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Atomic-scale observation of the grain-boundary structure of Yb-doped
and heat-treated silicon nitride ceramics
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The effect of secondary sintering additives and/or a post-sintering heat treatment on the
semicrystalline atomic structure of the intergranular phase in silicon nitride ceramics is investigated.
Three different Yb-doped SisN, ceramic compositions are examined using a scanning transmission
electron microscope, whereby the intergranular atomic structure is directly imaged with Angstrom
resolution. The resulting high-resolution images show that the atomic arrangement of the Yb takes
very periodic positions along the interface between the intergranular phase and the matrix grains,
and that a postsintering 1250 °C heat treatment, as well as a change of the secondary sintering
additives (Al,O3 vs SiO,), does not alter the atomic positions of Yb. This result has implications for
the understanding of how the mechanical properties of ceramics are influenced by the presence of
the nanoscale intergranular phase, and for associated computational modeling of its precise role and

atomic structure. [DOI: 10.1063/1.2789390]

The variety of sintering additives for silicon nitride ce-
ramics is relatively large, with many explored extensively
over the last few decades. A group of additives that is of
particular interest are the rare-earth oxides (RE,O3), because
of their beneficial effect on microstructure development and
resulting mechanical behavior.'™ The properties of these ad-
vanced ceramics are controlled primarily by the very thin
grain boundaries (~1 nm in thickness), which surround ev-
ery SisN, grain, their atomic structure and chemical compo-
sition being critical parameters.lo’13 Although chemical com-
position at such atomic scales can now be readily assessed
using a variety of analytical methods including energy dis-
persive sg)ectroscopy and electron energy loss spectroscopy
(EELS),1 16 Jittle is known about the atomic structure of
these thin intergranular films (IGFs).

At the macroscopic level, it is well documented that a
variation in the type and composition of the rare-earth sin-
tering additives results in different mechanical properties
of SizN, ceramics at both room and elevated
temperatures.4’6’9’17720 Mechanistically, the fracture process
at room temperature depends on the critical flaw size/shape
and the IGF, the first to allow crack initiation and the latter to
control crack propagation. The IGFs strength is controlled by
its chemical composition and its presence dictates whether a
more transgranular or a more intergranular fracture mode
ensues. However, it is also known that postsintering heat
treatments can affect the macroscopic mechanical properties
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significantly by slightly changing the chemical composition
of the IGF at the local level via diffusion and relocation of

atoms and possibly by a concomitant structural
transformation,” therefore affecting the chemical bonding
stre:ngth.4’9‘21"24

Previous studies in a similar material showed that
postsintering heat treatment could cause a reduction (by
~15%) in strength.9 adding Al,O5 increased the bending
strength by ~6%, whereas combining Al,O; with CaO
caused it to decrease by ~9%.°

Recently, high-resolution electron-microscopy investiga-
tions into the grain-boundary structure of RE,O;-doped
SizN, ceramics have focused on examining these atomic
structures.” > Results have shown how the positioning of
the atoms along the interface indicates a very periodic
structure, depending on atom size and electronic
conﬁguration.zs’28

However, one pertinent question that remains is how this
atomic scale information relates to macroscopic behavior, in
particular the mechanical properties of the ceramic material.
Specific unanswered questions that remain are (i) whether it
is just the different atomic positions of the rare-earth ions
and their bonding characteristics that affect the atomic bond-
ing along the IGF and the consequent mechanical response,
and (ii) the role of the surrounding structural network of
silicon, nitrogen, and oxygen atoms. Undoubtedly, differing
ionic structures will influence the oxygen and nitrogen incor-
poration and bonding along the IGF. Nevertheless, one par-
ticular question that arises is whether the rare-earth atom
attachment to the interface changes after heat treatment. A
further issue is that since these rare-earth oxides are usually
combined with smaller quantities of other oxides, e.g.,
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Al,O3, Si0,, MgO, and CaO, to form a sintering additive
mixture, how do the secondary additives affect the rare-earth
atom positioning, the resulting bonding characteristics and
consequently the mechanical properties.

The focus of this investigation is to employ ultrahigh-
resolution electron microscopy techniques to examine struc-
tural differences at the atomic level in the thin grain bound-
aries, specifically to address two questions: (i) how do the
IGFs change after heat treatment, and (ii) how does an addi-
tional sintering additive affect rare-earth attachment.

Silicon nitride samples were fabricated via a two-step
gas-pressure-sintering technique, ensuring a high-purity ma-
terial. The rare-earth oxide additive used for the material
examined in this study is Yb,O;. A total of three samples
were investigated. The first material composition (hereafter
sample 1) was prepared with 5 vol % Yb,03+0.5 vol %
A1203.10 Sample 2 had the same nominal composition but
after densification it was heat treated at 1250 °C under
0.1 MPa N, for 12 h.'? Sample 3 was the second material
composition and was prepared with 6.1 vol % Yb,O; and
6.7 vol % Si0,, for a 1:2 molar ratio.’ After densification it
was heat treated at 1400 °C under 1.4 MPa N, for 24 h.
Although prepared with different compositions, the resulting
microstructures of all three samples resemble those of nu-
merous other SisN, microstructures, i.e., they exhibit elon-
gated matrix grains of sizes between 0.4 and 4 um with
aspect ratios of ~8-10. The grains were surrounded by the
grain-boundary phase, including the commonly formed ytter-
bium disilicate phase at the grain triple junctions and the thin
intergranular film that is of interest in this investigation. Al-
though there were three different processing conditions,
EELS analysis was performed only on the two different com-
positions; the purpose here was only to confirm the presence
of Al in samples 1 and 2. The much more essential scanning
transmission electron microscopy (STEM) investigations
were conducted on all three conditions. All samples were
prepared via the standard transmission electron microscopy
(TEM) sample preparation techniques, namely, grinding,
dimpling, and ion-beam milling.

Experimental EELS and high-resolution Z-contrast im-
ages were obtained employing STEM (FEI Tecnai F20
STEM), operating at similar imaging and spectroscopy set-
tings as in previous studies. >

High-resolution STEM images (raw and unfiltered),
shown in Fig. 1, depict the atomic interface between a SizNy,
matrix grain, oriented along the low-index zone axis [0001],
and the vitreous intergranular phase. Figure 2 presents the
supporting compositional EELS analysis. Multiple spectra
were acquired for each sample composition; however, for
simplicity reasons only two spectra (called specl and spec2)
of each sample (1 and 3) are shown in Fig. 2. A direct com-
parison of the background subtracted, energy-loss spectra
clearly demonstrates that the interface in the Yb,03+Al,03
sample (1) contains Al, while the Yb,0;+SiO, sample (3)
does not. The Al-L,; edge is located at 73 eV while the
Si-L, 5 edge is at 99 eV. After background subtraction in
both spectra of samples 1 and 3, the Si-L,; edge can be
identified (all spectra are normalized to the Si-L,; peak);
however, the Al edge can only be detected in the spectrum of
the Yb,05+ Al,O5 sample (1). The Si signal is strong in both
materials because the entire Si;N, matrix contains Si and
influences the EELS analysis. Nevertheless, Al is only pre-

dominantl gresent along the grain boundaries as it usually
Downloade
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FIG. 1. (Color) High-resolution STEM images depicting the interface be-
tween Si3N, matrix and the intergranular phase. The Yb atoms, visible here
as bright spots due to enhanced electron scattering, are located periodically
along the interface at distinct atomic positions A, B, and C.

does not substitute for Si in the SizN, matrix phase.

The spatial resolution in the STEM is 1.4 A, and as such
the individual close atomic positions of Si—N cannot be fully
resolved. However, from previous studies using phase-
reconstruction microscopy techniques, it is well known that
the observed hexagonal ring structures represent the typical
SizN, atomic structure.”’*%*! The Z contrast in the STEM
images (Fig. 1) allows direct identification of the Yb atoms
within the thin intergranular phase. Ytterbium is a relatively
heavy element (Z=70) and thus it scatters the incoming elec-
trons in the microscope more strongly than silicon or nitro-
gen atoms. Hence, the atomic positions of Yb become visible
in the STEM image as bright spots along the interface. Note
that the positions of these bright spots do not coincide with
any atomic position of the SizN, crystal structure (even if it
were to be theoretically extended into the grain-boundary
phase). Yb atoms do not substitute for Si;N, host atoms in
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FIG. 2. EELS analysis spectra clearly revealing the presence of Al in the
grain boundaries in Yb,0;+Al,0; sample 1 along the intergranular phase,
which is not present in Yb,0;+SiO, sample 3: The characteristic Al-L,
peak is at 73 eV.
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their atomic positions nor do they reside on interstitial sites
in the SizN, crystal structure. Yb atoms, as well as other
elements, segregate to the intergranular phase where they can
be identified chemically by EELS.??"% As a result, the
bright spots in the STEM image represent a distinctly differ-
ent atomic structure with a periodic arrangement of Yb at-
oms. The Yb atoms bond in atom-pair configuration, A and B
(see Fig. 1), which is a characteristic feature of the heavier,
but smaller lanthanide elements (Z> ZSm).25 The atom-pair
axis is oriented parallel to the prismatic plane; however, it
cannot be determined to what degree the axis is also parallel
to the image plane. Nevertheless, observing how close the
bright spots are and considering the atomic size of these
elements, it follows that the atom-pair axes must be inclined
and are seen in projection. The average atom-pair separation
(in projection) of Yb can be determined to 1.46+0.05 A
(Yb,03+ALO; sample 1), 1.47+0.04 A (heat-treated
Yb,05+Al,05 sample 2), and 1.45+0.05 A (Yb,05+SiO,
sample 3). These atom separations were each determined by
averaging over approximately 30 atomic distance of interest.
Upon close examination of the STEM images though, one
can recognize occasional pair splitting, i.e., some atom pairs
appear to be separated more than others. This appears to
occur in all three samples examined. Furthermore, one can
discern additional bright spots at position C (see Fig. 1). This
position is closest to position A but further away from the
Si3N, matrix grain interface, perpendicular to the A-B atom-
pair axis, i.e., extending the semicrystalline atomic structure
of Yb atoms and reaching into the grain-boundary phase.

The most important finding of this STEM investigation
is that in all three samples, the atom positions of the Yb
atoms do not change within the margin of experimental error
(0.05 A) and are independent of the secondary sintering ad-
ditives and thermal history. This finding is of paramount im-
portance as it demonstrates that the primary sintering ele-
ments, often lanthanides, cannot be solely responsible for
changes in fracture behavior of the ceramic material. Their
atomic positions do not change as one would expect when
these elements are allowed to diffuse and/or relocate to en-
ergetically more favorable atomic positions along the grain
boundaries during heat treatment. Surprisingly, they also
seem not to change when a completely different secondary
sintering aid element is added (here Al,03). The constancy
of the Yb atomic positions is a strong indicator that some-
thing else, e.g., possibly the secondary sintering aid elements
and/or the nitrogen to oxygen ratio, must be of equal or
higher importance for the changes in mechanical properties
following heat treatment or differences in the secondary sin-
tering aid elements. A change in the Yb-surrounding grain-
boundary chemistry would be expected to also alter the
atomic positions of the Yb atoms relative to the Si;N, matrix
structure, especially since the valence and bonding character-
istics change. However, as seen in Fig. 1, this is not sup-
ported by our experimental observations. Unfortunately, the
atomic positions of such secondary sintering aid elements
(Al, O) cannot be distinguished from elements close in
atomic number (Si=14, Al=13, 0O=8, N=7).

In conclusion, based on an experimental Angstrom-
resolution STEM study of grain-boundaries in Yb-doped sili-
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con nitrides, the presented experimental images do not reveal
any major change or shift in atomic position of the primary
sintering additive cations, Yb, in the boundary following
1250 °C heat treatment or the addition of a secondary sin-
tering aid (Al,O3), although the individual Yb atoms and
their respective atomic positions along the Si;N, grain-
boundaries can be clearly identified in all samples.
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