Table 1. Grain boundary misorientation angles and grain boundary planes determined using the Large

Angle Convergent Beam Electron Diffraction method for Y, La codoped sintered alumina.

GB? # Misorientation ~ GB Planes

B1 55° (41.2) || (01.1)
B2 46° (00.1) || (01.3)
B3 148° (00.1) || (11.5)

& GB: grain boundary.
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List of Figures

2um

Fig.1 General view of the sintered alumina specimen with marked grain boundaries. (a) STEM bright

filed image. (b) Enlarged view (of box in a), (c) La and (d) Y EDX maps for the enlarged view.
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Fig.2 Chemical analysis of a grain boundary B6. (a) STEM - bright field image, (b) La and (c) Y high
resolution EDX maps integrated over 60 minutes. (d) Y and La concentration across the grain
boundary (at 0 um) averaged over the whole length of the grain boundary for the doped sintered

alumina.
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Fig.3 Segregation energies for Y and La dopants. (a) Energetically favourable cation sites for Y

(green) and La (light blue) segregation at the alumina general grain boundary. (b) Segregation energy

of the single cation sites as a function of distance from the grain boundary. (c) Codoping segregation

energies for different configurations as a function of total dopant concentration (La+Y).
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(06.1)

(01.3)

Fig.4 Atomistic structure of codoped grain boundary with increasing dopant concentration. Dopants
are accommodated in bilayer complexion even at lower dopant concentrations. (a) 0.8 at./nm?, (b) 1.6

at./nm?, (c) 2.4 at./nm? and (d) 3.2 at./nm2. All the atomistic structures are seen parallel to the grain

boundary plane. (Y: green, La: light blue, Al: pink, O: red)
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