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bstract

2SiO5 has potential applications as functional–structural ceramic and environmental/thermal barrier coating material. As an important grain-
oundary phase in the sintered Si3N4, it also influences the mechanical and dielectric performances of the host material. In this paper, we present
he mechanical properties of Y2SiO5 including elastic moduli, hardness, strength and fracture toughness, and try to understand the mechanical
eatures from the viewpoint of crystal structure. Y2SiO5 has low shear modulus, low hardness, as well as high capacity for dispersing mechanical
amage energy and for resisting crack penetration. Particularly, it can be machined by cemented carbides tools. The crystal structure characteristics
f Y SiO suggest the low-energy weakly bonded atomic planes crossed only by the easily breaking Y–O bonds as well as the rotatable rigid
2 5

iO4 tetrahedra are the origins of low shear deformation, good damage tolerance and good machinability of this material. TEM observations also
emonstrate that the mechanical damage energy was dispersed in the form of the micro-cleavages, stacking faults and twins along these weakly
onded atomic planes, which allows the “microscale-plasticity” for Y2SiO5.

2008 Elsevier Ltd. All rights reserved.
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. Introduction

Yttrium silicate (Y2SiO5) is an important laser crystal that
as been synthesized by chemical method since 1963.1 Most
esearch activities are related to rare earth (Ce3+, Eu3+, etc.)-
oped Y2SiO5 crystals used as blue phosphor or Cr4+-doped
2SiO5 as saturable-absorber Q-switch laser.2–4 As an impor-

ant phase in the SiO2–Y2O3–Si3N4 phase diagram, Y2SiO5
s frequently identified as a precipitated phase at the grain-
oundaries of sintered Si3N4 with Y2O3 or Y2O3 + SiO2
s sintering aid.5–7 And it has been proven that Y2SiO5
as the capability of improving the high-temperature perfor-
ance of silicon nitride.8–10 The melting point of Y2SiO5 is
950 ◦C, which also guaranties its potential high-temperature
tructural applications.11 Recently, some investigations have
emonstrated that Y2SiO5 is a promising high-temperature
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unctional–structural material. Ching et al.12 calculated the
ielectric properties of Y–Si–O ceramics, the dielectric constant
or Y2SiO5 is as low as 3.4, indicating its potential appli-
ations as microwave devices and high-temperature dielectric
omponents. Y2SiO5 has also attracted the attention of mate-
ial scientists due to its good chemical stability and desired
atch of thermal expansion coefficient (8.36 × 10−6 K−1 for

olycrystalline sample13) with some non-oxide materials such
s silicon-based ceramics, C/C composites and so on, espe-
ially combined with Y2Si2O7.14–17 Moreover, Y2SiO5 has a
ow evaporation rate as well as low oxygen permeability con-
tant (10−10 kg/(m s)) at temperatures even up to 1700 ◦C, which
ndows Y2SiO5 as excellent oxidation-resistant coatings.18

ractically, Y2SiO5 coatings on SiC-based ceramics can
mprove the high-temperature oxidation resistance of the sub-
trate efficiently.19,20 As a promising material for structural and
oating applications, the fundamental mechanical and thermal
roperties of bulk Y2SiO5 are still in dearth due to the diffi-

ulty in preparing single-phase Y2SiO5. During the synthesis of
2SiO5, undesired phases, such as Y4.67(SiO4)3O, Y2Si2O7,

tc., and the incomplete transformed polymorphs like low-
emperature phase (X1–Y2SiO5), always appear as impurities.

mailto:yczhou@imr.ac.cn
dx.doi.org/10.1016/j.jeurceramsoc.2008.04.029
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Table 1
Y–O, Si–O and O–O bond lengths in Y2SiO5

Bond Component Bond length (Å)

Si–O Si–O1a 1.639
Si–O2a 1.631
Si–O3a 1.608
Si–O4a 1.626

Y–O Y1–7O polyhedron 2.195b

2.526c

Y2–6O polyhedron 2.196b

2.270c

O–O Inner Si–4O tetrahedron 2.651b

2.772c

Outer Si–4O tetrahedron 2.538b

2.944c

e
o
u
2
o
d

t
I
w
t
fl

b
3
d
0
b
f

3

3

o
a
i
h
o
t
a
s
t

896 Z. Sun et al. / Journal of the Europea

Very recently, we successfully synthesized single-phase
2–Y2SiO5 powders (here after written as Y2SiO5 for brevity)

rom Y2O3 and SiO2 powders utilizing a simple solid–liquid
eaction method.21 In this paper, the mechanical properties of
ingle-phase bulk Y2SiO5 ceramic including elastic moduli,
ardness, strength and fracture toughness were measured. Since
he performances of a material are intimately correlated with
ts structure, here the relationship between the crystal struc-
ure and mechanical properties of Y2SiO5 was investigated in
etail. To support our speculations on deformation mechanism,
ransmission electron microscope (TEM) observations on the
eformed samples were carried out. These fundamental mechan-
cal properties of Y2SiO5 are beneficial for further engineering
pplication of this novel ceramic as well as for better under-
tanding the performance of Y2O3-doped Si3N4.

. Experimental procedure

.1. Crystal structure and materials preparation

The equilibrium crystal structure of Y2SiO5 was calcu-
ated in the framework of density functional theory by using
ASTEP code.22 The Vanderbilt-type ultrasoft pseudopotential
nd generalized gradient approximation were employed for the
eometry optimization.

The Y2SiO5 powders were synthesized via a solid–liquid
eaction method, wherein the initial yttria and silica powders
ere calcined with 3 mol% LiYO2 additive at 1500 ◦C for 2 h in

ir. The bulk material with a final density of 98% was obtained
y pressureless sintering the as-synthesized powders at 1500 ◦C
or 60 min in air. Details of the preparation procedure can be
ound in our previous work.21 Microstructure observation of the
hermal etched specimens was performed in a SUPERA 35 scan-
ing electron microscope (SEM, LEO, Oberkochen, Germany)
quipped with an Oxford energy dispersive X-ray spectroscope.

To understand the damage mechanism, the Y2SiO5 ceramic
as indented at room temperature with a 4.7-mm WC ball
sing 300 N load. Thin-foil specimens cut from regions con-
aining indentations for TEM observations were prepared by
licing, mechanical grinding, dimpling, and finally ion milling.

200 kV JEM-2010 TEM (JEOL, Tokyo, Japan) and a 300 kV
ecnai G2 F30 TEM (FEI, Eindhoven, Netherlands) were used,
espectively, for selected area electron diffraction analysis and
igh-resolution imaging.

.2. Tests of mechanical properties

Young’s modulus and shear modulus were tested on rectan-
ular bars (3 mm × 11 mm × 39 mm) using the impulse-excited
esonance method (resonance frequency and damping analyzer,
MCE, Diepenbeek, Belgium). The first resonance mode was
hosen to determine the Young’s modulus. The bulk modu-
us of Y2SiO5 was evaluated from the relationship between E

Young’s modulus), G (shear modulus) and ν (Poisson’s ratio),
= (GE/3(3G − E))
The Vickers microhardness was measured at loads of 0.5,

, 3, 5, 10, 30 and 50 N with a dwell time of 15 s. To

w
t
t
r

a Si–4O tetrahedron.
b minimum bond length.
c maximum bond length.

stimate the damage tolerance of the material, indentations
n 3 mm × 4 mm × 36 mm flexural specimens were performed
sing a Vickers indenter under loads of 10, 30, 50, 100, and
00 N. One diagonal of the indenter was parallel to the length
f the specimen. The residual strength after indentation was
etermined by four-point bending.

The flexural strength was determined via three-point bending
est using samples with dimensions of 3 mm × 4 mm × 36 mm.
n addition, the samples with a size of 2 mm × 2 mm × 4 mm
ere used for compression test and the height of them set parallel

o the direction of compression. The crosshead speed in both
exural and compressive tests was 0.5 mm/min.

Fracture toughness was measured using Chevron-notched
eam (CNB) method on the specimens with dimensions of
mm × 4 mm × 45 mm. Chevron notches were introduced by
iamond-coated wheel slotting. The thickness of blade is
.054 mm and the width of the notches is 0.14 mm. Four-point
ending tests with a crosshead speed of 0.05 mm/min were per-
ormed for fracture toughness measurements.

. Results and discussion

.1. Crystal structure

The equilibrium crystal structure of Y2SiO5 (B2/b, 15) was
btained using the Cambridge Sequential Total Energy Pack-
ge (CASTEP) code22 and the crystal structure parameters are
n good agreement with those reported by Ching et al., who
ave investigated comprehensively into the electronic structures
f compounds in Y–Si–O system.12,23 As shown in Fig. 1(a),
he unit cell of Y2SiO5 contains 32 atoms with two nonequiv-
lent Y sites, denoted as Y1 and Y2, one Si site, and five O
ites. Table 1 lists the corresponding atomic bond lengths in
he equilibrium crystal structure. Y1 bonds to seven O atoms

ith bond lengths ranging from 2.195 to 2.526 Å, and Y2 bonds

o six O atoms in the range over 2.196–2.270 Å. While Si is
etrahedrally surrounded by four O atoms with bond lengths
anging from 1.608 to 1.639 Å. O–O bonds are of antibonding
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ig. 1. Crystal structure of Y2SiO5, (a) unit cell and (b) projected 2 × 2 × 1
upercell on the (0 1 0) crystal plane.

haracteristics and repelling with each other. The bond lengths
n Table 1 suggest a much stronger bonding character of Si–O
onds in SiO4 tetrahedra than Y–O bonds in YO6 or YO7 polyhe-
ra. Fig. 2 illustrates the projected density of states of Y2SiO5.
he lowest lying states from −21 to −14 eV originate from
semi-core” valence electrons, which have little contribution to
he chemical bonding. The Si–O covalent bonding states extend

n a lower energy level from −6.5 to −3 eV with a localized
is–Op and Sip–Op bonding characteristics, and Y–O bond-

ng sates occupy the higher energy level from −3.3 eV to the
ermi level with a dominant but less localized Yd–Op bond-

Fig. 2. Projected electronic density of states of Y2SiO5.
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ng characteristics. From the viewpoint of bonding energy, the
i–O bonds locate in lower energy level and have a high bonding
trength; and the Y–O bonds extend in higher energy level and
xhibit weaker bonding strength. The whole crystal structure of
2SiO5 is, therefore, characterized as rigid SiO4 tetrahedrons

weakly linked” by YO6 and YO7 units. This structural feature
s quite similar to that of LaPO4 monazite (P21/n), which is char-
cterized by continuous strongly bonded PO4 tetrahedral glued
y LaO9 polyhedron with weak bonds.22 LaPO4 is well known
s a weak interface material in fiber-reinforced ceramic-matrix
omposites,24 and the weakly bonded atomic planes constituted
f the long La–O bonds are reported to be the source of machin-
bility and low shear deformation resistance of this material.22

ig. 1(b) is the projection of 2 × 2 × 1 Y2SiO5 supercell on the
0 1 0) crystal plane. In close resemblance to the crystal structure
f LaPO4, weakly bonded (1 0 0) atomic planes crossed by long
–O bonds in Y2SiO5 are noticed, as indicated by the arrow

(1 0 0) is the most obvious weakly bonded atomic planes but
ot the only one).

.2. Mechanical properties

Fig. 3 shows a SEM micrograph of polished and then ther-
al etched surface of as-sintered Y2SiO5 that was pressureless

intered at 1500 ◦C for 60 min in air. The microstructure reveals
quiaxial grains and the grain size is 6 �m on average. On the
tched surface, owing to the rapid cooling rate after thermal
tching, a few microcracks appear.

Fig. 4(a) shows the Vickers hardness of Y2SiO5 as a func-
ion of indentation load. It is noticed that the Vickers hardness
epends on the applied load and asymptotically approaches a
lateau value of about 5.3 GPa at high loads. SEM observation
f the indent produced under 30 N load (insert in Fig. 4(a)) shows
o apparent damage region except for some cracks around the
ndentation. Fig. 4(b) is a high magnification of the tortuous

xtension path from a main crack with a number of deflections
nd bridgings. These features imply that Y2SiO5 is capable of
ocal energy dissipation and is hence resistant to crack propaga-
ion upon loading.

Fig. 3. Microstructure of sintered Y2SiO5.
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To further prove the hypothesis that Y2SiO5 is a damage tol-
erance material, the four-point bending strength as a function of
ig. 4. (a) Vickers hardness vs. load, the inset figure is the 30 N indentation
urface and (b) high magnification of crack deflection and bridging for a main
rack produced at 30 N load.

The fracture surface of Y2SiO5 after three-point bending test,
s shown in Fig. 5, exhibits a characteristic of both intergranular

nd intragranular fracture, as well as many sharp steps caused by
rack deflection as cracks penetrating inside grains. The fracture
nergy was thus consumed by virtue of crack deflection.

Fig. 5. The fracture surface of Y2SiO5 after bending.
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All the measured mechanical properties of Y2SiO5 ceramic
re summarized in Table 2, together with those of �-Y2Si2O7

25

nd LaPO4
26,27 for comparison. One can find that these ceram-

cs have close values for some mechanical parameters: bending
trength, Young’s modulus and bulk modulus. However, Y2SiO5
xhibits lower hardness and shear modulus than �-Y2Si2O7 and
aPO4, but higher fracture toughness than LaPO4. Technically,
-Y2Si2O7 and LaPO4 have been found to be machinable by
onventional cemented carbides tools due to their low shear
eformation resistance.25–27 The resemblance of Y2SiO5 to �-
2Si2O7 and LaPO4 in the mechanical properties suggests that
2SiO5 may also possess lower shear deformation resistance

nd machinability.

.3. Damage tolerance and machinability

By analyzing the overall mechanical properties of Y2SiO5, it
s speculated that this material is tolerant of damage. The Vick-
rs indentation surface under 30 N load (the inset in Fig. 4(a))
akes on an appearance of few short cracks in the vicinity of
ndentation, wherein crack propagation is hindered by deflect-
ng, bridging and branching (Fig. 4(b)). This kind of crack
xtension mode is helpful in dissipating the fracture energy
nd terminating the cracks in a local zone, which endows
2SiO5 with good damage tolerance. The typical characteris-

ics of decreased microhardness with increasing load, as well
s the crack extension mode support the fact that Y2SiO5 has
icroscale-plasticity. This conjecture on microscale-plasticity

s corroborated by the low Hv/E ratio. For most ceramics the
v/E values are in the range of 0.02–0.1, whereas for most met-

ls the ratios change between 0.001 and 0.03.28 The Hv/E ratio
or Y2SiO5 ceramic is only 0.042, implying that this ceramic
ight be of microplasticity.
ndentation loads was determined (Fig. 6). The asymptotic slope
btained at high indentation loads can be used as an indicator

ig. 6. Four-point flexural strength vs. indentation load. The inclined dashed
ine has a slope of −1/3, which is the expected behavior for a perfectly brittle
eramic.
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Table 2
Summary of the mechanical properties of Y2SiO5, �-Y2Si2O7 and LaPO4

E (GPa) G (GPa) υ B (GPa) σb (MPa) σc (MPa) KIc (MPa m1/2) H (GPa)

Y2SiO5 124 ± 2 47 0.31 108 116 ± 3 620 ±13 1.85 ± 0.17 5.3 ± 0.1
�-Y2Si2O7

a 155 ± 3 61 0.27 112 135 ± 4 650 ± 20 2.12 ± 0.05 6.2 ± 0.1
L b
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al.30 has studied the deformation twinning modes in LaPO4, and
found that (1 0 0) twins are by far the most common ones in the
deformed grains, and in particular, the key factor that determines
aPO4 134 53 0.28 99

a Ref.25.
b Refs.26,27.

f damage tolerance of materials—for perfectly brittle materials
hat slope corresponds to −1/3.29 Here from Fig. 6, the slope for

2SiO5 is less than −1/3, suggesting that it is a damage-tolerant
eramic.

Attributed to the combination of unique mechanical proper-
ies, such as low shear modulus, low hardness and high damage
olerance, Y2SiO5 can be drilled easily by a cemented carbide
ool at a constant normal force of 50 N and at a speed of 600 rpm.
he drilling rate was estimated to be roughly 0.7 mm/s. The
rilled surface was found very complanate and partially covered
ith a layer of smeared debris. Assisted by a precision surface

oughness meter (JB-4C roughness meter, Shanghai Taiming,
hanghai, China), the roughness (Ra) of the drilled surface was
etermined to be 5 �m. Based on these data, we can confidently
onclude that Y2SiO5 is a machinable ceramic and its machin-
bility is better than Y2Si2O7. The very similar mechanical
roperties between LaPO4 and Y2SiO5 also imply the promis-
ng application of Y2SiO5 as a novel weak interfacial phase for
ber-reinforced ceramic-matrix composites.

.4. Origin of damage tolerance

It is well documented that the mechanical properties of
material are innately correlated to its crystal structure and

hemical bonding. The origin of high damage tolerance and
achinability for Y2SiO5 can be found by the investigation on its

eformation mechanism. In the case of LaPO4 monazite, whose
tructure is characterized by continuous strongly bonded PO4
etrahedral and LaO9 polyhedron with weak bonds, the typical
eformation mechanism is the weak La–O bonds accommodat-
ng the locally inhomogeneous shear strain and thus leading to
he intrinsically low shear deformation resistance, while the rigid
O4 tetrahedra remaining almost unchanged.22 Analogously, the

onger and weaker Y–O bonds in Y2SiO5 may respond to the
pplied mechanical perturbations more significantly than the
trong Si–O bonds. When damage occurs, the bond breaking
ainly takes place at Y–O bonds in Y2SiO5 along some specif-

cally weak planes as indicated by the arrow in Fig. 1(b), while
he rigid SiO4 tetrahedra tends to release the energy by rota-
ion. This suggests that these weakly bonded planes can act as
ow-energy interfaces favorable for cleavage, slip or twinning,
nd the low shear resistance and ductility of Y2SiO5 should be
erived from these weakly bonded atomic planes.
To prove the mechanical response modes of these weakly
onded interfaces, TEM observations on the deformed zone
ere conducted. Fig. 7 shows the TEM images of the
2SiO5 samples after spherical indentation at room tempera-

F
Y
s
p
t

102 / 1 4.9

ure. Fig. 7(a) reveals that the grains in the deformation zone
re commonly micro-cleaved into a number of well-orientated
ub-grains, suggesting that the micro-cleavage should be the
ajor mechanism of energy dispersion upon mechanical dam-

ge. HRTEM image (Fig. 7(b)) show that abundant stacking
aults and twins existed in the sub-grains. The right upper high-
esolution TEM pattern in Fig. 7(b) presents a (1 0 0) twin along
3 1̄ 1̄] shear direction as indicated by the corresponding elec-
ron diffraction pattern at the lower right of the figure. Hay et
ig. 7. TEM micrographs of indented Y2SiO5. (a) Bright image of the deformed

2SiO5; (b) high-resolution TEM image of the sub-grain in (a) which is full of
tacking faults and twining: the upper-right is an enlarged twining along (100)
lane, and the lower-right is the corresponding SAED pattern for the upper
wining.
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he twining modes is the small atomic shuffles. Similar conclu-
ions were carried out in Er2Si2O7 and Nb2Si2O7.31,32 Based on
similar structure between LaPO4 and Y2SiO5, the (1 0 0) low-
nergy weakly bonded atomic plane in Y2SiO5, as indicated in
ig. 1(b), is also expected to respond to the applied mechanical
erturbations in the form of micro-cleavage, slip and twining.
he common (1 0 0) twins may be aroused by the easily small
tomic shuffles, or the rotations of SiO4 tetrahedra.

The deformation mechanisms of Y2SiO5, therefore, can be
ummarized as follows: when subjected to mechanical dam-
ge, the strain energy can be accommodated in the form of
icro-cleavage, slip and twining, and thus the material avoids

he catastrophic failure. The ready response of Y2SiO5 to the
echanical disturbance is owing to the low-energy weakly

onded atomic planes crossed only by the comparatively weak
–O bonds. The easily breaking Y–O bonds, small atomic shuf-
e or the rotatable rigid SiO4 tetrahedra are the origins of low
hear deformation, high damage tolerance and good machinabil-
ty of Y2SiO5.

. Conclusion

The mechanical properties of Y2SiO5 were comprehensively
nvestigated in this paper. Based on the measured data, Y2SiO5
an be viewed as a potential machinable ceramic with low shear
odulus, low hardness and high damage tolerance. The drilling

est demonstrates that Y2SiO5 can be machined by cemented
arbide tools. The DFT calculation reveals the weakly bonded
tomic planes, which are crossed only by the easily breaking
–O bonds, are the sources of low shear deformation resis-

ance and good machinability of Y2SiO5. TEM observations
lso demonstrate a large number of micro-cleavages, stacking
aults and twins along these weakly bonded atomic planes, which
isperse the strain energy and thus allow “ductility” for Y2SiO5.
he special mechanical features for Y2SiO5 imply its promis-

ng applications as components with complex shape and weak
nterfacial phase in fiber-reinforced ceramic-matrix composites.
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