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Abstract
Cation doping of Y2O3 is an established approach for tailoring densification and 
grain growth during sintering. However, the segregation of doped cations to the 
grain boundary and their impact on processing are still not completely understood. 
Segregation can be driven by electrostatic effects due to charge mismatch with the 
host lattice or elastic effects induced by ion size mismatch. While segregation is 
caused by thermodynamics, it impacts diffusion and the kinetics of grain bounda-
ries during densification and microstructure evolution. In this study, we utilize two 
isovalent dopants (La3+ and Gd3+), that is we focus on the elastic component of 
segregation. We investigate the densification as well as the grain growth kinetics of 
both doped and undoped Y2O3 during field- assisted sintering/spark plasma sintering 
(FAST/SPS). While Gd3+ is showing no significant effect on densification, La3+ re-
sulted in a strongly reduced sintering activity. Furthermore, the analysis of the grain 
growth behavior during sintering and on predensified samples revealed a decrease in 
the grain growth coefficient, with La3+ having the strongest impact. The structure and 
chemistry at the grain boundary were observed by aberration- corrected TEM. While 
no structural change was caused by doping, the chemical analysis showed a strong 
segregation of La3+ to the grain boundary, which could not be observed for Gd3+. 
The results indicate that segregated La3+ causes a drastic decrease in grain boundary 
migration rates through solute drag as well as much slower sintering kinetics, likely 
caused by a decrease in the grain boundary self- diffusion due to segregation. This 
study further underlines the importance of the elastic contribution to cation segrega-
tion and establishes a clear relationship to grain growth and sintering kinetics, which 
are both decreased by segregation.
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1 |  INTRODUCTION

The segregation of alloy species to grain boundaries is well 
known from metals and well investigated due to its potential 
for the stabilization of nanocrystalline microstructures.1– 3 
For ceramics, segregation is known since a long time but not 
well investigated due to the higher complexity. While seg-
regation in metals is purely driven by elastic effects due to 
a size mismatch of the species with respect to the host lat-
tice, electrostatic effects become important in ceramics as 
caused by the charge mismatch of dopants.4,5 Adjacent to the 
grain boundary core with segregated dopants, space charge 
may form compensating the charge of the boundary core.6– 8 
Accordingly, our knowledge on segregation in ceramics is 
mostly limited to a few model systems. For zirconia, segre-
gation of Y3+ and other dopants can dominate microstructure 
evolution and oxygen conductivity.9– 12 These studies also 
investigated the elastic and electrostatic contributions to seg-
regation. For Al2O3 and Si3 N4, segregation and formation of 
nanometer- sized amorphous layers at grain boundaries were 
studied in detail.13,14 Especially Al2O3 revealed a pronounced 
segregation of doped Y and La leading to lower densification 
rates and grain growth kinetics.15

This study focusses on segregation in yttria, which is 
an important material for harsh environments as, for exam-
ple, in plasma etching devices for semiconductor process-
ing.16– 18 Sintering yttria to high density generally requires 
very high temperatures (up to 2000°C) for several hours.19,20 
To lower sintering temperatures, doping is commonly used. 
Particularly, transparent Y2O3 ceramics can only be achieved 
by a combination of doping and applied mechanical pres-
sure.21– 23 As such, yttria is a well- suited model system for 
detailed analysis of segregation and its impact on microstruc-
ture evolution.

Several authors established cation doping in Y2O3 as 
a strategy to improve sintering and microstructure evolu-
tion. Various divalent (CaO, MgO, and SrO 24,25), trivalent 
(La2O3

20), and tetravalent cations (TiO2, SiO2, CeO2, ThO2, 
and ZrO2

26– 28) were initially investigated to realize improved 
processing properties. These early studies indicate the two 
main strategies for promoting the densification of Y2O3: (I) 
Generating a drag force on grain boundary migration by in-
cluding tetravalent (Th4+, Zr4+) or trivalent (La3+) cations. 
The drag force is either caused by the dopant segregation 
along the grain boundaries (solute drag) or by the occurrence 
of a transient solid second phase at very high temperatures 
resulting in Zener pinning. (II) Improving the densification 
behavior by including divalent cations (Ca2+, Mg2+, Sr2+) 
or selected tetravalent cations (Ti4+)— The cations generate 
an increased defect concentration which eases diffusion and 
densification.

The first comprehensive analysis of the influence of dop-
ing on the grain growth behavior in yttria was conducted by 

Chen and Chen.29,30 Based on the assumption that cation 
diffusivity is the controlling mechanism for grain bound-
ary mobility in the Y2O3 system, it was concluded that the 
grain boundary mobility is accelerated by acceptor dopants 
(divalent cations) and is inhibited by donor dopants (tetrava-
lent, pentavalent cations).31 Additionally, cations with a large 
size mismatch (Ti4+, Nb5+) showed a positive effect on grain 
boundary mobility, which could not be attributed to defect 
chemical effects. The positive influence of trivalent dopants 
(La3+, Gd3+, Sc3+, Yb3+) could not be associated with defect 
chemistry as well and was therefore linked to lattice distor-
tions induced by differences of ionic radii29 In these works, 
authors did not come to a final conclusion on the influence 
of trivalent dopants on the grain boundary mobility. This pro-
found understanding of grain boundary mobility control by 
adding suitable dopants enabled exact microstructure control 
and facilitated the two- step sintering method. Based on this 
method, almost complete densification of Y2O3 without grain 
growth in the final stage of sintering was demonstrated.32,33

The first comprehensive study on the influence of doping 
on the sinterability of Y2O3 was conducted by Kodo et al.34 
This work focused on co- doping of Y2O3 with 1Ni/1Er and 
1Mn/1Er (in wt. %), which allowed a strong reduction of the 
sintering temperature from 1600 to 1300°C while maintain-
ing high relative densities. Further systematic studies inves-
tigated the influence of cations with different valency on the 
densification, considering divalent35 and trivalent as well as 
tetravalent cations.36 As some cations tend to segregate along 
the grain boundaries, local changes in the oxygen vacancy 
concentration (for divalent cations) as well as lattice distor-
tions and changes in the ionicity of the oxygen anion are dis-
cussed to induce the observed doping effects.28,29

Despite intense research into the advantage of cation dop-
ing to produce highly dense Y2O3, an application of FAST/
SPS for consolidation of doped Y2O3 is rarely discussed. 
Yoshida investigated Y2O3 doped with 1  mol.% Zn2+,22 
which enabled the use of very low sintering temperatures 
(870– 900°C) at high uniaxial pressures (up to 170  MPa). 
Furuse et al. investigated the influence of 1 to 50 mol.% Yb3+ 
doping into Y2O3 during FAST/SPS processing leading to 
highly dense laser ceramics.23

Particularly for plasma etching applications, yttria ce-
ramics show major advantages due to their high resistance 
to harsh environments. Due to the lowered plasma resis-
tance induced by residual porosity, high relative densities 
are required for these applications.18,37,38 Although sev-
eral dopants, which can improve the final relative density, 
have been reported in previous studies, severe restrictions 
regarding permissible elements in the semiconductor in-
dustry prevent an application of doped Y2O3 to date. Most 
of the highly effective dopants, including transition metal 
cations like Ni2+ and Zn2+, are not allowed due to their 
incompatibility with the plasma chemistry. Nevertheless, 
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exceptions can be made for doping with rare earth metal 
ions from the lanthanide group, which are classified to 
be uncritical at low concentrations for an application in 
plasma etching processes.

This study aims on investigating the impact of segregation 
on sintering and grain growth in yttria. Segregation engineer-
ing is used to reveal the impact of the elastic contributions to 
segregation. Two different dopants with no charge mismatch 
(i.e., isovalent) were used. One of them (Gd3+) has almost no 
size mismatch with respect to Y3+, while the other (La3+) is 
significantly larger. Both dopants are stable against a valency 
changes (unlike Eu3+ 21). Sintering kinetics during FAST/
SPS were analyzed. Gd3+ doping (no size mismatch) did not 
change sintering significantly, while La3+ doping (with size 
mismatch) resulted in strongly reduced sintering kinetics. A 
detailed grain growth study of presintered samples allowed 
extracting grain growth coefficients and revealed much 
slower grain growth kinetics for La doping. The structure and 
chemistry were observed by aberration- corrected TEM. The 
structure of the grain boundaries was not changed by doping 
and was highly ordered for all compositions. However, the 
chemical analysis shows a strong segregation of La3+ to the 
grain boundaries, while no segregation was visible for Gd3+ 
doping. This agrees well with the expectations, as only La3+ 
has a significant size mismatch with the host lattice.

From the results, it is evident that segregated La3+ causes 
a drastic decrease in grain boundary migration rates, that is 
solute drag. Beyond solute drag, sintering is impacted by 
segregation as well: much slower sintering kinetics were ob-
served for La3+ doping. This is likely caused by a decrease 
in the grain boundary self- diffusion due to cation segrega-
tion, which is well- known for metals39. Furthermore, in the 
case of doped samples, the formation of nanopores on grain 
boundaries caused by processing- related effects is discussed 
as another possible reason for retarding grain growth.

2 |  EXPERIMENTAL PROCEDURE

Throughout this study, high- purity Y2O3 powder (99.99% 
purity, KDL Resources) was used as a starting material and 
the nitrate salts La(NO3)3 * 6 H2O (99.99% purity, Sigma 
Aldrich) and Gd(NO3)3 * 6 H2O (99.99% purity, Sigma 
Aldrich) were applied as dopant sources. Y2O3 powers 
were doped with 1 mol% La3+ and 1 mol% Gd3+. Therefore, 

powders were prepared by ball milling the starting powder 
together with the respective nitrate in ethanol for 24 h adding 
TZP balls. After milling, the powders were dried in a fur-
nace for 24 h at 80°C and afterward heated in air for 2 h at 
600°C. As a reference, undoped Y2O3 powder was processed 
using the same procedure to achieve comparable powder 
properties. Before sintering, all powders were sieved through 
a 100- µm mesh to remove large agglomerates. The median 
agglomerate size d50 of all powders was between 2.0 ± 0.1 
and 2.4 ± 0.1 µm, while the primary particle size was esti-
mated by transmission electron microscopy (TEM) to be in 
the range of 60 ± 17 nm. The elemental composition after 
powder processing was measured using inductively cou-
pled plasma mass spectrometry (ICP- MS, Agilent 7900) and 
is displayed in Table 1. All powders have a low amount of 
chemical impurities, especially for critical elements that have 
been shown to influence the densification and grain growth 
behavior.29,36

All sintering experiments were performed in a FAST/SPS 
device (SPS- 1050, Fuji Electronic Industrial Co., Ltd.) using 
a graphite tool with Ø 20 mm diameter. The die was capsuled 
by graphite felt to reduce thermal radiation from the die sur-
faces. Graphite sheets were used to separate the powder sam-
ple from the pressing tools. Furthermore, the sheets improve 
the heat transfer and ease the removal of the sample from 
the die. All sintering cycles were done using a uniaxial pres-
sure of 50 MPa, a heating rate of 100 K/min. Furthermore, 
the FAST/SPS chamber was evacuated to <0.5 mbar during 
the whole cycle. The sintering temperature was controlled by 
using a radial pyrometer focused on the outer surface of the 
die through a hole in the graphite felt. Two kinds of sinter-
ing experiments were conducted to investigate the densifica-
tion behavior as well as grain growth during the FAST/SPS 
processing: (I) The densification behavior was investigated 
by varying the sintering temperature from 1100 to 1400°C 
in 50°C steps, while keeping the heating rate (100 K/min), 
dwell time (10 min), and applied pressure (50 MPa) constant. 
(II) The grain growth behavior during FAST/SPS was inves-
tigated at a sintering temperature of 1400°C by varying the 
dwell time between 0, 30, 60, and 120 min. All other sinter-
ing parameters were kept constant.

After removal from the pressing tool, graphite sheet resi-
dues were removed by a thermal treatment at 900°C for 2 h in 
air. To investigate the densification behavior (I), the density 
of all samples was measured by the Archimedes method in 

T A B L E  1  Elemental composition of the prepared powders measured by ICP- MS

Mg2+ Sr2+ Zn2+ Ni2+ Al3+ Ga3+ La3+ Gd3+ Ti4+ Zr4+ Si4+ Nb5+

Y2O3 0.62 0.053 0.97 <0.2 1.1 0.036 <8 <10 0.21 12.1 <40 <0.004

1LaY2O3 0.87 0.076 1.12 <0.2 1.1 0.11 9150 <10 0.17 8.8 <50 <0.005

1GdY2O3 2.12 0.094 2.36 <0.2 2.11 <0.3 17 13600 0.37 7.3 <40 <0.004

Note: All values are displayed in mg/kg.
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deionized water and the relative density was calculated using 
5.03 g/cm3 as the theoretical density of Y2O3.

40

All cross- sections of samples were metallographically 
ground and afterward polished to obtain a mirror- like surface 
and thermally etched for 1 h at 1100°C in air to reveal the 
grain structure. The microstructure was investigated by scan-
ning electron microscopy (SEM, Zeiss Cross Beam XB540). 
For consistency, investigation was done on a fixed position 
in the cross- section of samples, which was close to the posi-
tion of the pyrometer. The grain size was analyzed using the 
average linear intercept method. For determining the average 
grain size, at least 250 grains were considered and a correc-
tion factor of 1.6 was used.41

Additional to sintering experiments in the field- assisted 
sintering device, grain growth studies were conducted in air to 
determine the grain boundary mobility for doped and undoped 
Y2O3. Therefore, samples, which were densified by FAST/SPS 
at 1400°C to density >99.5%, were thermally treated in a muf-
fle furnace for 10 h at temperature of 1400, 1500, and 1600°C.

In order to determine the grain boundary mobility, the 
general equation for grain growth was applied.42

with

where G and G0 are the average grain size at the time t and 
t0, respectively, n is the grain growth exponent, and K is a 
temperature- dependent growth factor including a geometrical 
factor α, the grain boundary energy γgb, and the grain boundary 
mobility Mgb. As in the literature,43 the growth coefficient was 
assumed to be n = 2 as expected for grain boundary migration 
controlled by the interface reaction.42,44

High- angle annular dark- field (STEM- HAADF) imaging 
and STEM- EDX were performed on TEM lamellas which 
were prepared and thinned by focused ion beam (FIB, FEI 
STRATA FIB 205). The lamellas were selected from FAST/
SPS- processed samples from the same position where the grain 
size measurements were performed to allow a comparison be-
tween grain growth kinetics and the grain boundary structure. 
All STEM investigations were performed using an aberration- 
corrected transmission electron microscope (FEI Titan G2 80- 
200 ChemiSTEM) to investigate the grain boundary structure 
and the chemical composition at the atomic scale.

3 |  RESULTS AND DISCUSSION

3.1 | Densification behavior

The densification behavior of doped and undoped Y2O3 
powders was characterized in terms of the development of 

relative density and grain size with increasing sintering tem-
peratures from 1100 to 1400°C. Figure 1 displays the relative 
density as a function of the sintering temperature measured 
by the Archimedes method. The graph enables to draw two 
conclusions:

 I Up to 1300°C, doping with 1 mol% La3+ shows an im-
peding effect on the densification. The densification 
curve shifted by roughly 100 K to higher temperatures 
for achieving comparable relative densities to undoped 
Y2O3. At higher temperatures (1350 and 1400°C), the 
impeding effect of La3+ became negligible. The imped-
ing influence of La3+ on the densification of Y2O3 was 
already discussed by Yoshida et al.36 They correlated the 
retarded densification with the ionic bonding strength 
formed around the dopant.

 II In contrast to La3+, Gd3+ doping did not have any mea-
surable influence on the densification behavior despite 
having comparable physical and chemical properties to 
La3+ with respect to valence and energy of the valence 
electron orbitals.36 As discussed by Langer et al., for 
submicron- sized alumina powders, the rate- controlling 
densification mechanism active during FAST/SPS con-
solidation with comparable processing parameters (heat-
ing rate from 10 to 150 K/min, uniaxial pressure from 15 
to 50 MPa) is grain boundary diffusion.45,46 Provided that 
this also applies to Y2O3, our results suggest a different 
influence of La and Gd doping on the grain boundary dif-
fusion during densification by FAST/SPS: As discussed 
below, this is likely caused by a different segregation 
behavior.

(1)Gn
− Gn

0
= Kt,

(2)K = 2��gbMgb,

F I G U R E  1  Development of relative density as a function of 
the sintering temperature during FAST/SPS. Dwell time (10 min) 
and applied pressure (50 MPa) were kept constant for all samples. 
Lines are added to guide the eye [Color figure can be viewed at 
wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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This assumption is confirmed by the development of 
average grain sizes as a function of temperature (Figure 2) 
and relative density (Figure 3). Both dopants retarded grain 
coarsening during early stage sintering leading to smaller 
grain sizes throughout the whole investigated temperature 
range. With respect to retarded grain growth, La3+ cations 
had a larger impact compared to Gd3+ cations. Additionally, 
grain growth during densification was gradually decreased 
with increasing sintering temperature. Again, doping with 
La3+ displayed the stronger effect.

To conclude this section, the development of grain size as 
a function of relative density (Figure 3) reveals two overlap-
ping effects observable during the densification of La3+-  and 
Gd3+- doped Y2O3. Both dopants lead to a specific reduction 
of grain growth during densification, while doping with Gd3+ 
does not influence the densification compared to undoped 
Y2O3 (see Figure 1). In contrast, doping with La3+ also leads 
to a retarded densification, which hints on a change of grain 
boundary diffusion mechanism as specific characteristic of 
La3+ doping. The comparison of sintering trajectories for 
La3+-  and Gd3+- doped Y2O3 (Figure 3) reveals similar grain 
coarsening behavior during densification, an effect which is 
obviously decoupled from the lower sintering activity in the 
case of La3+ doping.

3.2 | Grain growth kinetics

For better understanding how rare earth doping impacts grain 
boundary mobility, isothermal grain growth studies were 
conducted in the FAST/SPS device at 1400°C. Therefore, 

samples were sintered to almost full density by FAST/SPS 
and the dwell time was varied between 0 and 120 min. Figure 
4 shows the development of the average grain size depend-
ing on dwell time. In these experiments, both dopants show 
a drag effect onto the grain boundary migration leading to 
a retarded grain growth. Comparable to the densification 
in Section 3.1, the effect was much stronger for La3+ dop-
ing compared to Gd3+ doping. As discussed later in detail, 

F I G U R E  2  Development of the average grain size as a function 
of the sintering temperature during FAST/SPS. Dwell time (10 min) 
and applied pressure (50 MPa) were kept constant for all samples. 
Lines are added to guide the eye [Color figure can be viewed at 
wileyonlinelibrary.com]

F I G U R E  3  Sintering trajectory displaying the average grain size 
development as a function of the relative density during FAST/SPS. 
Dwell time (10 min) and applied pressure (50 MPa) were kept constant 
for all data points. Lines are added to guide the eye [Color figure can 
be viewed at wileyonlinelibrary.com]

F I G U R E  4  Development of the average grain size as a function 
of dwell time at 1400°C in the FAST/SPS device under a uniaxial 
pressure of 50 MPa. Doping with La3+ and Gd3+ caused a gradual 
decrease in grain growth with La3+ having the larger drag effect [Color 
figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
www.wileyonlinelibrary.com
www.wileyonlinelibrary.com
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these results indicate that Y2O3 doped with rare earth cations 
experiences solute drag on grain boundary motion. Several 
TEM studies on Y2O3- based materials showed a segregation 
of doping elements in the vicinity of grain boundaries, which 
is an important detail to understand their influence on grain 
boundary motion during isothermal treatments at elevated 
temperatures. EDX measurements with TEM showed that 
dopants (Al3+, Ni2+, Zn2+) in conventionally sintered Y2O3 
segregate to the core of the grain boundary where they influ-
ence densification and grain boundary motion.

To further quantify the solute drag effect induced by La3+ 
doping, heat treatments in a muffle furnace at 1400, 1500, 
and 1600°C were conducted to measure the grain boundary 
mobility of undoped Y2O3 and Y2O3 doped with 1 mol. % 
La3+ in air. Figure 5 shows the grain boundary mobility ob-
tained from Equation (2) and the measured mean grain sizes 
as Arrhenius plot. In the investigated temperature range, 
La3+- doped Y2O3 showed a lower grain boundary mobility 
in comparison to undoped Y2O3. Again, this result indicates 
a solute drag effect, which is expected to be caused by cation 
segregation at the grain boundaries. The activation energy 
was derived from the slope of the linear fit in Figure 5. The 
activation energy for pure Y2O3 is comparable to other stud-
ies investigating FAST/SPS sintering of Y2O3.

47,48 However, 
activation energy values determined on conventionally sin-
tered Y2O3 samples were reported to be in the range between 
340 and 399 kJ/mol,29,49 which might be caused by a different 
atmosphere, for example without carbon. In Figure 5, the in-
troduction of La3+ cations leads to an increase in the activa-
tion energy. This is likely connected to dopant segregation to 

the grain boundary and the resulting solute drag, which adds 
an additional temperature- dependent mechanism to the grain 
boundary migration.

Figure 6 shows SEM images of the microstructure of 
undoped and La3+- doped Y2O3 after FAST/SPS sintering 
at 1400°C (Figure 6A,C) and after thermal treatment in a 
muffle furnace in air at 1500°C for 10 h. Before the heat 
treatment, both samples displayed a similar fine- grained 
homogeneous microstructure although being processed 
with different dwell times for balancing the different rate of 
grain growth during densification (see Figure 3). After the 
annealing step at 1500°C in air, microstructure of undoped 
Y2O3 (Figure 6B) shows some coarsening. In compari-
son, La- doped Y2O3 led to a fine- grained microstructure 
(Figure 6D).

Additional to finer grain sizes, La3+- doped Y2O3 dis-
plays an increased amount of intergranular porosity (Figure 
6D) while undoped Y2O3 exhibits a noticeable amount of 
intragranular porosity (Figure 6B). Decreased grain bound-
ary mobility during dwell time, which is induced by a solute 
drag effect of La3+ doping, inhibited the pore detachment 
from the grain boundaries. Pinning of pores to the grain 
boundaries can be crucial to facilitate the removal of re-
sidual porosity during the final stage of sintering. While 
completely eliminating intragranular pores by lattice diffu-
sion is mostly not possible due to slow diffusion kinetics, 
the removal of intergranular pores through grain boundary 
diffusion is still possible in the final stage of sintering. By 
tuning the sintering parameters in an accurate way, this 
effect can be advantageously used to eliminate residual 
porosity to an absolute minimum. It is expected that this 
strategy can foster further improvement in the resistance 
of Y2O3- based ceramics against erosion in harsh plasma 
environments.18,37,38 Furthermore, this effect is attractive 
for producing transparent Y2O3 ceramics using FAST/
SPS given that elimination of residual porosity is directly 
coupled to a reduced light scattering on microstructure 
defects.50

3.3 | Grain boundary 
structure and chemistry

For a thorough understanding of the effect of La3+ and Gd3+ 
doping on the sintering and coarsening behavior of Y2O3 dur-
ing FAST/SPS, the characterization of structure and chemis-
try at the grain boundary are crucial. Therefore, STEM and 
STEM- EDS investigations of the grain boundaries in pure 
Y2O3, 1 mol% LaY2O3, and 1 mol% GdY2O3 (all sintered by 
FAST/SPS at 1400°C, 50  MPa, 120  min) were conducted. 
The HAADF images in Figure 7 display an overview of rep-
resentative grain boundaries for all three compositions. The 
interface in pure Y2O3 shows no visible impurities, secondary 

F I G U R E  5  Arrhenius plot for showing the grain growth factor K 
as a function of the inverse annealing temperature. All samples were 
almost fully densified by FAST/SPS before conducting the thermal 
treatment in air. The grain growth factor was calculated using Equation 
(1) with n = 2. The activation energy for grain growth is derived from 
the slope of the linear fit and shown next to the graph [Color figure can 
be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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phases, or defects (Figure 7A). Compared to pure Y2O3, both 
doped compositions exhibit dark areas located at the grain 
boundary. Compositions containing 1  mol% La3+ show a 
higher number of dark domains along the grain boundary 
compared to 1 mol% Gd3+ Y2O3 in Figure 8B,C. Due to the 
highly localized investigation during STEM, a profound con-
clusion on the number of nanodomains is difficult to draw. 
Nevertheless, pure Y2O3 samples did not show any second-
ary features at the grain boundary.

To further understand the structural and chemical change, 
an in- depth investigation of the grain boundaries was con-
ducted. STEM investigations with atomic resolution were 
applied to reveal the interface structure and composition in 
pure and rare earth- doped Y2O3. Figure 8 shows the grain 
boundary structure and chemical composition of pure Y2O3. 
The HAADF image in Figure 8A displays a clean grain 
boundary with no structural defects or intergranular films 
present. Additional EDS elemental mappings at the atomic 
scale (Figure 8B,C) confirm the chemical and structural pu-
rity of the grain boundaries in FAST/SPS- sintered Y2O3. The 
EDS intensity of Y and O is dependent on the orientation 
of the crystallographic planes, leading to slight differences 
between the adjacent grains. This orientation effect is more 

pronounced for heavier atoms as Y, La, and Gd (Figures 8B,C 
and 9B,D) in comparison to O.

Additionally, FAST/SPS- sintered 1  mol% La3+ and 
1  mol% Gd3+- doped Y2O3 were investigated in the same 
manner to compare the influence of doping on the grain 
boundary structure and chemistry. The HAADF imaging and 
EDS mapping results of rare earth- doped Y2O3 are summa-
rized in Figure 9. Equally to the interfaces in pure Y2O3, the 
rare earth- doped compounds exhibit no secondary phases or 
intergranular films at the grain boundary. Nevertheless, both 
micrographs display characteristic dark areas which were 
already observed in Figure 7B,C. A comparison between 
the dark areas visible in both micrographs and their corre-
sponding EDX mappings reveals low elemental intensities 
for yttrium, oxygen as well as the corresponding dopant, 
which implies the presence of a nano- sized pores at the grain 
boundaries. This nanoporosity is located predominantly at 
the grain boundaries and the pores are arranged along the 
interface, which might lead to additional drag forces on the 
grain boundary movement during grain growth.

Furthermore, EDS mapping of the grain boundary in 
La3+- doped Y2O3 reveals a clear segregation of the dopant 
species to the grain boundary (Figure 9B). This segregation 

F I G U R E  6  SEM images of the 
microstructure of (A) Y2O3 sintered at 
1400°C for 30 min using 50 MPa uniaxial 
pressure (GS: 0.61 µm ± 0.06 µm), (B) 
Y2O3 after thermal annealing at 1500°C for 
10 h in air (GS: 1.22 µm ± 0.28 µm), (C) 
Y2O3 doped with 1 mol.% La3+ sintered at 
1400°C for 60 min using 50 MPa uniaxial 
pressure (GS: s0.57 µm ± 0.07 µm), (D) 
Y2O3 doped with 1 mol.% La3+ after thermal 
annealing at 1500°C for 10 h in air (GS: 
0.75 µm ± 0.11). All micrographs were 
taken at same position of sample cross- 
section

(A) (B)

(C) (D)

F I G U R E  7  HAADF overview images 
of the microstructure at the grain boundary 
of (A) Y2O3, (B) 1 mol% LaY2O3, and (C) 
1 mol% GdY2O3 sintered by FAST/SPS 
(1400°C, 100 K/min, 50 MPa, 120 min)

(A) (B) (C)
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is comparable to several studies which showed a segregation 
of low amounts of different cations (Mn2+, Ni2+,34 Zn2+,35 
Al3+ 36) to the grain boundary in Y2O3. The direct com-
parison of the dopant distribution of Gd3+ and La3+- doped 
Y2O3 further highlights the different solution behavior of 
Gd3+ cations in the Y2O3 lattice. No segregation of Gd3+ 
cations to the grain boundary can be observed in the EDS 
mapping in Figure 9D. These differences in the segregation 
behavior of the investigated dopants seem to be the main 
influence which leads to the differing densification behav-
ior during FAST/SPS sintering (Figure 1). A homogeneous 
distribution of cations in the Y2O3 lattice as for Gd3+ dop-
ing seems to have no measurable influence onto the densi-
fication and therefore leads to a sintering behavior that is 
comparable to pure Y2O3, while La3+ dopant segregation 
decelerates the densification process. Similar observation 
could be made for line scans, which reveal the pronounced 
segregation of La atoms and a homogeneous distribution of 
Gd (Figure 9E,F).

3.4 | Impact of segregation on sintering and 
grain growth

The segregation of dopants in ceramics is driven by a de-
crease in Gibbs free energy.51 There are electrostatic and 
elastic contributions to this driving force for segregation 
stemming from a charge and size mismatch of the dopant 
with respect to the host lattice site.4,5,8,24,52,53 While also 

important for aliovalent dopants, the size mismatch is the 
major factor for the segregation of isovalent dopants.3,54 This 
behavior was observed by several studies on dopant segre-
gation in TZP ceramics.10– 12 Similar results were found for 
Y2O3 by Yoshida et al., who showed a segregation of cations 
having a large ionic radii mismatch (divalent: Ni2+, Mn2+, 
Zn2+ and trivalent: Al3+, Ge3+)35,36 on grain boundaries and 
homogeneous distribution of dopants with almost the same 
radius inside the bulk (Er3+).34

Here, we use two different isovalent dopants with different 
size mismatch. The cation sizes of dopants used in this study 
are 0.093, 0.094, and 0.106 nm for Y3+, Gd3+, and La3+, re-
spectively. Due to the very small size mismatch, Gd3+ does 
not segregate to the grain boundaries and shows a very high 
solubility in Y2O3 (100% substitution possible55). In contrast, 
the large size mismatch of La3+ results in a low solubility in 
the host lattice (7 mol%56) and strong segregation to the grain 
boundaries. This different segregation behavior of La3+ and 
Gd3+ impacts both sintering and grain growth.

During grain growth, the La3+ segregation causes sol-
ute drag resulting in less grain growth then in undoped and 
Gd3+- doped yttria.57,58 This is very similar to zirconia: Ce4+ 
(isovalent, low size mismatch) does not segregate and results 
in coarse microstructures, while Y3+ (aliovalent, large size 
mismatch) results in solute drag and fine- grained micro-
structures.10– 12,59 Similar effects were observed for Al2O3,

15 
SrTiO3,

60 and BaTiO3.
61 For the present experiments, addi-

tional retarding effects on grain boundary migration arise 
from pore drag as discussed later.

F I G U R E  8  Microstructure and chemical composition at the grain boundary of FAST/SPS- sintered pure Y2O3. (A) HAADF image showing a 
defect- free grain boundary, (B) STEM- EDX overview mapping, and (C) STEM- EDX detail [Color figure can be viewed at wileyonlinelibrary.com]

(A) (B) (C)

www.wileyonlinelibrary.com
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For sintering, the impact of dopant segregation is more 
complex. The lower sintering activity of La3+- doped yttria 
is likely caused by a decrease in grain boundary diffusion. 
In the metal community, it is well known that impurity 
segregation can decrease the grain boundary self- diffusion 
drastically.39,62– 65 The same effect was observed for alu-
mina, where Mg2+ segregation results in slower diffusion 
and higher creep resistance.66,67 For SrTiO3, Fe segregation 
was shown to decrease the sintering activity as well,60 and 
the same was found for Y segregation in zirconia.59 For yt-
tria, Yoshida et al. documented a different impact of isova-
lent dopants on sintering: smaller dopants (compared to the 
host lattice site) increased the sintering rate, while larger 
dopants decreased it (Figure 2 in Ref. [36]). While not for 
all dopants, the segregation behavior was investigated, the 
findings agree well with the present dataset and the overall 

picture of the literature. Overall, all these observations 
draw a consistent picture— a segregation of large isovalent 
dopants decreases the grain boundary diffusion and, hence, 
the sintering rates.

The reason for this relationship is not clear. Possibly, 
large, segregated ions at grain boundaries result in less open 
space available for diffusion. Another possibility is a change 
of the bonding structure at the grain boundary, where stron-
ger bonds increase the thermal activation needed for diffu-
sion.36 Note that this is consistent with the higher activation 
energy for grain growth as evident in Figure 5. In any case, 
it can be concluded that grain boundary segregation of La 
has two consequences for microstructure evolution in yttria. 
First, the grain boundary migration is decreased by solute 
drag. Second, sintering rates are reduced by a decreased grain 
boundary diffusion.

F I G U R E  9  Microstructure and 
chemical composition at the grain 
boundaries of 1 mol% LaY2O3 and 1 mol% 
GdY2O3 FAST/SPS- sintered at 1400°C, 
120 min under 50 MPa. (A) HAADF image 
showing a grain boundary in 1LaY2O3. 
(B) STEM- EDX mapping displaying the 
elemental distribution in 1LaY2O3. (C) 
HAADF image showing a grain boundary 
in 1GdY2O3. (D) STEM- EDX mapping 
displaying the elemental distribution in 
1GdY2O3. (E) EDS line scan taken from 
the HAADF image in (B) highlighting La 
segregation at the grain boundary. (F) EDS 
line scan taken from the HAADF image in 
(D) highlighting even Gd distribution across 
the grain boundary [Color figure can be 
viewed at wileyonlinelibrary.com]

(A) (B)

(C) (D)

(E) (F)

www.wileyonlinelibrary.com
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In addition to solute drag, the presence of nano- sized pores 
seaming the grain boundaries might induce additional drag 
forces onto grain boundary motion which lead to the observed 
behavior in Section 3.2. Despite the high driving force for fur-
ther shrinkage pores of this size exhibit, long dwell times at 
high temperatures seem not remove these features. Therefore, 
additional to HAADF imaging, EDS spectra of the nanoporos-
ity and the adjacent host lattice were compared, and no impurity 
phases could be detected, and the interfacial porosity revealed 
the lowest EDS intensity (detailed analysis in Figure S3). The 
formation of nanopores is most likely caused by the specific 
processing conditions used in this study. Even if the exact or-
igin of nanoporosity is difficult to determine, three possibili-
ties exist to our understanding. Nanopores might be caused 
by entrapped carbon oxides formed from carbon depositions 
on the grain boundaries. Such residuals might be induced by 
carbon evaporation from graphite tools/graphite paper during 
the fast heating in the early stages of sintering. Also, residu-
als from the doping process, which are expected to be mainly 
located on grain boundaries, might act in a similar way. This 
assumption is supported by the lack of interfacial porosity in the 
case of pure Y2O3. Finally, gas entrapment from the chamber 
atmosphere might be another reason, but application of mild 
vacuum (<0.5 mbar) during FAST/SPS makes the effect the 
least likely. In all three cases, the low diffusion rate through the 
lattice prevents gas removal from the closed porosity and leads 
to a stabilization against further pore shrinkage. As sintering 
for the different compositions in this study is slightly differ-
ent, the amount of carbon evaporating into the sample likely 
is different, yielding in a different number of nanopores docu-
mented in Figure 7. This phenomenon has been described for 
several ceramic material systems like Al2O3,

68,69 ZrO2,
68 and 

MgAl2O4
70,71 during hot pressing and FAST/SPS densification. 

The hereby generated nanoporosity is under high internal pres-
sures which can have a detrimental effect on the mechanical 
properties.

The grain boundary porosity generated during sinter-
ing of doped Y2O3 induces an additional drag force on the 
grain boundary mobility (pore drag72– 74). This further re-
duces grain boundary kinetics which can be observed during 
grain growth in FAST/SPS (Figure 4) and mobility measure-
ments in air (Figure 5). The presence of nanoporosity and 
the dopant- specific segregation behavior discovered by HR- 
STEM investigations may lead to the stepwise retardation of 
grain growth during densification (Figure 2) and isothermal 
grain growth (Figure 4) described in Section 3.1 with La3+ 
doping showing the strongest drag effect due to a combined 
effect of pore and grain boundary segregation drag.

The grain boundary mobility of pure Y2O3 and 1LaY2O3 
determined in this study is summarized and compared to 
literature data in Figure 10 (adapted and edited from Ref. 
[43]). The measured kinetic data fit in the range of mo-
bility data that have been found and discussed in various 

studies.29,31,35,43,75,76 Several observations can be derived 
from the comparison to literature: The kinetic data reported 
by Duran et al. show a very high grain boundary mobility at 
low temperatures which could be connected to an undefined 
amount of impurities in the investigated powders.75

Nevertheless, the reported values for the grain boundary 
mobility of high- purity Y2O3 in air are the highest upon all 
other reported values. Furthermore, the grain boundary mo-
bility of 1 mol% La3+- doped Y2O3 shows an opposite behav-
ior compared to the study of Chen and Chen.29 They observed 
a positive influence of trivalent cation (especially La3+) dop-
ing on the mobility of Y2O3 in air. Despite showing compa-
rable values to Chen and Chen's work, the grain boundary 
mobility of 1  mol% La3+ doped Y2O3 investigated in our 
study displays lower values compared to the corresponding 
pure Y2O3. This opposite behavior could be induced by the 
formation of nanoporosity at the grain boundaries due to the 
specific processing conditions used in our study. In contrast 
to the present work, Chen and Chen synthesized doped Y2O3 
powders directly from nitrate precursors leading to a more ho-
mogenous dopant distribution which is not the case in nitrate 
precursor- coated powders. Overall, the high mobility values 
observed in the present study could be caused by the high 
relative density of investigated samples after FAST/SPS and 
the low amount of impurities in the starting powder (Table 1).

4 |  SUMMARY AND CONCLUSIONS

The impact of segregation on sintering and grain growth was 
investigated in yttria. The focus was on segregation driven 

F I G U R E  1 0  Grain boundary mobility dependent on the inverse 
annealing temperature determined in this work in comparison to 
literature data.29,31,35,43,75,76 All samples were fully densified by 
FAST/SPS before conducting the thermal treatment in air. The grain 
boundary mobility was calculated using Equation (2) [Color figure can 
be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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by elastic effects, that is the size mismatch of dopants. In 
this light, sintering and grain growth kinetics of trivalent rare 
earth (La3+, Gd3+)- doped Y2O3 were investigated using sin-
tering trajectories and grain growth experiments. Sintering 
was done by FAST/SPS.

During densification, two major effects were observed. 
First, doping with both cations lead to reduced grain coars-
ening during densification. Second, up to a temperature of 
1300°C, doping with La3+ strongly retarded the densifica-
tion of Y2O3 requiring an approximately 100°C higher sin-
tering temperature to achieve the same density compared 
to undoped Y2O3. This effect is connected to the different 
segregation behavior of La3+ and Gd3+ in the Y2O3 poly-
crystal. STEM- EDX investigations revealed a strong seg-
regation of La3+ to the grain boundary, which is caused by 
the size mismatch of La3+ on the Y3+ site. Gd3+ does not 
segregate, as the size mismatch is only minor, and the grain 
boundary structures were not changed by doping of either 
La3+ or Gd3+. The low sintering rates of La- doped yttria 
are likely a consequence of segregation. The segregation 
seems to cause a decreasing grain boundary self- diffusion 
coefficient, possibly due to a change of the grain boundary 
structure or bonding state. This effect is known for other 
ceramics and metals.

Grain growth kinetics were studied for undoped and La3+/
Gd3+- doped Y2O3 during FAST/SPS at constant temperature 
(1400°C) and varying dwell times (30– 120 min) as well as 
in separate annealing experiments at varying temperatures 
(1400– 1600°C) at constant dwell time (10 h) in air. Doping 
Y2O3 with 1 mol% Gd3+ and La3+ reduced the grain growth 
rates. This effect was much more pronounced for La dop-
ing. This can be explained by a solute drag effect induced 
by dopant segregation at the grain boundaries of La3+- doped 
Y2O3 and the formation of nanoporosity located at the grain 
boundaries in both compounds.

The presence of nanoporosity at the grain boundaries was 
observed for both Gd3+-  and La3+- doped yttria (not for un-
doped yttria). Three possible reasons of nanoporosity forma-
tion are discussed. There might be a carbon uptake during 
processing, which originates from the tool setup, for example 
through evaporation. If carbon residues inside the powder 
compact evaporate during later stage of the sintering, this 
might cause the formation of thermodynamically unfavorable 
grain boundary pores. Secondly, residuals from the doping 
process might act in a similar way. As third reason, due to 
relatively fast densification, gas species from the surrounding 
atmosphere might be entrapped in the sample. Due to con-
ducting the FAST/SPS cycles in mild vacuum (<0.5 mbar), 
the last reason is quite unlikely. The nanoporosity results in 
an additional drag force on the grain boundary motion reduc-
ing the grain growth rates for both dopants. Accordingly, the 
grain growth rates in yttria decrease slightly for Gd3+ doping 
and strongly for La3+ doping, as in the latter case, solute drag 

and pore drag are both active, while Gd3+ doping only results 
in pore drag due to a lack of Gd3+ segregation.

The superposition of several effects makes it challeng-
ing to draw final conclusions on the main mechanism of 
retarding grain growth especially during the early stages of 
sintering. Nevertheless, we believe that our results are of 
more general (and practical) interest for processing yttria 
ceramics fulfilling the challenging requirements of semi-
conductor industry. Therefore, our findings can be used to 
tailor microstructure evolution in yttria. While undoped 
Y2O3 showed preferentially intragranular pores, doping of 
Y2O3 with La3+ reliably avoided the detachment of pores 
from the grain boundaries by the reduced grain boundary 
mobility, which enables to eliminate pores until the end of 
the final sintering stage reducing the porosity to a mini-
mum. Such doped Y2O3- based ceramics have a high poten-
tial for application in the semiconductor industry due to the 
increased chemo- physical stability in contact with erosive 
plasma environments. In this context, Gd3+ and La3+ are 
attractive candidates for doping since they are classified as 
uncritical elements with respect to contamination during 
the plasma treatment.
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