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ABSTRACT

Microstructural design of ceramics has generally focused on information gathered at the micro- and macro-scales and related
this to how specific properties could be improved. Ceramic processing serves as the key to optimizes the final microstructure.
However, the advent of nano-scale microstructures and highly advanced characterization tools are forcing us to develop new
knowledge of what is occurring not just at the micro-scale but also at the atomic level. Thus we are now beginning to be able to
address how microstructure is influenced by events at the atomic scale using atomic scale images and data. Theoreticians have
joined us in interpreting the mechanisms involved in the “microstructural” evolution at multiple scales and how this can be used
to enhance specific properties of ceramics. The focus here is on delving into the various layers the “microstructure” in order
understand how atomic-scale events influence the structure and properties of ceramics.
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1. Background

he history of the development of silicon nitride goes

back to at least the 1850, but the advent of the technol-
ogy of silicon nitride ceramics began in the early 1950s.”
This treatise by Petzow and Herrmann provides an exten-
sive summary of the progress in the processing, phase equi-
librium, microstructural development and properties of
silicon nitride based ceramics up to the twenty-first century.
Credit is due to Gunter Petzow and his colleagues not only
for their contributions to our understanding of the behavior
of silicon nitride ceramics, but also for providing an interna-
tional enclave where researchers could jointly conduct
research. This served as an important stimulus to advances
in not just silicon nitride ceramics but in our understanding
of the fundamental processes controlling ceramic micro-
structures and hence, properties.?

The applications of silicon nitride ceramics, as well as pro-
cessing techniques, are as varied as the compositions,
phases, compositions and microstructures involved. In this
paper, we will focus on how the microstructure of self-rein-
forced B-Si;N evolves and the mechanisms that can control
it. Tailoring the microstructure of Si,N, is key to obtaining
new and improved properties and hence new applications
(e.g., ref. 3). Advances in both atomic resolution microscopy
and analytical techniques along with important theoretical
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input have opened up a new view of how microstructures
evolve. Microstructural control no longer is based solely on
micro- and macro-scale phenomena. Much of what we
thought we knew is impacted at what happens at the atomic
scale.” Here we will focus on mechanisms involved in form-
ing self-reinforced microstructures evolve in the presence of
rare earth oxide additives.

Self-reinforced silicon nitride ceramics have been of inter-
est for host of applications ranging from automotive and
turbine engine components to substrates for power circuits.
The development of a self-reinforced microstructure offers
the potential for increased fracture strength and decreased
sensitivity to flaw size (e.g., rapid increase in fracture resis-
tance (R-curve) as a crack grows in size).” The presence of
larger elongated beta grains, which act as reinforcements
similar to that of SiC whiskers in whisker-reinforced ceram-
ics.?

As discussed in ref. 5, three stages of reinforcement are
involved: I. Elastic bridging of the still bonded elongated
grains in the immediate crack tip wake, II. Elastic bridging
of partially debonded elongated grains further behind the
crack tip and finally III. pull-out of debonded elongated
grains, Fig. 1. Stage I has the strongest effect on the rise of
the R-curve with stage II having a smaller effect, Fig. 1. The
region behind the crack tip front where the transition from
purely elastic bridging of fully bonded bridging grains to
that where partially debonded bridging grains exist affects
the slope of the R-curve. But determining the critical crack
size where Region I ends and Region II begins is difficult at
best. This is because the actual microstructure consists of
reinforcing grains which are oriented at various angles to
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Fig. 1. The introduction of elongated c-axis grains in B-Si,N,
ceramics can radically increase in the fracture resis-
tance as a small crack grows. This is known as the
R-curve effect and an initial rapid rise in the frac-
ture resistance with crack extension affects greater
damage resistance to the ceramic. Three regions can
be observed in the self-reinforced ceramic: I-elastic
bridging of bonded reinforcements, Il-elastic bridg-
ing with partially debonded reinforcements and III-
pullout of debonded reinforcements.

the crack plane. Thus, a mixture of fully bond and partial
debond elastic bridging grains exist in the crack tip wake as
soon as the crack begins to grow.

Regardless of the complexity of these transition processes
during crack extension, we need insight into the relative
ease of debonding of the grains interfaces from the adjacent
“amorphous” intergranular film. The method to access grain
debonding evolved out of studies of grain growth of B-Si,N,
grains embedded in SiMe Oxynitrides glasses that contain
dispersed elongated p-Si,N, grains.”

The ease of interfacial debonding is characterized by gen-
erating cracks with hardness indentations placed in the
glass at given distance from B-Si,N, grains. Multiple inden-
tations allow one to generate cracks that intercept grain
interfaces at different angles. The data can then be used to
determine the angle of intercept (®_,) of intercept at which
the crack begins to be deflected along the interface between
the Si,N, grain and the glass matrix, Fig. 2. Decreasing 0,
values are indicative of a stronger interface. Thus, a
decrease O, value results in an increase in the number of
grains that remain bonded to the matrix in the immediate
crack tip wake, see Fig. 2. Note that ©_,, decreases when Lu
replaces La in the SIMgRE oxynitride glass. Note that the
plot in Fig. 2 contains data from ref. 7 plus additional data.”
The fraction of fully bonded elastic bridging grains is
reflected in the term f based on the results in ref. 7. In
SiMgRE oxynitride glasses, the analysis reveals that Lu
promotes the retention of bonded elastically bridging grains
in the immediate crack tip wake as compared to the affects
of La. Thus one could achieve a faster rising R-Curve Lu is
as the rare eart additive.
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Fig. 2. Debonding of the reinforcing grains control the size of
Elastic Bridging I zone. Indentation cracks can be
used to assess resistance to debonding at the inter-
faces.

Aside from room temperature mechanical properties, the
tensile creep behavior of silicon nitride ceramics is domi-
nated by microstructure and the additives employed to den-
sify them. Extensive research was conducted to develop
Si,N, ceramics that were extremely resistant to creep in air
at temperatures similar to those experienced in turbine
engines. Early studies revealed that Mg or Al additives led
to poor creep resistance and that yttria was more promising.
Further exploration of larger rare earth additives, revealed
that the use of Lu,0, as an additive produced a silicon
nitride ceramic with a creep resistance rivaling that of
superalloys.”

Another potential application of silicon nitride requires,
not only good mechanical properties, but also high thermal
conductivity. Early theoretical studies'® indicated that sili-
con nitride could meet the high thermal conductivity; how-
ever, this had not been demonstrated in practice until beta
silicon nitride ceramics were produced using rare earth
additives' or by introducing a high degree of preferred ori-
entation as studies indicate that thermal conductivity is
greatest in <0001> direction.'?

2. “Microstructure” Evolution in Self-Reinforced
B-Silicon Nitride Ceramics

Elongated grains in -Si,N, ceramics are due to the more
rapid growth rate in the c-axis direction as compared to that
perpendicular to the prism planes. The differences are
related to the fact that the “c-axis cap” has a curved/heavily
stepped or facetted surface while the prism planes are
extremely smooth, Fig. 3. As a result, growth in the c-axis
direction is dominated by a fast process that is only limited
by diffusion. On the other hand, growth normal to the
smooth prism plane is limited by a much slower surface
attachment mechanism.
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Fig. 3. Large elongated beta grains characteristically smooth
prismatic surfaces and curved c-axis caps. (Image
courtesy of M. J. Hoffmann, Karlsruhe Institute of
Technology).

2.1. The Impact of Rare Earth Additives on Micro-
structure

Studies of the effect of rare earth additives the microstruc-
tures of B-Si,N, ceramics revealed that the o to B phase
transformation temperature decreases as the rare earth
size decreases.'”'® Thus grain growth will increase as the
size of the rare earth decreases; however, this does not
account for the increased anisotropy of grain growth.'”'®
There is a general trend for the aspect ratio of the elongated
grains increases as the size of the lanthanide and group III
ions increase. There correlations between the anisotropic
grain growth with other factors (e.g., cationic field strength)
have been considered, but these provide no clearer under-
standing of the role of the rare earths.'®

The first real clue came from much earlier analysis of the
distribution of rare earths within clusters of beta Si,N,
grains embedded in SiRE oxynitride glasses.'” These stud-
ies revealed that the concentration of the rare earth within
the beta grain clusters was greater than that in the bulk
glass. Furthermore, the relative difference in the RE con-
centration in between the grain clusters versus the bulk
glass also increased as the rare earth size decreased. Does
this imply that there is a preferred association of the
smaller rare earths within the intergranular space between
beta grains? This would seem to contradict the observations
that the intergranular film thickness increases with
increase in the rare earth ion size.® This would suggest
that there would be space for larger rare earths within the
intergranular films. At this point, all these observations
seem to imply that there is a size effect but it does not
explain how the rare earths regulates the anisotropy of
grain growth.

Basically, one has to consider that we have overlooked
something and that it may be at a level we have not
explored. Fortunately for us, advances in electron micros-
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copy allow us to view atoms and there are some theoreti-
cians who love to determine what atoms are doing, even in
ceramics.

2.2. Mechanisms at the Atomic Level

At this point, one has to seek out the help of theoreticians
who expertise well grounded in materials and microscopists
with the skills and equipment to allow one to observe atomic
structure working together to aid us in deciphering this
dilemma. Fortunately, an international collaboration® of
evolved to study these and similar issues at the turn of this
century.

The approach to understanding the role of the rare earths
involved atomic level characterization of beta silicon nitride
ceramics containing rare earths. Early studies showed that
the rare earths resided at the boundaries of between growth
bands produced by thermal cycling of silicon nitride ceram-
ics.'™ Subsequent atomic level observations via Z-contrast
scanning transmission electron microscopy were conducted on
gas pressure sintered Si,N, ceramics that contained 8 wt.%
RE,O, and 2 wt.% MgO with Lu, Gd and La as the individ-
ual rare earth additivess.?” Here it was revealed that within
the intergranular film, the rare earths adsorbed at nitrogen
site the on the prism plane surfaces of the silicon nitride
grains, e.g., Fig. 4. Moreover, the concentration of rare earth
adsorbed sites on the prism plane surfaces also increased
with increase in rare earth ion size. Additional supporting
observations soon followed.**®

These findings then reveal that the increasing presence of
rare earth elements on the prismatic grain surfaces is a key
to hindering diametrical growth of the grains, which
increases the grain aspect ratio. The remaining question is

Fig. 4. Adsorption of RE atoms at the prism plane surface of
a B-Si,N, grain viewed down the c-axis of the grain
and down the prism plane surface. The predicted
atomic positions (ball and stick model) are consis-
tent with these observations. Position A is the most
stable adsorption site for La, Gd, Lu. Position B is a
stable adsorption site for both Gd and La but is a
metastable site for Lu. Site M is a metastable site for
both Lu and Gd but a stable site for La adsorp-
tion.2"?®

“The NANOAM (Nanometer scale induced nanostructure between amor-
phous layers and crystalline material) program funded by the National Sci-
ence Foundation and the European Community “Growth” Program.
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Fig. 5. The calculated Differential Binding Energies for the Rare Earths reveal that the increase in their preference for nitrogen
over oxygen as compared to that of silicon is a major factor in the observed increase in the anisotropic grain growth with
increase in rare earth size due to the increase in surface adsorption on the prismtic surfaces.

why does this occur? Wherein we turn to the theoreticians
to help us understand what is happening. With such help,
we might have tools that would guide us and reduce the
multiplicity of the efforts it took to get to this point.

The solution involved recognition that the intergranular
film between silicon nitride grains and the connected triple
points contained both nitrogen and oxygen with a high level
of nitrogen at the grain surfaces. Next, one needed to
explore if the rare earths had differing preferences for oxy-
gen versus nitrogen and were the preferences greater or less
than that of silicon for nitrogen versus oxygen. This concept
led to the development of a model based on first-principles
analyses of binding energies of both RE and Si constituents
in different N- and O-based clusters (e.g., in four or six fold
coordination) that simulated the local environment perti-
nent to the interfacial region.?* These then assess which
anion each RE prefers relative to those same preferences of
Si. The resulting calculations are the basis of the Differen-
tial Binding Energy (3; ;) that reveals there is increasing
preference of the rare earths for nitrogen sites on the prism
plane that is also associated with increase in rare earth ion
size. Thus the Differential Binding Energy controls grain
growth anisotropy. It reveals that Lu prefers to be associ-
ated with oxygen more so than nitrogen as compared to Si
and is less likely to be associated with the grain surfaces.
On the other hand, La prefers N more so than Si does and
adsorbs on the prismatic surfaces of the grains. Using these
calculations and other first principle calculations,” one can
show that the anisotropic grain growth in p-Si,N, controlled
by the Differential Binding Energy, Fig. 4. Hence, it is not
the size of the rare earth that dictates the anisotropy of
growth. The 3y, calculations also suggest that Lu has
some preference for migrating to triple point regions and
one does find more evidence for the presence of RESiON-
based phases being present when Lu is used versus Gd or

La. Such theoretical contributions continue to add to our
understanding of atomic level processes and their impact.
The reader is referred to a 2008 review that provides a
starting point to review this topic,” as well as more recent
theoretical studies.**?"

3. Summary

In the past we considered microstructure to consist of
grains, second phases ( e.g, particles, whiskers, precipitates
or regions) and grain boundaries that sometimes contain a
“film”. These grain boundaries and the constituents within
them were known to impact properties (e.g., the role of Mg
or Si in behavior of alumina ceramics). Previously, charac-
terization tools evolved to the point that we could character-
ize micro-structure and image grain boundary regions and
gather chemical information that fed into phase and ther-
mal equilibria and densification studies that provided
insight into how to process ceramics. Combined with studies
of various properties of these ceramics, this provided insight
of how to tailor the micro-structure and composition of a
ceramic to meet the required performance needed for vari-
ous applications. Combined with theoretical explanations of
events controlling sintering, phase equilibria and properties
offer to promote the development of ceramics for new appli-
cations in optical, electronic and structural applications.

But many of these new (and future) applications, now
require us to understand and control mechanisms/processes
at the atomic level. Micro-structure servers as a platform
where atomic-level structures and processes are designed
and manipulated in order to meet the performance require-
ments. This is particularly evident in the case of material
advances in electronic devices that are beginning to come
into service. These advances have been made possible by
advances in the theoretical understanding at the atomic
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level and in our ability to image the atomic structure and
characteristics of these device materials in order to confirm
or revise our understanding of their behavior.

We are now beginning understand that interfaces/interfa-
cial films are critical to our understanding of how micro-
structure can be impacted, as well as the resultant mechan-
ical and thermal properties. In the present study, theoreti-
cal studies revealed that the adsorption of rare earth atoms
on nitrogen sites is affected by the affinity of the RE for
nitrogen versus oxygen as opposed to that of Si, ie., the Dif-
ferential Binding Energy. This advancement and additional
theoretical studies provide important insights and explain
the attachment of the rare earths on the prism plane sur-
faces of the B-Si,N, grains, which influence grain growth. In
addition, debonding of the reinforcing grains during crack
growth increases as the RE adsorption decreases. This
forms a fundamental basis for exploring how additives
influence microstructure including the interfacial character-
istics that control mechanical behavior. It also sheds light
on the reduction of the oxygen content in B-Si,N, grains as
the size of the RE additive decreases. Lutetium’s preference
for oxygen versus that of silicon reduces the oxygen content
of the B-Si,N, grains. The Differential Binding Energy thus
provides a basis for the observed decrease in oxygen content
B-Si,N, grains as the RE size decreases. This decrease in
oxygen levels within B-Si,N, grains has been shown to
result in an increase in thermal conductivity. 'V

One can build upon such studies to rethink how atoms
interact within the microstructure especially at interfaces
during densification and in resultant properties.

We will need to take advantage of the advances in charac-
terization techniques and develop greater interactions with
theoreticians, both those who understand the fundamentals
of thermal and mechanical behavior and those who under-
stand how atoms interact. Not everyone can carry out such
expansive studies, but we all can learn from those who do.
Remember, that behind every micro-structure there are a
bunch of atoms whose behavior is important.
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