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Upon implantating of Xe ions into silicon nitride ceramic at 800 �C, the precipitation of Xe at grain bound-
aries (GBs) was observed. Transmission electron microscopy, high-angle annular dark-field scanning
transmission electron microscopy, and electron energy-loss spectroscopy analyses showed that the pre-
cipitates at GBs were amorphous Xe nanoparticles. The Xe precipitates grew and coalesced with each
other upon post implantation annealing. Crack paths that formed in the samples due to ex situ mechan-
ical stress with and without Xe implantation were also investigated, and the change in crack paths by the
presence or the evaporation of Xe precipitates at GB was confirmed.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

The noble-gas ion implantation method has been used to study
the effects of particle irradiation on metals [1–8] and ceramics [9–
14]. Various noble-gases such as He [3,5], Ar [7], Ne [4,7,12], Kr
[8,13], and Xe [1,2,6,7,9–12] have been used as sources of implan-
tation ions. Among them, the heavy noble-gases such as Kr and Xe
have so large atomic sizes that can generate displacement damage
in the matrix during the implantation and the substitutional sites
or voids of lattice can be used for the diffusion of these ions in
the matrix. This is different with the case of the light element,
i.e., He, where the interstitial sites of lattice can also be the diffu-
sion paths. Therefore, Xe would be the best ion source for the
investigating the effect of the heavy ion implantation in the mate-
rials due to the large ion size. Studies on Xe implantation have
extensively focused on the behavior of crystalline and amorphous
precipitation in the metallic matrix after implantation [1,6,15]. It
was considered that the main factor determining the crystalline
or amorphous state of implanted Xe is the pressure inside Xe par-
ticles, which is related to the Xe particle size, the Xe/matrix surface
energy, and the shear modulus of the matrix [1,7,15]. Actually, the
bonding property of the matrix also plays an important role in
determining the pressure in the Xe precipitate. However, there
ll rights reserved.

ano-characterization Center,
a, Tsukuba 305-0003, Japan.

01@snu.ac.kr (Y.-U. Heo).
have been few reports on the crystallization of Xe particles in
ceramics except for MgO, although crystalline Xe particles often
form in metallic matrices, because of the difference between the
metallic bonding in the metallic matrix and the covalent bonding
in the ceramic matrix [9,13,14].

In previous studies, the effect of noble-gas ion implantation on
mechanical properties was discussed from the viewpoints of irradi-
ation-induced phase transformations and the generation of defect
in metals [2–4] and ceramics [11,12,14]. In the case of metals,
there have been a large number of studies on irradiation-induced
defects because the crystalline structure of a metal is likely to be
retained after irradiation at room temperature, and therefore the
defects can be easily characterized. However, this is not the case
for ceramics. Regarding for the precipitation of a noble-gas at grain
boundaries (GBs), although there have been a limited number of
reports on metallic matrices [6], to the best of our knowledge, no
atomic-scale research on ceramic matrices has yet been carried
out.

Most of ceramic materials are destroyed the crystalline struc-
ture to amorphous by ion irradiation at room temperature [14].
This makes difficult to investigate the defects, secondary phase,
and GBs after ion implantation in the ceramic materials. However,
the crystal structure of the ceramic materials is preserved at the
elevated temperature after ion implantation, because the recovery
of damaged matrix occurs at the high temperature. Besides, the
elevated temperature accelerates the diffusion process of the im-
planted ion in the matrix. Therefore, the implantation at the ele-
vated temperature will be helpful to understand the behavior of
the implanted ion in a crystalline ceramic matrix. In this study,
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we investigate the precipitation behavior of Xe at GBs in polycrys-
talline Si3N4 ceramic, which is a representative structural ceramic,
after irradiation by Xe ions at 800 �C by transmission electron
microscopy (TEM), high-angle annular dark-field scanning TEM
(HAADF-STEM), and electron energy-loss spectroscopy (EELS).
Crack paths that formed due to ex situ mechanical stress in the
samples with and without Xe implantation are also observed. On
the basis of our observations, the effect of Xe precipitation at GBs
on the fracture strength is discussed.
2. Experimental procedure

TEM samples were prepared from bulk silicon nitride (Si3N4,
98.53 wt.% purity, Fe content 0.2 wt.%, O content 0.98 wt.%, Ca con-
tent 0.04 wt.%, C content 0.09 wt.%, Al content 0.15 wt.%) of the
Kyocera Corporation (Lot number 1061; 1-1 Kokubuyamashita-
co, Kirishima, Kagoshima 899-4396, Japan) by cutting, mechanical
polishing, and ion milling using a Gatan 691 precision ion polishing
system (PIPS™). The Si3N4 samples were polycrystalline with both
small grains (0.1 lm–0.5 lm) and large grains (10 lm–20 lm),
and were composed of a- and b-phases which was confirmed by
X-ray powder diffraction measurement using a Cu-Ka source.

Xe ions with an energy of 100 keV were irradiated onto the TEM
samples within 2 mm diameter range with a dose of 2 � 1016 ions/
cm2 at 800 �C for 26 min in a JEOL high-voltage electron micro-
scope (ARM-1000) equipped with a dual ion implantation system
[16]. The projected range of 100 keV Xe ion in the Si3N4 matrix cal-
Fig. 1. TEM images of Si3N4 grain boundary: (a) before Xe irradiation, (b) after Xe irradiat
(d) grain boundary after post irradiation annealing for 30 min at 800 �C. GB nanostructu
culated using the Monte Carlo simulation program SRIM [17]. The
results of the calculation showed that the peak concentration lo-
cated about 33 nm depth from the projected surface with a longi-
tudinal straggling of about 7 nm with about 41 displacements per
atom (dpa). The maximum Xe concentration at the dose of
2 � 1016 ions/cm2 was about 1 � 1014 Xe/cm3 at a sample depth
of 33 nm.

TEM observations were performed. Some samples were an-
nealed in the microscope at 800 �C for 30 min to cause the Xe pre-
cipitates to grow after irradiation. To enable a comparison between
the fracture behavior before and after Xe irradiation, samples an-
nealed at 800 �C for 56 min without Xe irradiation were also
characterized.

The elemental mapping of Xe was performed by an energy-
filtering TEM (EFTEM) technique in a JEOL 300 keV field-emission
transmission electron microscope (JEM-3000F) equipped with a
Gatan 863 energy filter (GIF Tridiem). EFTEM images were
obtained using Xe-M4,5 edge loss electrons with a 40 eV slit
width.

HAADF-STEM and STEM-EELS were also performed to obtain Z-
contrast images and sub-nanometer probe EEL spectra using a JEOL
Cs-corrected dedicated STEM (JEM-2500SES) equipped with a Ga-
tan 766 EELS spectrometer (Enfina 1000) under the conditions of
an HAADF detector inner cutoff angle in 133 mrad, and an EEL
spectra acquisition angle of 22 mrad, respectively. The thickness
of thin foil was measured using EEL spectra in Xe-irradiated sam-
ple. Kramers–Kronig sum rule was applied to the calculation and
the error range of this method was reported below 10% [18].
ion at a dose of 2 � 1016 ions/cm2 at 800 �C, (c) high-magnification image of (b) and
res are indicated by arrows in b–d.
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To investigate the detrimental effect of Xe irradiation on the
fracture strength of the samples, the crack morphologies of sam-
ples annealed at 800 �C with and without Xe irradiation were ob-
served using a JEOL field-emission scanning electron microscope
(SEM, JEM-6700F). For clear observation of the GBs, both samples
were slightly etched by 30 keV Ga ions by scanning in a JEOL fo-
cused-ion-beam machine (JEM-9310FIB) for 15 min after fracture.

3. Results

3.1. Precipitation of Xe nanoparticles at GBs

Fig. 1a and b shows TEM images of a Si3N4 GB before and after
Xe irradiation at a dose of 2 � 1016 ions/cm2 at 800 �C, respectively.
There are no nanostructures at the GB before Xe irradiation as
shown in Fig. 1a. The contrast difference between the two grains
on other sides of the GB in Fig. 1a is due to the difference in crys-
tallographic orientation. After the Xe irradiation, some irregularly
shaped nanostructures with a size of 5–10 nm appeared at the
GB as indicated by white arrows in Fig. 1b. A high-magnification
image of these nanostructures is displayed in Fig. 1c. The nano-
structures are faceted, as marked with white arrows. The lattice
fringes of the Si3N4 matrix were clearly observed, whereas no addi-
tional fringes originating from the nanostructures were observed.
Furthermore, nano beam (beam size; 7 nm) diffraction patterns ob-
tained from the nanostructures indicated no extra spots other than
those from the Si3N4 matrix. These results suggest that the nano-
structures that appeared are amorphous or voids. These nanostruc-
Fig. 2. EFTEM zero-loss images (a and c) and Xe-M4,5 edge images (b and d) of the spe
respectively.
tures increased in size to about 20–50 nm after annealing for
30 min at 800 �C (Fig. 1d). In Fig. 1d, the contrast of some of the
nanostructures (those marked with white arrows) became brighter
while others retained the same contrast.

To determine the composition of the nanostructures appearing
at the GB, EFTEM mapping was performed. Fig. 2a and c shows EF-
TEM zero-loss images of the GB regions in thick and thin areas of
the samples after annealing, respectively. The corresponding EF-
TEM maps of the Xe-M4,5 edge are respectively shown in Fig. 2b
and d. Because of the thickness of the sample, the contrast of the
nanostructures and the corresponding Xe maps are not high, but
it is clear that the element comprising the nanostructures is Xe.
On the other hand, there are two types of contrast in the nano-
structures as indicated by the white and black arrows in Fig. 2c;
i.e., bright and faint contrast, respectively. The corresponding Xe
map in Fig. 2d clearly indicates that the nanostructures with the
faint contrast are Xe but those with the bright contrast are voids
rather than Xe. EFTEM maps of the samples before annealing also
show similar features. Thus, we can conclude that most of the
nanostructures formed by Xe implantation at 800 �C are Xe, but
others, which exhibit the bright contrast are voids.

Fig. 3a and b shows HAADF-STEM images of another area in the
same sample as that used for the EFTEM observation in Fig. 2.
HAADF-STEM images exhibit contrast that depends on the atomic
number, so-called Z-contrast. In the figure, the GB is recognized
by the nanostructures with both bright and dark contrast. The
bright contrast is due to the existence of an element with a large
atomic number, i.e., Xe. The dark contrast is attributed to not only
cimen after post irradiation annealing obtained using slit widths of 20 and 40 eV,
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the absence of Xe but also the thinness of the sample. Therefore, it
is deduced that the dark contrast is due to the existence of voids. In
some areas, the GB is mainly represented by the dark contrast as
indicated by the white arrow in Fig. 3b. This is recognized as a
crack rather than voids.

Note that there are also Xe precipitates distributed in the grains,
some of which are indicated by white arrows. They are much smal-
ler than those precipitated at the GB. They were not detected by
EFTEM because of their size.

Fig. 3c and d shows EEL spectra obtained from the positions de-
noted in Fig. 3a. Spectrum 2, obtained from a Xe precipitate at the
GB (denoted by position 2), exhibits a clear Xe-M4,5 peak, whereas
the Xe-M4,5 peak in spectra 1 and 3, obtained from the grains (de-
noted by positions 1 and 3), is faint. The intensity of the N–K peak
in spectrum 2 is lower than that in spectra 1 and 3. This means that
the precipitation of Xe occurs at the GB previously occupied by Si
and N atoms. Spectrum 5, obtained from the dark contrast area
in the GB (denoted by position 5), exhibits a faint Xe-M4,5 peak.
Xe evaporated from inside of sample when Xe precipitate grew
and contacted to the sample surface.

From these EFTEM and STEM-EELS observations, we can con-
clude that Xe precipitates are formed by Xe ion implantation at a
high temperature. The Xe precipitates are likely to grow preferen-
tially at the GB but not in grains at a high temperature. If the grown
Xe precipitates meet with the sample surface, Xe evaporates into
the vacuum, resulting in the formation of voids. The fact that the
voids and cracks were both clearly observed in the thin areas sup-
ports this conclusion.
3.2. Formation of Xe nanoparticles in a grain

Xe nanoparticles are formed in grains as well as at the GBs, as
shown in Fig. 3a. To observe this in more detail, we broke the
Fig. 3. (a and b) HAADF-STEM images and (c and d) EEL spectra of positions 1–6 in (a). T
they evaporate.
Xe-irradiated TEM sample using a diamond scriber. The single
grain shown in Fig. 4 was investigated by HAADF-STEM. No Xe pre-
cipitates were detected at the GB in this case because they had
evaporated. However, there were many Xe precipitates in the
grain. In area 1, which is close to the GB, few Xe precipitates were
appeared, and they were smaller than those in area 2. In area 2,
some Xe precipitates (denoted by the black arrow) near the center
of the grain increased in size by coalescing with adjacent Xe pre-
cipitates. This can be understood by considering that the Xe con-
centration is lower close to the GB (area 1) as a result of
diffusion to the GB; thus, coalescence can only occur at the center
region (area 2).
4. Discussion

4.1. Mechanism for precipitation of Xe particles at GB

Compared with the atomic radius of He, that of Xe is so large
that only substitution with atoms or vacant sites in Si3N4 can occur
in diffusion. This makes the diffusion of Xe atoms difficult at room
temperature or low temperatures, even though Si3N4 itself has
many defects such as dislocation loops and stacking faults [19].
However, there should be many equilibrium vacancies at an ele-
vated temperature [20]. These vacancies could be precipitation
sites as well as the paths of Xe diffusion in the Si3N4 matrix.

The mechanism of Xe precipitation in a grain and at a GB is dis-
played in Fig. 5. The implanted Xe atoms close to the GB diffuse to
the GB to reduce the total free energy. It has been reported that
large voids formed at the GBs of neutron-irradiated Si3N4 after
annealing at 1500 �C for 1 h [21]. The preferential formation of
voids and Xe precipitates at the GB in our experiments is good evi-
dence of the diffusion of Xe to the GB. The Xe precipitates at the GB
are faceted as shown in Fig. 1c. A study on the faceted plane of Xe
he Z-contrast image clearly shows the Xe precipitates at the GB and the sites where



Fig. 4. HAADF-STEM image of a single grain.
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precipitates at the GB in an Al matrix was reported [6]. The faceted
plane corresponds to the low-surface-energy plane of Si3N4. Pre-
cipitates grow faster at the GB than in grains because of the diffu-
sion of Xe from the area close to the GB. If adjacent Xe precipitates
at the GB meet each other, coalescence should occur. Coalescence
also occurs in grains. In our experimental results shown in Figs.
3a and 4, coarse Xe precipitates formed at the GB and near the cen-
ter of the grain due to the coalescence of adjacent Xe precipitates,
respectively. These results coincide well with the behavior of Xe
precipitation displayed in Fig. 5.

In this model, we omitted the diffusion of Xe to the thin foil sur-
face. However, the diffusion to the sample surface is also important
in the thin foil implantation. During annealing at 800 �C, Xe which
located in the close area would be diffuse out via the thin foil sur-
face such as Figs. 2c and 3b. We estimated indirectly the moving
distance (7–10 nm) of Xe, that was the Xe-depleted width from
the GB in Fig. 4, in Si3N4 matrix. From the result of SRIM calculation
(stopping ranges of implanted Xe; 26–40 nm), the implanted Xe
would be mainly located in the thickness range from 26 to
40 nm. If we consider the moving distance (7 nm, the minimum
Xe-depleted width) from the implanted depth during annealing
at 800 �C, the Xe position in the sample can be calculated from
33 nm to 47 nm. Therefore, we can predict that the implanted Xe
will be evaporated during annealing in the thin area below the
Fig. 5. Mechanism of Xe precipit
thickness about 33 nm. We investigated sample thickness of the
same areas with Fig. 2a and c using EEL spectra [18]. The area of
Fig. 2a was revealed about 107 nm thickness. This is thick enough
of Xe to remain inside of Si3N4 matrix. However, the vicinity of the
bright area (denoted by white arrow) in Fig. 2c was measured to
about 32 nm thickness. Xe will be diffuse out to the thin foil sur-
face in this case. The thickness of the black arrow area in Fig. 2c
was about 36 nm. There is the possibility of Xe to stay inside of
the thin foil in this thickness. In our observation, every thin area
was not detected Xe even though the particle shapes in size of
about 20 nm were remained in the matrix. This clarifies the diffu-
sion of Xe from the inside of sample to the thin foil surface in thin
area.
4.2. Effect of Xe precipitation at GBs on the fracture strength

The detrimental effects of Xe precipitation at GBs on the
mechanical properties were evaluated through investigating the
formation and propagation of crack. In Fig. 3b, we identified the
formation of a crack on the surface of Si3N4 upon Xe irradiation
at a high temperature. The effect of crack size on the fracture
strength has been extensively reported [22]; the fracture strength
is inversely proportional to the square root of crack length. There-
fore, it is obvious that the existence of this crack can decrease the
fracture strength.

To examine the effect of Xe precipitation at GBs on crack prop-
agation in polycrystalline Si3N4, we indented the TEM samples sur-
face that had and had not undergone Xe irradiation using a
manipulator attached with a diamond scriber. The force was ap-
plied to the normal direction of the thin foil surface at thick area
around an edge in the TEM sample. This is similar with the conven-
tional indentation method using a Vickers Hardness [23]. The crack
was propagated across the thin center area of the sample during
applying force and finally reached to the opposite edge. Crack
paths on the TEM sample surfaces were observed by SEM specifi-
cally around the center areas which had a little distance from the
indentation location. Fig. 6a andb shows the crack paths of the
samples after heating at 800 �C for 56 min without and with Xe
irradiation, respectively. To eliminate the effect of annealing on
crack propagation, the unirradiated sample was also annealed at
800 �C for 56 min. In the case of no irradiation by Xe, the crack path
was almost straight. In Fig. 6a, it is clear that the fracture morphol-
ation in a grain and at a GB.



Fig. 6. Crack paths of Si3N4 samples after heating at 800 �C for 56 min (a) without and (b) with Xe irradiation. The crack path was almost straight in the sample without Xe
irradiation. However, wavy crack propagation occurred in the Xe-irradiated sample.
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ogy is both transgranular and intergranular. Large grains of about
10 lm in size exhibit transgranular fracture but small grains exhi-
bit intergranular fracture. In contrast, wavy crack propagation is
apparent in the Xe-irradiated sample as shown in Fig. 6b, in which
intergranular fracture is dominant. Although there have been re-
ports that the GBs between large grains cannot certainly be the
crack path in high-temperature sintered Si3N4 [24,25], our results
suggest that the ratio of intergranular fracture to transgranular
fracture was clearly increased by the effect of Xe precipitation at
the GBs.

Although the Xe precipitates are in a fluid state and accommo-
date the local stress at the GB, the precipitation of Xe at the GB has
the role of breaking inter grain bonding in Si3N4 at the GB. It is
known that an amorphous intergranular glassy film between
Si3N4 grains often weakens the inter grain bonding since it gener-
ates dangling bonds at the interface [26]. When the amorphous
layer is replaced with Xe precipitates, the inter grain bonding
should also be weakened and Xe-precipitation-induced stress is
expected to occur at the GB, resulting in the GB becoming a crack
propagation path.

5. Conclusion

The precipitation of Xe at GBs was investigated in Si3N4 ceramic.
Xe precipitates of size 5–50 nm and voids at the GB were identified
by EFTEM mapping and the observation of EEL spectra. The Xe pre-
cipitates was revealed to be in the amorphous state. A model of Xe
precipitation in Si3N4 ceramic was suggested on the basis of
HAADF-STEM observations. The detrimental effect of Xe precipita-
tion at GBs on the fracture strength was discussed from the view-
points of crack generation and crack propagation due to the
evaporation and precipitation of Xe at the GBs, respectively. The
Xe precipitates at the GBs triggered intergranular fracture owing
to their role in weakening the inter grain bonding at the GBs.
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