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ABSTRACT

The sintering behavior of single Al,O3 particles resting on GdAlOs is characterized using in situ transmission electron microscopy imaging. In bicrystal experiments,
particles with lower Al;03-GdAlO3 phase boundary energies shrink via Ostwald ripening with no evidence of densification that would result from an atomic flux
along the interface. Particles with higher Al;03-GdAlO3 phase boundary energies undergo intermittent rigid body motion associated with an interfacial flux mediated
by interfacial line defects, e.g. disconnections. Long incubation periods elapse between these comparatively rapid rigid body motion events. The interfacial diffusivity
during each event agrees with the magnitude of interfacial diffusion obtained from independent measurements of interfacial diffusivity. The results from the model
experiments suggest that capillarity driven interfacial strain mediation, e.g. densification during sintering, is interface rate limited at the driving forces investigated.

1. Background

Understanding the mechanisms of atomic transport along crystalline
solid-solid interfaces is critical to engineering high temperature mate-
rials and optimizing polycrystalline materials processing. For example,
the rapid development of additive manufacturing enables the produc-
tion of novel sample geometries, but uniform solid-state densification of
crystalline materials can be challenging. Although the phenomenology
for processes such as grain boundary diffusion, grain growth, creep,
sintering, and oxidation are well described [1-5], many features of these
processes remain enigmatic in the context of interpreting the effects of
intensive variables such as temperature, pressure, chemical potential, or
electrical potential [6-8]. For example, the role of common chemical
additives in affecting the densification and grain growth of industrially
important oxides continues to be debated [9-12]. There has similarly
been ongoing controversy about the role of heating rates in affecting
sintering rates and the influence of heating methods on microstructural
evolution, e.g. Joule heating, microwave heating, optical heating, etc [7,
13-18]. When heated rapidly, powder compacts appear to dissipate
more interfacial energy via densification than via coarsening as
compared to those heated slowly [13,19-21]. This fast-firing effect was

originally attributed to the idea that grain growth has a lower activation
energy than densification processes, causing the lower temperature
evolution of the system to be unfavorable for densification [20]. Indeed,
a series of detailed experiments and analyses concluded that low tem-
perature sintering is dominated by non-densifying processes, while
densifying processes are more active at high temperatures [19]. This
work also demonstrated the effect was relevant to early stages of sin-
tering when grain growth is limited, and coarsening occurs primarily via
surface diffusion. Similar effects have been noted in the construction of
master sintering curves, wherein the contributions from coarsening at
low temperatures may make it difficult to fit the low and high temper-
ature data by a single exponential [22]. Experiments have shown that
fast-firing has an additional practical benefit in that the process sup-
presses residual stress evolution under conditions of constrained sin-
tering [13,23]. A mechanism for this effect remains to be defined.
Traditional sintering models such as those developed by Coble [5] and
Kuczynski [24] assume diffusion limited kinetics. As a result, the pri-
mary temperature dependence for early—stage sintering results from the
activation energies for grain boundary diffusion mediated densification
and surface diffusion mediated coarsening, when sintering in regimes
where lattice and vapor phase transport are negligible. High
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temperature surface diffusivities and grain boundary diffusivities,
however, often exhibit activation energies of comparable value. Fig. 1
presents example data from several oxides and metals [25-30]. Under
such circumstances, heating rate should not strongly affect the early
stages of sintering. The heating rate effect on sintering kinetics, never-
theless, appears to be somewhat general to sintering of a broad variety of
materials.

For sintering mediated by vacancy diffusion, densification will result
from a flux of vacancies from the surface to grain boundary sinks [31,
32]. A sufficient vacancy flux can remove a portion of an atomic plane,
an entire atomic plane, or many atomic planes from the grain boundary
and deposit those atoms onto a surface. Classical sintering models tend
to assume that boundaries are ideal infinite point defect sinks [5], i.e.
the process of removing planes of atoms from the boundary occurs
continuously because the rate of sink nucleation is not rate limiting. The
removal of an atomic plane in a reasonably ordered boundary should
occur by the climb of a pre-existing line defect through the interface.
Absent such a defect, one must nucleate an interfacial dislocation to
serve as a vacancy sink that mediates densification. Relaxing the
assumption of the classical sintering models and considering the role of
point defect sources and sinks provides an alternative interpretation of
the heating rate effect. Ashby [32] hypothesized that sintering could be
interface rate limited by the driving force dependence of point defect
emission and absorption at sources and sinks. Later authors have
developed a grain boundary transport-based model for interface rate
limited densification kinetics [33]. However, differences between the
predictions of this model and the diffusion limited model are too small to
differentiate from isothermal sintering of powder compacts. The pro-
cesses are expected to exhibit different apparent activation energies, but
it has generally been challenging to differentiate such models using
activation energy alone [34,35]. It could be argued, in fact, that
experimental data has not definitively distinguished reaction rate
limited and diffusion limited densification kinetics during sintering
despite general acceptance of the diffusion limited model.

Densification following interface rate limited kinetics and coarsening
following diffusion limited kinetics could explain the temperature
dependence of the sintering trajectory that underpins the efficacy of
high heating rate sintering methods. Specifically, it could be anticipated
that the activation energy for nucleating grain boundary vacancy sinks
exceeds that of grain boundary diffusion. Fig. 2a schematically depicts
the temperature dependence of the rates of coarsening and densification
under conditions of diffusion-controlled kinetics and interface rate
limited kinetics. Fig. 2b schematically depicts the driving force
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Fig. 1. Activation energies for grain boundary and surface diffusion observed
in various oxides and metals [1-4]. Note that the activation energy for grain
boundary diffusion is not generally larger than that of surface as would be
required to explain the efficacy of fast firing when interpreted in context of
diffusion limited models. See notes on other measurements of Ni GB diffusion as
a function of purity in Reference [3].
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dependence of the densification rate under interface rate limited kinetics
at two different temperatures. This schematic figure also highlights how
interface rate limited densification kinetics may also help rationalize
why high heating rate sintering methods tend to reduce residual stresses
during constrained sintering [13,23].

A recent series of experiments performed via in situ bicrystalline
Coble creep, zero creep, and sintering in cubic ZrO, characterized grain
boundary and surface diffusivity, surface energy, grain boundary
diffusion mediating point defect formation volumes, the activation
volume for creep, and the sintering mechanism [29,30]. Sintering of a
particle on a substrate was analyzed in context of Coble’s [5] and Kuc-
zynski’s [24] classical sintering kinetics models as well as the sintering
potential and sintering stress [36]. It was found that surface diffusion
mediated coarsening at rates consistent with surface diffusivity. The
densification process occurred intermittently, was associated with
rotation of the particle, and was found to have an activation barrier. The
grain boundary diffusivity calculated from the intermittent densification
events agreed well with those measured from the bicrystal Coble creep
measurements performed on the same samples. However, between these
events no net flux occurred at the grain boundary. It was hypothesized
based on both the sintering and creep experiments that the nucleation of
grain boundary point defect sources or sinks was kinetically limiting and
likely exhibited an energy barrier that could be thermally activated. It
was hypothesized that this activation energy barrier associated with
vacancy sink nucleation is rate limiting for densification.

A primary concern regarding the hypothesis that sintering of ZrOs is
generally interface rate limited, however, relates to an inherent problem
of studying sintering of small particles on substrates. Gibson and co-
workers [37,38] characterized sintering of FCC nanoparticles on sub-
strates, Ag and Cu nanoparticles on Cu, using in situ electron diffraction
and plan-view transmission electron microscopy imaging. They
observed that only a small fraction of the particles rotated, while the
majority exhibited some neck coarsening followed by grain boundary
migration through the smaller particle. The same phenomenon was
encountered in the ZrO, experiments, where the majority of the exper-
iments forming randomly misoriented grain boundaries evolved pri-
marily through grain boundary migration rather than densification and
surface diffusion mediated coarsening [29]. The densification, and
associated particle rotation, was primarily observed at low-angle grain
boundaries and grain boundaries near twin misorientations. As a result,
data related to the sintering of so-called random boundaries was not
accessible and the hypothesis that densification is interface rate limited
is based only on data from so-called special grain boundaries. It is worth
noting at this point that during the early stages of sintering of particle
compacts geometric constraints likely limit the amount of grain
boundary migration that can occur relative to a single particle on a
substrate. This problem has been discussed previously within the liter-
ature [39]. Regardless, it would be useful to gain insights into whether
the densification behavior of arbitrary boundaries tends to follow
diffusion limited or reaction rate limited kinetics.

Measurements of interfacial transport, absent grain growth, may be
made conveniently in immiscible 2-phase systems [38]. The particle on
substrate geometry is convenient to both prepare and analyze. Single
interface Coble creep measurements of interfacial diffusion were
recently performed in the Al,O3-GdAlO3 (GAP) system along with sur-
face diffusivity measurements by capillary smoothing experiments [40].
Those experiments were performed concurrently with the work in this
manuscript, allowing for direct comparison under identical experi-
mental conditions. The current work seeks to analyze densification and
coarsening during sintering of Aly03-GdAlOj3 in particle on substrate
geometries where interphase boundary migration is not active. The
specific goal of this work is to determine whether transport at these
interfaces during sintering follows diffusion limited kinetics or interface
rate limited kinetics.
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Fig. 2. Schematic comparison of (a) stress and (b) temperature dependence of diffusion limited and interface reaction-rate limited kinetics processes.

2. Experimental
2.1. Procedure

Polycrystalline a-Al;03-GdAlOg at the eutectic composition, with the
addition of 10 vol% SiC, was prepared by hot-pressing at 1500 °C for 1 h
at 30 MPa as described in detail elsewhere [41]. A small amount of SiC
was added to facilitate IR absorption. The relatively large SiC particles
were not observed in the area of interest of this work, but will likely
introduce effects associated with silicon and/or carbon doping. These
specimens were prepared by mechanical polishing using diamond media
and then sputter coated with ~ 3-5 nm of Au-Pd to suppress charging.
This material evaporates in the region of laser irradiation but provides a
conductive path to ground. A series of Coble creep experiments were
performed, as discussed in a prior manuscript [40], in a highly modified
200 keV JEOL 2100 TEM equipped with a 20 W 1064 nm laser aligned
colinearly with the electron beam and focused to an approximately 50
um spot. A schematic of the testing Geometry is shown in Fig. S1. Such
creep experiments may be used to generate high curvature asperities and
geometries away from local equilibrium. The relaxation of geometries
away from local equilibrium, which also contain an interface, are the
basis for the in situ sintering behavior analyzed here. Image sequences
are obtained at an average frame rate of ~ 6 frames per second. The
benefit of the approach is that it does not require focused ion beam
milling, it can be used to generate randomly oriented interfaces, and
measurements of diffusion have already been made under identical
experimental conditions. Since the in situ sintering behavior charac-
terized here occurs just after in situ Creep experiments, the entire pro-
cess is observed without thermal cycling. Initial times cited for the
analysis, thus, represent a first isothermal observation. The prior paper
provides additional details related to temperature calibration [40],
which was performed using electron diffraction measurements of lattice
parameter expansion where the data were referenced to the melting
temperature. For comparison, one Al,03-GdAlOs3 eutectic sample, pre-
pared following details found elsewhere [42], was prepared in pillar
geometries using focused ion beam milling (FIB, FEI Helios). Prior work
suggests that the threshold for knock-on electron beam damage in Al,O3
is ~ 300 keV, but electrostatic charging could influence the damage
process, particularly at temperatures where ions are mobile. Experi-
ments were performed at beam current densities on the order of
1 mA cm 2. No apparent electron beam induced reactions or kinetics
were observed in this system during imaging at fluxes of
~100 mA cm 2. Prior in situ measurements of surface and grain
boundary diffusion under the same imaging conditions obtained values
reasonably consistent with those previously reported in the literature.
This is consistent with our expectation of limited electron beam influ-
ence on the process.

Model 2-particle sintering geometries were analyzed, where one
particle was observed to be resting on the sample after the tensile creep
experiment concluded: these experiments were discussed in Ref. [40].

The results are analyzed in the context of the sintering potential, %,
defined as the change in free energy per unit length of densification,
associated with a reduction in surface energy and curvature. This
quantity was first conceptualized in zero creep experiments, by Udin et
al [43]., used to measure surface energies and takes the general form;

T = mry, A @

where r is the radius of the interface, vy, is the surface energy, and A is
a unitless function of the particle geometry and interfacial energies. A
generalized model was derived by Cannon and Carter [36], which ac-
counts for surface curvature and triple junction geometry;

T = mryg(2cosg — kr) (2)

where « is the curvature and ¢ is the turning angle at the triple junction,
which is the angle between the tangent to the surface and the grain
boundary plane. Our particles were not necessarily spherical, due either
to anisotropic surface energy or the kinetic evolution. In this case the
mean curvature was taken as the sum of the radial curvature (assuming a
surface of revolution) and a mean projected curvature defined by the
convex hull and turning angles, following the von-Neumann-Mullins
formula.

K:COS¢+2”*¢1 — ¢,
r S

3)

where ¢ is the convex hull perimeter. To avoid uncertainty associated
with the surface energy values used, the results are discussed in the
context of a reduced sintering potential, defined as X/y;. Similarly, a
reduced sintering stress, os/yg is calculated as the reduced sintering
potential divided by the grain boundary neck area, A = zr?, which is
assumed to be approximately circular. The reader should be aware that
the assumptions about 2-D versus 3-D geometry could introduce errors
in the analysis. This is likely the largest potential source of error. It may
be reasonable to expect the circular neck assumption may be produce an
error that is at most a factor of 5, since GB error would vary linearly with
the under/overestimation of neck thickness. Such an error does not
fundamentally affect any of the conclusions in the manuscript but might
affect the magnitudes of the reported sintering stresses. Measurement of
the dihedral angles is also sensitive to alignment of the interfacial plane
with the electron beam. The calculated value of X, however, is only
weakly dependent on the dihedral angle since the dihedral angle related
terms in Eqs. (2) and (3) mostly cancel one another. This error is,
therefore, anticipated to be small relative to the aforementioned error.

Under diffusion-limited transport along the boundary, the normal
interfacial stress distribution is defined by neck surface boundary con-
ditions of interface radius and curvature, derived by Johnson [44], as
well as Cannon & Carter [36].

~
o) =G (1 ;) 1, @
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where 7 is the radial coordinate along the interface and F, is an applied
force, which is zero for the case of unconstrained particles on a sub-
strate. This can also be written as

-
o) = 5 (F,—2) (1 :) —x1, ©

The rate of sintering dL/dt due to interfacial diffusion under this
condition is
dL  QdD;_, QdD; 8
S = I (F,—% 7
i~ kT ° i e ) )
Where D; is the interfacial diffusivity, & is the diffusion boundary
thickness, Q is the atomic volume, and kT is the thermal energy. This
equation can be inverted to measure interfacial diffusivity from the
geometric evolution of the particle, if the material parameters are
known.

_dL kT

=895 (F,—3) ®

Image analyses were performed using custom Matlab scripts.
3. Results

Two general types of behavior were primarily observed regarding the
structural evolution of Al;O3 particles resting on GdAlO3. Examples of
each are shown in Figs. 3 and 4 and Videos 1 and 2 for experiments
performed at T ~ 1674 °C and T ~ 1628 °C, respectively. In the first
case, Fig. 3, the AlyO3 shrinks continuously with approximately constant
dihedral angles; presumably primarily via Ostwald ripening by surface
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diffusion to neighboring Al;O3 grains. The relatively large dihedral an-
gles, 130-135°, suggest that this AloO3-GAP interface is relatively low
energy. No apparent rotation of the particle is observed. The center of
mass of the particle can move via both the Ostwald ripening and
densification in this unconstrained geometry. The process is continuous,
with no discrete displacement of the particle on short timescales. Based
on prior measurements of interface diffusion under the same experi-
mental conditions, the time necessary to remove a plane of atoms from
the boundary under diffusion limited kinetics in this example should be
on the order of 0.1s. No interface transport mediated processes are
apparent in this data. In other examples, such as shown in supplemen-
tary Fig. S1, GAAlOs nanoparticles resting on the Al;O3 particle surface
serve as reference markers and clearly demonstrate no observable rigid
body motion resulting from interfacial diffusion. It is, thus, concluded
that the interfacial diffusion contribution to the evolution of this particle
is negligible. At the highest temperatures some vapor phase transport
may also be active, since Al,O3 loss from the surface was observed above
T ~ 1628 °C. For example, the equilibrium vapor pressure of AlyO3 at
1600-1700 °C has been cited to be on the order of 10™* to 1 torr [45],
but the evaporation rate is highly sensitive to Hy/H50 ratio. The evap-
oration rate depends on interface kinetics and is challenging to calculate
explicitly. The rate, however, is anticipated to be low on the timescale of
the observation. For example, prior experiments demonstrated the
growth of Al;O3 nanowires under steady-state bicrystal creep over
similar timescales [40]. Those nanowire structures were geometrically
stable against evaporation during growth. The coarsening process,
furthermore, does not affect the prevalence of interfacial diffusion or the
thermodynamic analysis discussed below. Fig. 3 plots the reduced sin-
tering stress as a function of time. The sintering stress decreases slowly
as the Al,Og3 particle shrinks via Ostwald ripening. The value is on the
order of 10° m™, throughout the experiment. If, for example, the sur-
face energy is ~ 1 J m~2 then the stress would be on the order of 10° Pa.

Supplementary material related to this article can be found online at
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Fig. 3. (top) Capillary evolution of Al,O3 asperity in a continuous mode. (bottom) plot of the reduced sintering stress and dihedral angle as a function of time. The
dihedral angle in this case varies weakly in time and the sintering stress gradually decreases. Note that t = 0 represents the beginning of the video sequence analyzed
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Fig. 4. (top) Capillary evolution of Al,O3 asperity at T ~ 1628 °C. (bottom) plot of reduced sintering stress and dihedral angle as a function of time. As the particle
shrinks via Ostwald ripening the neck begins to shrink faster, increasing the sintering stress. The dihedral angles decrease at the same time, suggesting that the
interfacial energy is increasing. At a critical stress the particle undergoes rapid rigid body motion, including rotation, this reduces the sintering stress and is
effectively a densification process. In this case, after rotation the interphase boundary is not parallel to the electron beam and the measurements of dihedral angle
cannot be accurate. It is anticipated that the dihedral angles should increase again as observed in several of the examples shown in the supplementary data.
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In the second case, as shown in Fig. 4, the Al,O3 grain initially
shrinks continuously via Ostwald ripening. Transient increases in sin-
tering stress, however, occur just prior to rapid rotation of the AlyO3
particle. The rotation angles observed for this type of behavior were as
large as = 90° in some cases. The rigid body rotation is taken as evidence
for an interface process mediated by a defect with a Burger’s vector. The
rigid motion of the Al,O3 particle’s center of mass toward the GAP is
indicative of densification. The rotation and densification suggest that
the process is mediated by a combination of interfacial dislocation glide
and climb. At this temperature, the interfacial diffusivity is sufficiently
facile that these events may appear to be discrete on the time scale of the
imaging rate. Based on Eq. (8) a plane of atoms could be removed from
the interface via the climb of an interface dislocation at timescales on the
order of 1073-107! s depending on the interface width at the point of
observation. At an imaging rate of 6 frames per second, these events are,
thus, anticipated to give the appearance of a discrete process, as is
observed experimentally. Fig. 4b plots the measured reduced sintering
stress along with the dihedral angles. On average the relative sintering
stress for the data in Fig. 4b is larger than in Fig. 3b. A maximum sin-
tering stress is reached just prior to rotation and is on the order of 107
m~L. The dihedral angles for this particle are smaller than those
observed in Fig. 3, in this case ~ 75-100°. This dihedral angle decreases
just prior to rotation of the particle, which indicates that the interfacial
energy also increases prior to the event. The total free energy of the
system cannot spontaneously increase, and it is hypothesized that the
interfacial free energy increase is driven by dissipation of surface energy
through the Ostwald ripening process. The increase in interfacial free
energy can drive it over an energy barrier associated with accessing
metastable states, such as the nucleation of an interfacial dislocation.

Several examples of particles evolving in a manner like those in

Figs. 3 and 4 are plotted in the supplementary data, Figs. S2-6. All ob-
servations fall into one of these two distinct types of behavior, where
relatively high energy interfaces undergo transient rigid body motion
associated with overcoming an activation barrier and relatively low
energy barriers shrink via Ostwald ripening with no apparent rigid body
motion. Since the sub-surface topology is not easily visible in the TEM
images, it is reasonable to ask whether particles like those in Fig. 3
shrink via surface diffusion or relax into a neighboring pore. To verify
that Ostwald ripening indeed drives such particle shrinkage, a pillar
geometry was prepared by focused ion beam milling across a relatively
low-energy Al,03-GdAlOj3 eutectic interface. This enables the support-
ing materials to be clearly visible. As shown in Fig. S7, the AlyO3 particle
shrinks via Ostwald ripening and exhibits no rigid body motion.

4. Discussion

Observations of model 2-particle sintering herein, where one particle
is constrained and the other is unconstrained, generally agree with the
hypothesis that the densification rate is not diffusion limited for parti-
cles of radius ~ 100 nm — 1 um, i.e. the range measured here. At lower
energy interfaces, Ostwald ripening occurred with essentially no
densification or rigid rotation. This suggests that surface diffusion is
much more facile even though Al;O3 surface diffusivity and Al;03-GAP
interfacial diffusivity are of similar magnitude at the temperatures
investigated [40]. Thus, the rate limiting kinetic mechanism at the
interface cannot be diffusion under the experimental conditions inves-
tigated here. At relatively high energy interfaces, where grain boundary
transport was intermittently active, with long incubation times lapsing
between events. During each rigid body motion event, the kinetics were
reasonably consistent with the interfacial diffusivity within the con-
straints of the geometric assumptions and the temporal resolution of our
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observations. The large rotation angles observed are hypothesized to
reduce the interfacial energy after rotation. This is observed in several
cases where the interface plane after rotation is still well aligned with
the direction of observation in the TEM. This hypothesis is supported by
an observation of higher dihedral angles and a higher relative sintering
potential after the rotation event, suggesting the formation of a lower
energy interface. The results suggest that nucleation of such defects
occurs more readily at high energy interfaces relative to low energy
interfaces where no such nucleation was observed. The transient in-
crease in interfacial energy, must occur with an overall decrease in the
total Gibbs free energy of the system. Since the only driving force for
reduction in the overall free energy is coarsening, this process likely
provides the driving force for the local increase in the free energy of the
Al;03-GAP interface.

Densification following interface rate limited kinetics will have
important implications on stress evolution during sintering. Stresses
evolved in a diffusion limited densification model can relax continu-
ously. Systems that evolve following interface rate kinetics may inter-
mittently stabilize stresses up to a critical stress associated with
nucleating a strain mediating interfacial vacancy sink. The mechanism
should also influence expectations related to the role of temperature and
heating rate in affecting the sintering trajectory. The magnitude of the
activation barrier for point defect sink nucleation could influence the
relative rates of Ostwald ripening and densification during the early
stages of sintering at different temperatures.

The experimental observations here are qualitatively similar to
recent molecular dynamics simulations of the sintering of 20 nm Ni
particles of grain boundaries of different crystallographic character
[46]. The work equilibrated bicrystal geometries, calculated the asso-
ciated grain boundary diffusivities and energies, and then removed
bounding atoms from the cell to create particles from those
pre-equilibrated interfaces. The high energy interfaces underwent
densification and particle rotation and the highest rate of densification
[46]. The lowest energy boundaries did not exhibit measurable densi-
fication, i.e. on the order of 1 at. plane. All the boundaries underwent
densification at rates considerably slower than predicted by inputting
the calculated diffusivities into the classical sintering models. The
discrepancy was similarly attributed to the mixed mechanisms being
active, e.g. diffusion and defect sink nucleation. Although each particle
rotated suggesting interfacial line defect motion, two thirds of the par-
ticles exhibit densification strain of magnitude less than a lattice Bur-
ger’s vector suggesting little densification, wherein apparent strain
could also result from surface diffusion in the 2 particle configuration
[46]. The driving force associated with nanoparticle sintering is
considerably higher than the experiments herein, and the simulation
timescales are considerably slower. The effects of anisotropy observed in
the simulations, nevertheless, follow the same trend as the current ex-
periments. Namely, high energy interfaces tend to have lower barriers to
the nucleation of densification mediating interfacial line defects and that
the average densification kinetics are considerably slower than antici-
pated from interfacial diffusivity alone due to the kinetic being rate
limited by line defect nucleation.

It is noted that it may be too early to generalize these results too
broadly to a range of systems of different particle sizes and chemistry, or
to later stages of sintering that may exhibit more complex stress states
and more facile grain growth. The recent experimental and computa-
tional results, however, suggest that accounting for interface rate limited
kinetics within the context of sintering could have important implica-
tions both on interpreting the literature and engineering the sintering
process. For example, the results suggest that it may not generally be
prudent to use densification rates as the basis for calculating grain
boundary diffusivity without independent confirmation of the rate
limiting mechanism [5,44]. The effects of sintering additives have
commonly been interpreted in the context of their influence on inter-
facial diffusivities. In context of interface rate limited kinetics, additive
effects could also be interpreted in context of their influence on the
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thermodynamics of interfacial line defect nucleation. The results could
also help explain why shear stresses may enhance densification [47,48],
possibly via the role of shear in promoting vacancy sink line defect
nucleation. The magnitude of the activation energy for the interface rate
limited process might also influence the overall sinterability of differ
types of crystalline materials. Of current technological interest is the
uniform densification of complex structures prepared by additive
manufacturing, especially in context of composite structures sensitive to
differential sintering. The critical stress barrier associated with interface
rate limited kinetics will define the stress below which stress relaxation
is inefficient. This stress and temperature is, thus, expected to strongly
influence residual stress evolution and the uniformity of densification.
Measuring this temperature dependence will be the subject of future
work.

5. Conclusions

This work primarily demonstrated that randomly oriented Al,O3
particles on GdAlO3 evolve either essentially purely through Ostwald
ripening with no apparent contribution from a flux at the solid interface,
or via intermittent rigid body motion that has an associated activation
barrier. The results indicate that, in the regime of driving force studied,
average transport at the interphase boundary follow reaction rate
limited kinetics. The difference in the two types of response is attributed
to lower energy interfaces exhibiting higher interfacial line defect
nucleation activation energies that limits their ability to activate at the
driving forces and temperatures measured. Higher energy interfaces
appear to, on average, exhibit lower activation energies making their
average densification kinetics more facile.
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