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Mechanical and elastic properties of transparent
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Mechanical and elastic properties of transparent TeO,-based glass-ceramics

(15K,0 - 15Nb, 05 - 70TeO,) consisting of nanocrystalline particles (each particle size:

40-50 nm) and showing optical second harmonic generation were evaluated by means of
usual Vickers indentation and nanoindentation tests. The precursor glass has Vickers
hardness H, of 2.9 GPa, Young’s modulus E of 54.7 GPa, the fracture toughness K. of

0.25 MPam'/? and Poisson'’s ratio of 0.24. The transparent nanocrystalline glass-ceramic
heat-treated at 420°C for 1 h has H, =3.8 GPa, E=75.9 GPa and K. =0.34 MPam'/? , and the
opaque glass-ceramic heat-treated at 475°C for 1 h has H, =4.5 GPa, E=82.9 GPa and
K.=0.68 MPam'/2 , demonstrating that poor mechanical and elastic properties of the
precursor TeO,-based glass are improved through sufficient crystallization. The fracture
surface energy, brittleness and elastic recoveries (about 44%) after unloading (the
maximum load: 30 mN) of transparent nanocrystalline glass-ceramics are almost the same
as those of the precursor glass, implying that the interaction among nanocrystalline
particles is not so strong. © 2001 Kluwer Academic Publishers

1. Introduction

Tellurium oxide (TeO;) based glasses are scientific and
technical interest on account of their low melting tem-
peratures, high refractive indices, high dielectric con-
stants and good infrared transmission and recently have
been considered as promising materials for use in opti-
cal amplifiers or nonlinear optical devices [1, 2]. Very
recently, Watanabe et al. [3] measured the tempera-
ture dependence of Vickers hardness of TeO,-based
glasses such as 15Na;O - 15Zn0O - 70TeO, from room
temperature to the glass transition region and demon-
strated that TeO,-based glasses are largely fragile, i.e.
crack formation under indenter easily occurs, the Vick-
ers hardness at room temperature is around 3 GPa
and the hardness decreases sharply in the glass tran-
sition region. For technical applications of such at-
tractive TeO,-based glasses, it is important to improve
their poor mechanical properties. On the other hand,
optically transparent TeO,-based glass-ceramics con-
sisting of nanocrystalline particles around 20-50 nm
have been successfully prepared, and it has been re-
ported that such transparent glass-ceramics show more
attractive optical properties such as second harmonic
generation (SHG) or strong upconversion fluorescence
compared with precursor TeO;-based glasses [4-7].
It is of interest and important to clarify mechanical
and elastic properties of TeO,-based glass-ceramics for
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technical applications of such transparent nanocrys-
talline glass-ceramics.

In this study, we focus our attention on transparent
glass-ceramics with a nominal composition of 15K,0 -
15Nb,0s5 - 70TeO,, because its precursor glass crystal-
lizes easily and also transparent nanocrystalline glass-
ceramics are easily obtained [4—7]. Some mechanical
and elastic properties such as Vickers hardness, frac-
ture toughness, brittleness and Young’s modulus at
room temperature were measured, and their features for
transparent nanocrystalline TeO,-based glass-ceramics
were clarified.

2. Experimental procedure

The glass with a nominal composition of 15K,0-
I5Nb,Os - 70TeO, was prepared using a conven-
tional melt-quenching method. Commercial powders
of reagent grade K,CO3, Nb,;O5 and TeO, were mixed
and melted in a platinum crucible at 1000°C for 30 min
in an electric furnace. The melt was poured in an alu-
mina mold over an iron plate heated at 200°C to reduce
breakage from thermal shock. The glass was annealed
at 370°C to eliminate internal stress in the glass. The
glass transition temperature T, and crystallization on-
set temperature Tx were determined using differential
thermal analysis (DTA) at a heating rate of 10 K min~!.
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The glass with T, =369°C was converted into glass-
ceramics through the so-called two-step heat-treatment
in order to obtain good optical transparency. The first
heat-treatment temperature was 369°C and the period
was 1 h. The second heat-treatment temperatures and
period were 400—475°C and 1 h. The heating rate was
5K min~'.

The crystalline phase present in the heat-treated sam-
ples were examined by X-ray diffraction (XRD) anal-
yses at room temperature using Cu K, radiation. The
glass and heat-treated samples were mechanically pol-
ished to get mirror surface using CeO, powders for
measurements of mechanical and elastic properties.
Vickers hardness, Hy, at room temperature was mea-
sured using Akashi HM-114 in air (relative humidity
was 64%). The applied loads were in the range of 245—
980 mN, and the time of loading was 15 s. The Young’s
modulus and the fraction of elastic recovery during un-
loading were also evaluated using a Fischer H-100 ultra
low-load microhardness indenter designed by Fischer
Co. at room temperature. A diamond Vickers indenter
tip was used with a geometrical correction procedure
for accurate calculation of hardness. The load was ap-
plied to 30 mN and then the applied load was decreased
to 0 mN. Measurements for each sample were carried
out ten times under the same measuring condition.

3. Results and discussion

Firstly, it would be worth to summarize the main con-
clusions for the crystallization of 15K,0 - 15Nb,Os5 - 70
TeO, glass (hereafter designated as Base glass) re-
ported in previous papers [4, 5]: 1) the formation of
two different crystalline phases are observed in the
glass-ceramics, 2) the initial crystalline phase (here-
after phase I) has a disordered fluorite-type structure,
3) phase I might be metastable, because it is not formed
in a powder sintering method but is formed through a
crystallization of tellurite glasses, 4) transparent glass-
ceramics consisting of phase I have been successfully
prepared and show SHG, 5) phase I disappears at high
temperatures and a new crystalline phase (hereafter
phase II) is formed, 6) glass-ceramics consisting of
phase II are opaque and the crystal structure of phase I1
has not been clarified at this moment. The DTA pat-
tern for Base glass is shown in Fig. 1, and the exother-
mic peaks corresponding to the formations of phase I
and phase II are marked in the figure. The XRD pow-
der patterns for the glass-ceramics obtained by vari-
ous heat-treatments at 400-475°C for 1 h are shown
in Fig. 2, indicating that the glass-ceramics obtained
by heat-treatments at 400—440°C consist of phase I
and the transformation of phase I to phase II occurs at
around 450°C.

3.1. Vickers hardness

From deformation-fracture patterns in Vickers indenter
tests, the values of Vickers hardness, H,, for Base glass
and glass-ceramics of 15K,0 - 15Nb,0Os - 70TeO, were
evaluated using Equation 1:
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Figure 1 DTA pattern for 15K;0 - 15NbyOs - 70TeO; glass. Heating
rate was 10 K min~!.
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Figure 2 XRD powder patterns at room temperature for the glass-
ceramics (15K;0 - 15NbyOs5 - 70TeO,) obtained by heat-treatments at
400-475°C for 1 h. O : phase L

where P is an applied load, a is a characteristic indenta-
tion diagonal and «, is an indenter constant of 2.157 in
the present experiment used a diamond pyramid inden-
ter. It was confirmed that the relation between P (245—
980 mN ) and a given by Equation 1, i.e. a oc P'/2,
is well hold in the present samples. From the scan-
ning electron micrographs of indentation patterns, it
was also confirmed that Vickers-produced fracture pat-
terns for the samples were penny-like radial/median
cracks. The evaluated values of Vickers hardness at
room temperature in air are shown in Table I and
Fig. 3. The precursor glass has H, =2.9 GPa, trans-
parent glass-ceramics consisting of phase I have around
H, = 3.8 GPa, and opaque glass-ceramics consisting of
phase IThave H, = 4.3 GPa. Although the Vickers hard-
ness increases gradually with increasing heat-treatment



TABLE I Values of Vickers hardness Hy, Young’s modulus E, fracture toughness K, fracture surface energy yr and brittleness B(/) and B(I 1)
for 15K,0 - 15Nb,Os5 - 70TeO; glass and glass-ceramics.

Sample H, (GPa) E (GPa) K. (MPam!/?) yr Jm—2) B(I) (um~'/%) B(IT) (um~1/2)
Glass 29 54.7 0.25 0.5 11.7 11.6
Heat-treated

400°C, 1 h 3.3 77.8 0.40 1.0 8.3 8.3

420°C, 1 h 3.8 75.9 0.34 0.7 11.3 11.3

440°C, 1 h 3.8 74.4 0.28 0.5 13.6 13.6

450°C, 1 h 3.8 71.6 0.31 0.6 12.3 12.4

460°C, 1 h 43 75.9 0.43 1.1 10.1 10.1

475°C, 1 h 45 82.9 0.68 2.6 6.6 6.6

B(I) was estimated using Equation 7 and B(IT) was calculated using Eq. (8) with y = 18.
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Figure 3 Vickers hardness at room temperature for the Base glass
and glass-ceramics (15K,0 - 15NbyOs - 70TeO,) obtained by heat-
treatments at 400-475°C for 1 h.

temperature, its behavior is not monotonous. That is, the
change in H, is closely related to not only the formation
of phase I but also to the transformation from phase I
to phase II.

The diameter of each crystalline particles in transpar-
ent glass-ceramics was estimated from the full width
at the half maximum of an X-ray diffraction peak at
around 26 = 28° by using Scherrer’s equation. The es-
timated diameters were 40-50 nm. The densities of
Base glass, transparent glass-ceramics (heat-treated at
400-435°C) and opaque glass-ceramic (heat-treated
at 475°C) are 4.66, 4.95-4.97 and 5.08 g cm™? | re-
spectively [4], meaning that the glass-ceramics have
more dense atom packing structures compared with
the precursor glass. The thermal expansion coefficients
of Base glass and transparent glass-ceramics in the
temperature range of 50-350°C are 156 x 10~7 and
124 x 1077 K~!, respectively [8]. This suggests that
bond strengths among constituents atoms in transparent
glass-ceramics would become more strong compared
with the precursor glass, although each crystalline par-
ticle is nanosize. Such changes in atom packing struc-
tures and bond strengths might be the reason for the
increase in the Vickers hardness shown in Fig. 3.

Glass-ceramic: 420 °C

p (mN)
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30—
Glass-ceramic: 475°C

20
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Figure 4 Indenter load versus indenter displacement at room tempera-
ture for the Base glass and glass-ceramics (15K20 - 15Nb,Os - 70TeO3)
obtained by heat-treatments at 420 and 475°C for 1 h. The maximum
load was 30 mN.

3.2. Young’s modulus

The Young’s modulus of Base glass and glass-
ceramics was estimated from nanoindentation tests.
The load/unload displacement curves for Base glass
and a transparent glass-ceramic are shown in Fig. 4. It
is well known that the Young’s modulus of specimen
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Figure 5 Cube resonance spectrum at room temperature for the Base
glass (15K;0- 15NbyOs - 70TeO;) . The corresponding vibrational
modes are also shown.

in the nanoindentation test is obtained in the form of
the reduced modulus E;, and a reduced modulus is ex-
pressed by Equation 2 [9].

11— (1—v)
= F + E (2)

where E and v are Young’s modulus and Poisson’s ratio
for the specimen and E; and v; are the same parameters
for the indenter. In this study, a diamond Vickers inden-
ter was used, and the elastic parameters for diamond are
E; =1140 GPa and v; =0.07 [10]. In order to estimate
the Young’s modulus of a specimen, the value of Pois-
son’s ratio is needed. The Poisson ratio of Base glass
was measured from a cube resonance method with the
frequencies of 0.2—1 MHz, in which the sample size was
3.85 x 3.85 x 3.85 mm [11, 12]. The cube resonance
spectrum for Base glass is shown in Fig. 5, and the
value of v =0.24 was obtained. This value is well con-
sistent with those in various glasses [13—15]. We tried to
estimate the Poisson’s ratio for the glass-ceramics, but
sizable cubic samples could not be obtained because of
the crack formation in large sizable glass-ceramics dur-
ing heat-treatments. It is well known that the Poisson’s
ratio of oxide crystalline materials are usually 0.2-0.3
[13]. In the present study, therefore, the Young’s mod-
ulus of the glass-ceramics was calculated by assum-
ing the Poisson’s ratio of v =0.24, and the values are
shown in Fig. 6. Base glass has £ =54.7 GPa, being
typical one for TeO,-based glasses [16]. On the other
hand, the glass-ceramics have higher Young’s moduli
of £ =71.6-82.9 GPa. It should be pointed out that
the increase in Young’s modulus is not monotonous
against the increase in the heat-treatment temperature.
This behavior is similar to that in the Vickers hardness,
but a slight decrease in E is observed at the transfor-
mation stage from phase I to phase II. At this moment,
the mechanism of the transformation from phase I to
phase II has not been clarified. But, it is considered
from Fig. 2 that large atomic rearrangements occur at
the transformation stage. In such a transformation stage,
atomic arrangements might be considerably disorder-
like, giving a decrease in Young’s modulus.
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Figure 6 Young’s modulus and fracture toughness at room temperature
for the Base glass and glass-ceramics (15K,0 - 15Nb;Os - 70TeO,) ob-
tained by heat-treatments at 400-475°C for 1 h.

The elastic recoveries after unloading in nanoinden-
tation tests were estimated to be 44% for Base glass,
449% for the transparent glass-ceramic and 38% for
the opaque glass-ceramic. These results suggest that
a plastic deformation occurs easily even in transpar-
ent nanocrystalline glass-ceramics under the applied
load of 30 mN, implying that the interaction among
nanocrystalline particles is not so strong. It is of partic-
ular interest to examine the applied load dependence
of elastic recovery, and such a study is now under
consideration.

As described in this section, sizable cubic glass-
ceramics (e.g. 5 X 5 x 5 mm) could not be obtained eas-
ily because of the crack formation during cooling after
heat-treatment. Since the thermal expansion coefficient
o of TeO,-based glasses are generally much large com-
pared with conventional silicate glasses, the generation
of internal stress would be a serious problem for the
preparation of TeO;-based glasses with large sizes. If
a temperature gradient AT exists in a glass piece, in-
ternal stress occurs. The generated internal stress o in
glass is proportional to the Young’s modulus and ther-
mal expansion coefficient and can be estimated using
Equation 3 [17]:

EFa

1—v

o= AT = AT 3)
where ¢ is called specific thermal tension and is a char-
acteristic parameter for a given glass. The estimated
values of ¢ for Base glass and a transparent nanocrys-
talline glass-ceramic are 1.12 and 1.24 Nmm~2K ™!, re-
spectively. Generally, silicate and borosilicate glasses
have ¢ =0.7-0.8 N mm2K~! and lanthanum oxide
borosilicate glasses show high values of ¢ =0.9-1.2
N mm—2K~! [17]. The values of ¢ =1.12 and 1.24
N mm~2K ! estimated here are, therefore, regarded as
large ones, maybe giving the difficulty for large size
TeO,-based glasses and glass-ceramics.



3.3. Fracture toughness

The values of characteristic crack length, C, in Vickers
indenter tests gives information on the resistance to
fracture. Fracture toughness, K., which is a measure
of the resistance to fracture, is expressed by the follow-
ing Equation 4:

P

Ke= 3o (4)

B, 1s a function of Young’s modulus E and hardness
H,, and many models for the estimation of S, have
been proposed [18]. The following equation has been
recommended by Japanese Industrial Standards (JIS)
for ceramics [19]:

EN'Y?2/ P
K;:OﬂM(E) <5W) )

Equation 5 is almost the same as that proposed by Anstis
et al. [20]. It was found that the relation between P and
C given by Equations 4 and 5, i.e. C o« P?/3, is well
hold in Base glass and glass-ceramics. Using the values
of Vickers hardness and Young’s modulus, K. values
were determined, and are given in Table I and Fig. 6.
The fracture toughness of Base glass is K.=0.24
MPam!/2. This small value demonstrates that the tel-
lurite glass of 15K,0 - 15Nb,;0s5 - 70TeO, is mechan-
ically very fragile, as already proposed by Watanabe
et al. [3]. As seen in Table I, the glass-ceramics have
the fracture toughness of 0.40-0.68 MPam'/?, mean-
ing that the fracture toughness is improved due to crys-
tallization. The increase in fracture toughness is not
monotonous against the increase in the heat-treatment
temperature, as similar to the behaviors of Vickers hard-
ness and Young’s modulus. The results on the frac-
ture toughness shown in Fig. 6 also suggest that the
interaction among nanocrystalline phase I in transpar-
ent 15K,0 - 15Nb, 05 - 70TeO, glass-ceramics is not so
strong.

It is known that there is a good correlation between
Young’s modulus and fracture toughness in glasses and
polycrystalline ceramics as shown in Fig. 7 [21]. The
data obtained in the present study for Base glass and
glass-ceramics are also plotted in Fig. 7. It is seen that
the relation between E and K in TeO,-based glass and
glass-ceramics is included in the category of other glass
and ceramics. This correlation is important to the design
of TeO,-based materials with high fracture toughness.
Thatis, in TeO,-based glasses and glass-ceramics, akey
point to improve mechanical properties is to find effec-
tive elements giving large Young’s modulus. In this con-
nection, the study of mechanical and elastic properties
of rare-earth doped or containing TeO,-based materials
might be valuable.

According to the fracture mechanics, the relationship
between fracture toughness and Young’s modulus is
expressed by the following equation [22]:

ZE)/f
K. =, 6

where yr is the fracture surface energy. The fracture
surface energy is termed as the energy associated with
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Figure 7 Relationship between Young’s modulus and fracture tough-
ness at room temperature for Base glass (15K,0 - 15Nb;Os - 70TeO,),
transparent and opaque glass-ceramics. The data for other glasses and
ceramics are included [21].

surface formation during fracture, and thus it controls
the fracture process and is important in understand-
ing the underlying mechanism affecting the fracture
of solid materials [23], although it is recognized that
the fracture surface energy measured experimentally is
an effective fracture surface energy and does not di-
rectly correspond to the thermodynamic surface free
energy. Wiederhorn [23] estimated the fracture surface
energy of some silicate glasses using the double can-
tilever cleavage method. For example, the fracture sur-
face energy of soda-lime silicate glass in an atmosphere
of dry nitrogen is 3.8 Jm™2. Equation 6 has been used
to estimate the fracture surface energy of phosphate
glasses, phase-separated glasses and MgAlO, single
crystal [24-26]. In this paper, we estimated the frac-
ture surface energies of TeO,-based glasses and glass-
ceramics using Equation 6. The values of y; = 0.5 Jm 2
for Base glass, y; =0.7 Jm~2 for transparent nanocrys-
talline glass-ceramic (420°C, 1 h), and yy=2.6 Jm—2
for opaque glass-ceramic (475°C, 1 h ) were obtained.
It is clear that the fracture surface energies of TeO,-
based glass and glass-ceramics are extremely small
compared with other conventional glasses (generally
around y; = 5 Jm~2 ), indicating again that TeO,-based
glasses are fragile.

3.4. Brittleness

Since the so-called “brittleness” of glass and glass-
ceramics, resulting in a high susceptibility to catas-
trophic failure, is major disadvantages that limit their
use in various technical applications, it is important
to understand their brittleness and to draw effective
factors for materials designs with low brittleness. As
indicated in the previous sections, it is considered
that TeO,-based glass and transparent nanocrystalline
glass-ceramics would be brittle. In this section, we try
to evaluate quantitatively the brittleness of our sam-
ples. Lawn and Marshall [27] have proposed a useful
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approach for the quantification of the brittleness, in
which a simple index of brittleness B is derived in
terms of hardness H and Vickers indentation fracture
toughness K.:

B = K. (N
Generally, B values for ceramic materials and glasses
are varying in the range ~1 um~!/2 to 13 um~1/2 [28].
The values of B in Base glass and glass-ceramics were
estimated using Equation 7 and using the data of H,
and K. The results are given in Table 1. Base glass has
a large brittleness of B = 11.6 um~'/2, The transparent
nanocrystalline glass-ceramics have also large brittle-
nesses of 11.3—-13.5 um~!/2, suggesting again that the
interaction among nanocrystalline particles is not so
strong. It is noted that the opaque glass-ceramics con-
sisting of phase II exhibit relatively low brittleness, for
example, the glass-ceramic heat-treated at 475°C has
B=6.6 um~'/2.

The C /a ratio in Vickers indentation test is also an
important parameter for the evaluation of brittleness,
because it is related to the ratio of hardness and fracture
toughness. Recently, Sehgal et al. [28,29] have shown
that the brittleness index B for various glasses can
be obtained readily by measuring the C/a ratios in
Vickers indentation patterns. The equation derived by
Sehgal et al. [28, 29] on the basis of hardness and
Vickers fracture toughness relationship and validated
for glass-ceramics by Boccaccini [30] expresses the
brittleness as:

Cc\ 32

B =a0_3/4H3/4E_1/2y_1P_1/4<;) 8)
where y is an empirical dimensionless parameter,
which is often determined by experimental calibration.
For silicate glasses the value of y =18 has been pro-
posed by Sehgal et al. [28, 29], and for SiO;,-based
glass-ceramics (Silceram glass-ceramics) Boccaccini
[30] has proposed the value of y = 25. Itis of interest to
check whether the above relation can extend to tellurite
glasses and glass-ceramics. It was found that the value
of y =18 can reproduce very well for almost trans-
parent and opaque glass-ceramics as shown in Table L.
It should be pointed out that this value is the same as
that for glasses proposed by Sehgal et al. [28, 29]. Re-
cently, non-conventional glasses such as TeO,-based
and Bi;O3-based glasses absorb much interest because
they exhibit excellent optical properties and are excel-
lent host materials for rare earth doping. For such frag-
ile glass-forming systems, it is extremely important to
clarify mechanical and elastic properties. It is strongly
desired to check the validity of Equation 8 for such
optical functional glasses with various compositions.

4. Conclusion

The information on the mechanical and elastic prop-
erties of TeO;,-based glasses and glass-ceramics is
lacking compared to the study of their structure, op-
tical and thermal properties. In this study, we exam-
ined various mechanical and elastic properties for the
glass and glass-ceramics of 15K,0 - 15Nb,Os - 70TeO,
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using Vickers indentation and nanoindentation tests.
For transparent nanocrystalline glass-ceramics, Vickers
hardness, Young’s modulus and fracture toughness be-
came large compared with the precursor glass, but the
fracture surface energy, brittleness and elastic recovery
after unloading are almost the same as those of the pre-
cursor glass. It is considered that the interaction among
nanocrystalline particles is not so strong and weak Te-O
bond strength still affect strongly some mechanical and
elastic properties in nanocrystalline TeO,-based glass-
ceramics. It was found that opaque glass-ceramics ob-
tained by heat-treatment at 475°C have much better
mechanical and elastic properties. It is desired to study
mechanical and elastic properties of other TeO,-based
glass-ceramics and to draw general features for trans-
parent nanocrystalline glass-ceramics.
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