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Abstract

In SiC sintered with Al, B and C additions (ABC–SiC), the presence of Y in the Al–Si–O–C grain-boundary phase leads to less
frequent crack deflection and lower toughness. When Y is absent from the grain-boundary phase and remains in the triple pockets, crack
deflection is restored, and higher toughness results from grain-bridging mechanisms. The observations are consistent with elastic mod-
ulus changes in the intergranular phase, which depend on their yttria and silica content, and indicate that these can play an important
role in determining crack deflection. While high-toughness ceramics such as ABC–SiC and Si3N4 rely on sintering additives forming
crack-deflecting intergranular films, the present case is a striking example where the presence of a segregant in the grain boundary pro-
motes transgranular fracture by raising the modulus of the nanoscale intergranular grain-boundary film.
� 2010 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Rare-earth (RE) additives are commonly used as sintering
aids in the processing of silicon carbide and silicon nitride
structural ceramics. Much work has focused on the role of
these additives, in particular on ionic size and its influence
on mechanical properties such as strength, toughness and
creep resistance. It is widely reported that the fracture tough-
ness of SiC and Si3N4 increases with increasing RE ionic
radius of the additives [1–3], an effect which the present
authors believe can be understood by the change in the stiff-
ness of the grain-boundary phase due to the presence of the
RE ions [4]. However, with additions of yttrium, which is of
intermediate ionic size, the mechanism is less clear. Studies
show that SiC and Si3N4 with Y additives can fail by trans-
granular fracture [1], intergranular fracture [5–7] or both

[2,8,9]. The nature of the fracture mode is critical to the
mechanical properties of the ceramic. Intergranular fracture
can lead to crack-tip shielding by (interlocking) grain bridg-
ing,1 which promotes rising resistance-curve (R-curve)
behavior and high fracture toughness (approaching, or even
exceeding, 10 MPa m1/2); with transgranular (cleavage) frac-
ture, there is no such crack bridging or rising R-curves, and
the fracture toughness is invariably low (typically
�2–3 MPa m1/2). Low toughness and the lack of a rising
R-curve causes low damage tolerance and can also lead to
lower strength [11]. Previous results with Y-containing SiC
suggest that Y itself plays a critical role in determining the
fracture mode, and hence the fracture toughness, of the
material.
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1 Grain bridging is an extrinsic toughening mechanism [10] which
enhances the toughness by operating in the wake of the crack tip to
“shield” the crack tip from the full (applied) driving force. The crack
bridges then carry loads that would otherwise be used to propagate the
crack further, thereby increasing the measured fracture toughness.
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Difficulties in imaging yttrium with Z-contrast scanning
transmission electron microscopy (STEM) or collecting
yttriumelectron energy loss spectroscopy (EELS) signals have
hindered the development of a reliable means of characteriz-
ing the grain-boundary phase with high (i.e., atomic) spatial
resolution [8,12,13]. While it is generally agreed that the
presence of specific sintering additives governs the nature of
this phase, which in turn dictates whether fracture occurs by
high-toughness intergranular or low-toughness transgranular
cracking, the exact cause of this transition for Y-containing
silicon carbide (and nitride) has not been determined.

Here, atomic-resolution transmission electron micros-
copy (TEM) is used to examine two similar compositions
of yttrium-doped silicon carbides which exhibit either inter-
granular or transgranular fracture. It is demonstrated that
it is the atomic-scale presence (or absence) of Y within the
high-silica grain-boundary phase that directly correlates
with the marked differences in macro-scale fracture tough-
ness of these ceramics.

2. Experimental procedures

2.1. Sample processing

SiC powders were prepared with 0.5 or 0.7 at.%Y; acetate
salts of yttriumwere dissolved inmethanol and added to sub-
micrometerb-SiCpowder (Betarundum,gradeUltrafine, IBI-
DEN, Japan), with amean particle size of 0.27 lm, 3 wt.%Al
metal, 0.6 wt.% B and 6 wt.% carbon source. The Al powder
(H-3, Valimet, Stockton, CA) had an average size of 3 lm; the
boron powder (Alfa Aesar) had a particle size of <5 lm. The
carbonwas added as polyvinylbutyral, which yielded�33%C
by weight upon pyrolysis. The powder slurry was ultrasoni-
cally agitated, stir-dried, and sieved through a 200-mesh
screen. Discs of the mixed powders 38 mm in diameter were
pre-formed at ambient temperature in a steel die, before being
hot-pressed in a graphite die. Hot pressing was conducted at
1900 �C with 50 MPa applied pressure under flowing argon
at 1 atm, with heating and cooling rates of 10 �C min�1.
Hot-pressed rounds were ground to remove �0.5 mm from
each surface. The resulting 0.5 at.% Y- and 0.7 at.% Y-con-
taining SiC ceramics are referred to throughout this paper
as Y0.5 and Y0.7, respectively.

2.2. Fracture testing

To examine the fracture properties, Vickers micro-
indentations with a 10 kg load on a polished surface of
the ceramics were used to generate cracks, which were then
examined in the scanning electron microscope (JEOL JSM-
6340F SEM) to discern the overall crack path. At least 12
cracks in each specimen were observed in the microscope to
characterize the fracture behavior. Additionally, indenta-
tion toughness was measured from these indents. Ten
indents and �30 cracks were used for each measurement.

The fracture toughness was further estimated using the
controlled-flaw method, where indentations on the tensile

surface of beams provide the initial flaws which lead to
fracture. Five unindented beams were tested in four-point
bend, inner span 10 mm and outer span 25 mm, with a dis-
placement rate of 0.05 mm min�1, along with four beams
with indentations. Three indentations were placed within
the inner span on the tensile surface, spaced 2 mm apart.
Critical flaw sizes were estimated to be �100 lm, based
on the original crack length and confirmed by observation
of the post-mortem fracture surfaces. Fracture toughness
values were calculated from the strength of the indented
beams based on the method of Cao et al. [14,15].

As SiC is intended to be a high-temperature material,
further fracture tests were carried out at 1200 �C. Crack-
growth resistance curves (R-curves) were generated using
compact-tension DC(T) specimens. Cracks were initiated
at room temperature from razor micronotches with a root
radius of �10 lm and grown to �5–10 lm before high tem-
perature testing. Crack lengths were measured in situ by
the DC potential-drop method described in Refs. [16,17],
and corrected by observing the final crack size after test
completion. Tests were conducted in a graphite resistance
furnace under flowing Ar at �1 atm at a displacement rate
of 0.05 mm min�1.

2.3. TEM and spectroscopy

Togain information on the crack path at atomistic dimen-
sions, specifically on how cracks interact with the grain
boundaries and the boundary phases, a new technique of
indenting TEM foils was used [4]. The method is based on
the procedure of Sun et al. [18] to estimate the interfacial
toughness of glassy phases in ceramics from the elastic mis-
match across the interface. TEM foils were prepared from
material at least 1 mm from the edge of the specimen. Stable
cracks were produced to allow observation the composition
of the crack faces. Cracks in the TEM foils were introduced
via indentation, which was performed before final milling on
a 200-lm-thick section; an array of 10 � 10 micro-indents
(50 g load with a cube-corner indenter) was produced on a
polished surface. Mechanical thinning and ion milling pro-
ceeded from the opposite side to preserve the cracks. Their
propagation paths as they impinged on grain boundaries
were then specifically examined.

A Philips CM200/FEG transmission electron micro-
scope with energy dispersive spectroscopy (EDS), operat-
ing in the STEM mode with a 1-nm spot size, was
employed to analyze the chemistry of the fracture surfaces.
High-resolution high-angle annular dark field (HAADF or
Z-contrast) images of uncracked grain boundaries were
also obtained using an aberration-corrected VG HB501
STEM with a spot size of 0.1 nm [19].

3. Results

The two SiC ceramics studied had different Y contents,
denoted Y0.5 and Y0.7 for Y doping levels of 0.5 and
0.7 at.%, respectively, but otherwise had similar composi-
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tions and microstructures, the latter consisting of plate-
shaped grains with widths 1–2 lm and lengths 5–7 lm.
However, their crack paths observed in the SEM were dra-
matically different. Y0.7 exhibited more than 80% inter-
granular fracture with multiple branching cracks, whereas
Y0.5 exhibited �75% transgranular fracture and almost
no crack branching (see Fig. 1, insets). This change in frac-
ture mode was reflected in the mechanical properties, in
that both the strength and toughness were markedly higher
in the Y0.7 material. Specifically, unnotched bending
strengths were 25% higher with Weibull moduli a factor
of two higher in Y0.7: bending strengths and Weibull mod-
uli (in parenthesis) for Y.07 and Y.05 were 541 MPa (20.7)
and 433 MPa (9.2), respectively. Average indentation
toughness values (measured using �100 lm cracks), were
over 40% higher for Y0.7 (Kc � 5.5 ± 1 MPa m1/2), com-
pared with Y0.5 (Kc � 3.9 ± 1 MPa m1/2); similarly, using
controlled-flaw bending tests, estimated toughness values
were 53% higher in Y0.7 (Kc � 4.9 MPa m1/2) compared
with Y0.5 (Kc � 3.2 MPa m1/2). Room temperature crack
initiation values measured using the compact-tension spec-
imens were 2.5 and 1.9 MPa m1/2 for Y0.7 and Y0.5,
respectively. High-temperature toughness measurements
involving R-curve experiments at 1200 �C (Fig. 1) show
an even larger difference in initiation toughness, i.e.,
3.6 MPa m1/2 in Y0.7 vs. 1.6 MPa m1/2 in Y0.5, with a
70% higher steady-state (“plateau”) toughness value for
the Y0.7 material. By comparison, 3ABC–SiC without
RE additives has a room temperature toughness of
5.5 MPa m1/2 [14], and RE-doped Si3N4 has a toughness
of 2–4 MPa m1/2 [3], both measured by the controlled-flaw
method with a �100-lm critical crack size.

TEM examination of the crack paths in the vicinity of
the grain boundaries revealed that the intergranular por-

tions of cracks followed one interface of the grain-bound-
ary phase (GBP) material, as reported previously [4].
However, of particular note is that the GBP in the higher
toughness Y0.7 material did not contain measurable
amounts of Y. Fig. 2 shows representative nanoprobe-
EDS scans of the crack faces in each material. The GBP
in the Y0.5 ceramic is highly enriched in Al, O and Y; how-
ever, the Y0.7 material shows only heavy enrichment of Si
and O and a minor amount of Al.

The absence of yttrium in the GBP in the higher tough-
ness Y0.7 material was confirmed by HAADF-STEM
imaging of intact grain boundaries: the intensity of
HAADF-STEM images is proportional to the nth power
Zn (n = 1.5–2) of the average atomic number Z of the
material being observed (these are therefore often referred
to as Z-contrast images) [20,21]. Z-contrast images of the
grain-boundary regions did not show differential contrast
between the SiC grain and the boundary phase, indicating
an approximately equal mass density in both regions
(Fig. 3a). Z-contrast images of similar regions in the Y0.5
material show bright contrast along the grain boundary,
indicating the presence of Y atoms (Fig. 3b).

Quantitative EDS was performed to estimate the Y con-
tent of the grain-boundary triple-point phases. In the Y0.5
material, these triple pockets were of approximately the
same composition as the GBP, i.e., Al2O3 24 wt.%; Y2O3

15 wt.%; SiO2 61 wt.%. In contrast, in the Y0.7 material,
the composition of the triple pockets was Al2O3 48 wt.%,
Y2O3 27 wt.%, SiO2 25 wt.%, but the GBP was predomi-
nantly SiO2 (Fig. 2). Indeed, while no mass contrast was
visible at the grain boundaries in the Y0.7 material, the
boundaries between SiC and triple pockets were decorated
with Y (Fig. 3c).

Fig. 1. Crack-growth R-curves measured in an argon atmosphere at
1200 �C for Y0.7 and Y0.5 SiC material. Rising R-curves are seen for both
materials; however, the Y0.5 material has a universally lower toughness
value. The steady-state (“plateau”) toughness of the Y0.7 ceramic, which
fails intergranularly, is �70% higher than that of the Y0.5 material, which
fails transgranularly. Insets are crack paths in the: (a) Y0.7 and (b) Y0.5
ceramics. The Y0.5 material displays a nominally linear, transgranular
crack path, whereas the higher toughness Y0.7 material shows extensive
crack deflection and cracking along grain boundaries.

Fig. 2. Nanoprobe-EDS spectra of GBP containing crack faces and triple
pockets in the Y0.5 and Y0.7 SiC microstructures. Y is clearly absent from
the GBP in the Y0.7 material (center spectrum), but present in the triple
pockets (bottom spectrum). The carbon peak is attenuated in the Y0.7
signal due to a greater sample thickness. By comparing the relative peak
heights of Al, Si and Y with the EDS spectrum from Y0.5 (top spectrum),
it is clear that Y ions in Y0.7 are collected in the triple pockets.
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4. Discussion

Although extensive studies [1–3,5–9,12,13,22–25] have
been performed on the effect of yttrium additions on the
structure and properties of SiC and Si3N4 ceramics,2 diffi-
culties in detecting Y and its location, by either EELS or
Z-contrast imaging, have obscured its precise role. High-
toughness microstructures in these materials rely on two
conditions: a microstructure of interlocking elongated
grains and the deflection of cracks around these grains
(to achieve an intergranular fracture mode and effective
toughening from grain bridging). RE additions have been
shown to lead to the formation of glassy GBP, and to affect
grain shape greatly, with concurrent variations in tough-
ness across the RE series. What has not been discussed in
as much detail is the role of these RE additives in control-
ling crack deflection at the grain boundary, which repre-
sents the vital step in the development of an intergranular

fracture. Here, one sees that, given a nearly identical micro-
structure by using a single RE additive, the actual location
of the Y ions within the microstructure at the atomic scale
appears to be the key feature in determining the crack path,
which in turn governs the fracture toughness at the macro-
scale, evidence that microstructural control and the simple
presence of an intergranular film are not solely sufficient to
produce increased toughness.

Previous studies have shown that small changes in Y
composition can influence the fracture behavior [2,8,9],
although no clear explanation has been proposed. Further-
more, the final location of the Y dopants—within the GBP
or solely in triple pockets and second phases—is sensitive
to processing conditions, including the Y2O3:Al2O3:SiO2

ratios and heat treatment. For example, it has been shown
that the crystallization of YAG-type materials in triple
pockets will remove Y from the GBP, leaving only Al, Si
and O [13,22], although no previous correlation with frac-
ture behavior had been made.

Computational studies by Painter et al. [23] corroborate
these observations of varying segregation behavior. Y has
been calculated to have approximately equal affinity for
segregation to the grain surface (and therefore the grain
boundary) or to collect in the triple pockets. This further

Fig. 3. Z-contrast STEM images of grain boundaries in: (a) Y0.7 and (b) Y0.5 silicon carbide materials. Color is tied to intensity and therefore mass; solid
blue columns represent high mass Y ions. For the Y0.7 material in (a), no contrast is seen between the SiC grain and the GBP, indicating the absence of Y
in the boundary phase. For the Y0.5 material in (b), bright contrast in the boundary phase indicates the presence of Y ions. (c) Z-contrast STEM image of
a boundary between SiC (right) and a crystalline triple pocket (left) in the Y0.7 SiC material. The bright layer at the edge of the triple pocket is on average
40% brighter than the SiC lattice, indicating that it contains Y ions. The overview image on the bottom right shows the relative locations of images (a) and
(c); the bright region at the left is a triple pocket.

2 While the Si3N4 field is rich in research on the nature of oxynitride
glasses, similar research on the effects of RE doping is not available on
oxycarbide glasses relevant to SiC. It is expected though that trends in
physical properties such as elastic modulus in RE-doped SiAlON glasses/
grain-boundary films will be similar in RE-SiAlOC glasses.
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suggests that minor changes in processing, including tem-
perature, pressure and chemistry, could stimulate a partic-
ular segregation behavior.

For the present Y-doped SiC, to understand why GBPs
deficient in Y (in Y0.7) generate deflected cracks at grain
boundaries and intergranular fracture, whereas the pres-
ence of Y in the GBP (in Y0.5) does not, one needs to
examine the relative stiffness of these phases and how this
affects crack deflection at the boundaries. Quantitative
information, either experimental or computational, on
the moduli of the GBP compositions observed here, how-
ever, is not available. An estimate of the moduli was made
using a simple rule of mixtures based on the moduli of the
component oxides.3 While such an estimate is far from
quantitative, together with trends in other glass systems
[24–33], it nevertheless may provide a reasonable “best
guess” for estimating the modulus mismatch across the
interface, which can be characterized by the first Dundurs’
parameter; for the SiC/GBP combination, this is defined in
terms of their respective moduli ESiC and EGBP as
a = (ESiC � EGBP)/(ESiC + EGBP). The estimated Young’s
moduli and resulting a values are listed in Table 1.

Images of cracks at grain boundaries, generated bymicro-
hardness indents in the TEM foils, are shown in Fig. 1; the
objective here is to determine whether impinging cracks pen-
etrate the boundary, as seen inY0.5, or deflect along the SiC/
GBP interface, as seen in Y0.7 (Fig. 4). The tendency of a
crack to penetrate through, or deflect along the GBP, may
be considered in the context of the relative toughness of the
SiC/GPB interface compared with that of the GBP, GInt/
GGBP,

4 together with the magnitude of the modulus mis-
match a across the boundary, using the He and Hutchinson
linear-elastic mechanics description of a crack impinging
upon an elastic dissimilar material interface (Fig. 5) [4,34].
Depending upon the values of these parameters, incident
cracks will either arrest and/or deflect along the interface
(region I in Fig. 4) or penetrate it (region II). A major factor
in determining the GBP modulus is the Y2O3/SiO2 ratio.
There is a significant difference in this ratio for the GBP, as
is evident from the compositions superimposed on the
Y2O3–SiO2–Al2O3 ternary diagram (Fig. 6) [35], for Y0.5
and Y0.7. It should be noted that the alumina/yttria ratios
of the triple pocket phases donot varymuch for the two com-
positions examined, and that their alumina/yttria ratio after
sintering is lower than expected on the basis of starting one.
This is undoubtedly due to aluminum and alumina loss dur-
ing the processing of alumina-containing SiC, which is a
well-known phenomenon.

Crack deflection at the grain boundaries is essential for
intergranular fracture to occur; without such a fracture
mode crack-bridging mechanisms cannot develop, and the

absence of such (extrinsic) toughnesswill not result in a rising
R-curve and produce a minimal fracture toughness compa-
rable with its intrinsic value, i.e., �2–3 MPa m1/2 or less.
The coupled observations of a change in the fracture
mode—from intergranular to transgranular—with the inclu-
sion of Y in the GBP shows that the increased modulus of
such a Y-containing lower silica GBP (in Y0.5), compared
with the Y-free, higher silica GBP (in Y0.7), can alter the
path of a crack impinging on a boundary enough to change
both the fracture behavior and the measured fracture tough-
ness. Specifically, in Y0.5 material, the presence of Y ions in
the boundary together with the lower SiO2 content of the
GBP leads to a stiffer GBP and hence to conditions where
an incident crack will penetrate the SiC/GBP interface
(Fig. 5), leading to transgranular fracture, no grain bridging,
and corresponding poor toughness.With the absence of seg-
regated Y in the boundaries and the higher SiO2 content of
the GBP in the Y0.7 material, the impinging crack will be
deflected along the SiC/GPB interface as a result of the low-
ered modulus (i.e., higher a) of the GBP that it attempts to
enter. The consequent deflection along the boundary leads
to intergranular fracture, which in turn gives rise to grain
bridging and superior fracture toughness (Fig. 5).

It is likely that processing conditions, particularly the
(difficult to control) oxygen content and the sintering/heat
treatment schedule, dictate the segregation behavior of Y-
containing ABC–SiC, and therefore its fracture properties.
While similar processing variables studied using this ABC–
SiC system do not change the segregation behavior of RE
ions such as La and Yb, the segregation of Y ions to the
GBP is sensitive to both composition and thermal history.

For the low Y2O3/SiO2 ratio GBP (Y0.7), a higher
boundary stiffness should be expected from a simple esti-
mate based on component moduli, as well from related
work [23–28]. The low stiffness of the Y-free boundary
phase can enhance crack deflection and increase toughness
by changing the mechanical properties of the GBP [4]. The
GBP of the Y0.7 material is primarily a silica-rich material,
which should further decrease the stiffness of the boundary
phase: for a SiO2–SiC boundary, the value of Dundurs’
parameter a would be �0.73, and crack deflection would
be preferred even if the interfacial toughness approached
that of the boundary phase itself. For this SiC ceramic
doped with Y, crack-initiation fracture toughness values
can be increased by up to 125% and R-curve plateau tough-
ness values by 70% as a result of the separation of Y out of
GBP or its interface. Additionally, it has been shown that

Table 1
Measurements of the compositions of GBP and estimates of elastic
modulus and first Dundurs’ parameter for Y0.5 and Y0.7, compared with
SiC.

Sample GBP composition Y2O3;
Al2O3; SiO2 (wt.%)

Estimated
modulus, E
(GPa)

Dundurs’
parameter a

Y0.5 15; 24; 61 115 0.59
Y0.7 Mainly SiO2 186 0.73
SiC 450

3 http://www.ceramics.nist.gov/srd/summary/emodox00.htm
4 Gi refers to the fracture toughness for phase “i” expressed in terms of

the critical value of the strain-energy release rate. It is related to the (mode
I) toughness expressed in terms of the stress intensity K by the expression:
G = K2/E, where E is Young’s modulus.
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the crystalline Y-rich triple pockets that result from the
removal of Y from the GBP can serve as anchors during

high-temperature loading, decreasing grain-boundary slid-
ing and improving creep resistance [13].

It is important to note that the action of the Y dopant is
not to enhance toughness by “embrittling” the boundary
phase, nor to reduce boundary failure by “strengthening”
the boundary. The most significant effect is the increase
in elastic modulus, which is separate from both the tough-
ness and the strength of the phase. The change in modulus,
compared with the fixed modulus of the SiC matrix, then
alters crack deflection mechanics, as shown in Fig. 5.

Fig. 4. Schematic representation of micro-indention-produced cracks in the TEM foils impinging on a SiC grain boundary containing a grain-boundary
phase (GBP) interaction. High toughness in the ceramic requires an intergranular fracture to generate toughening by grain bridging. This is only achieved
when incidents crack deflect at the boundary, rather than penetrate it. This occurs in the Y0.7 material, but not in the Y0.5 material, by a process of
“delamination” cracking at the first SiC/GBP interface.

Fig. 5. He and Hutchinson model [34] linear-elastic mechanics solution
for the case of a crack impinging normally on a dissimilar material
interface. Whether the crack penetrates the interface or arrests/deflects
along it depends on the elastic modulus mismatch across the interface,
defined by the first Dundurs’ parameter a, and the ratio of the interface
toughness to that of the phase into which the crack attempts to propagate.
In the present case of a crack propagating from the SiC matrix onto the
GBP, a = (ESiC � EGBP)/(ESiC � EGPB), where Ei is the Young’s modulus
of phase i, and the toughness ratio is GInt/GGBP, where GInt is the critical
strain-energy release rate of the SiC/GBP interface, and GGBP is the
toughness of the grain-boundary phase. The curve on the plot marks the
transition from crack deflection (region I) and crack penetration (region
II). Crack deflection is essential to generate an intergranular fracture, a
necessary event to ensure the occurrence of toughening by grain bridging
and hence high fracture toughness. The Dundurs’ parameters for the two
different grain-boundary compositions are markedly different; accord-
ingly, the relative modulus of the GBP with respect to the SiC is a
significant factor in dictating the fracture behavior and hence the
toughness of Y-doped ABC–SiC.

Fig. 6. Triple-point compositions and starting alumina/yttria ratios
superimposed on ternary diagram for the SiO2–Al2O3–Y2O3 system
(compositions in wt.%) [35]. Note that the alumina/yttria ratio starting
powder is higher than that found in the triple pockets after sintering. Y0.5
has a significantly higher SiO2 content than Y0.7. The starting alumina/
yttria ratio was set by the synthesis process, while the other compositions
were determined from the EDS data (shown in Fig. 2).
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Knowledge of the effects of sintering additives on the
mechanical properties of the GBP, most importantly elastic
modulus, can therefore drive the selection of dopants to
achieve the desired fracture behavior.

5. Conclusions

With SiC doped with Y as an additive, processing
variables such as yttrium and oxygen content and
thermal history determine whether yttrium ions segregate
to the GBP or are retained in the boundary triple pock-
ets. This segregation behavior is primarily responsible for
controlling the macroscopic fracture behavior through its
influence on the elastic modulus of the GBP which
controls whether incident cracks deflect or not at the
SiC/GBP interface; such deflection leads to intergranu-
lar fracture, grain bridging and superior fracture
toughness.

1. The presence of Y ions within the GBP in the SiC doped
with 0.5 at.% Y correlates with a decreased SiO2 content
in the GPB which increases its stiffness; this decreases
the likelihood of crack deflection at the boundary phase
interface with the matrix due to the lower elastic mis-
match across this interface. Such deflection is necessary
for failure by intergranular cracking, which in turn is
responsible for the primary toughening mechanism of
grain bridging.

2. The lower stiffness of the GBP in the 0.7 at.% Y ceramic
from the absence of Y in the boundaries and the higher
SiO2 content in the GBP, significantly increases the
probability of such deflection, consistent with its much
higher toughness.

3. While an elongated grain morphology is a necessary
ingredient for toughened ceramics, intergranular frac-
ture must be operative in order to utilize such beneficial
microstructures to achieve high toughness. It is now
clear that to develop Y-doped silicon carbide ceramics
with reliably high toughness, the precise atomic location
of the Y ions and the SiO2 content must be understood
and controlled.
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