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Hardness and elastic properties
of Bi,O3-based glasses
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The hardness and elastic properties of 20PbO - xBi, 03 - (80 — x)B,03 glasses with x =20-60
were evaluated through usual Vickers indentation and nanoindentation tests. The glass
transition temperature (Ty =295-421°C), Vickers hardness (H, =2.9-4.5 GPa), true hardness
(H=1.5-3.8 GPa) and Young’s modulus (E =24.4-72.6 GPa) decreased monotonously with
increasing Bi,O3 content. This compositional trend demonstrates that the strength of Bi—O
chemical bonds in these glasses is considerably weak compared with B—O bonds and
plastic deformations under indentation loading occur easily. The elastic recovery after
unloading was about 45% for the glasses with x =20-50, and the Poisson’s ratio was 0.27
for the glass with x = 20. The fracture toughness was evaluated to be 0.37-0.88 MPam'/?
from the values of H, and E, and it was proposed that not only weak Bi—O bonds but also
boron coordination polyhedra (BO3 or BO,) and their arrangements affect on crack
formation. From the temperature dependence of Vickers hardness up to the glass transition
region, it was suggested that the glasses with high Bi,O3; contents belong to the category to
fragile glass-forming liquids. © 2001 Kluwer Academic Publishers

1. Introduction be continuously broken and remade with new neigh-
Since the first report by Dumbaugh [1] on bismuth ox-bors. It is, therefore, obvious that glasses having weak
ide (Bi,O3) based glasses being thermally stable againgtond strengths among constituents atoms and small
crystallization and showing high refractive indices andatom packing densities (i.e. more open structure) show
excellent infrared transparencies, so many studies olow mechanical and elastic properties such as small
structure and optical properties of;Bls-based glasses Young’'s modulus [14]. In this paper, we focus our
such as PbO-BD3-B,03 and PbO-Gg03-Bi,Oz have  attention on PbO-BD3-B,03 glasses, because these
been carried out. For example, it has been found thaglasses with a wide content range ob8g are avail-
glasses containing BD3 exhibit extremely large third- able through a conventional melt-quenching method
order nonlinear optical susceptibilitied® of the or-  and show excellent optical properties [4]. Further, their
der 102 esu [2—4]. It is also known that BDs-based network structure has been examined in detail [4].
glasses are excellent host materials for rare-earth dopg-he Vickers hardness and fracture toughness at room
ing to get efficient fluorescence emissions because demperature of PbO-BO3-B,03 glasses were evalu-
their low phonon energies (i.e. small multi-phonon re-ated through usual Vickers indentation tests, and the
laxations) [5, 6]. For technical applications of such at-Young’s modulus and the fraction of elastic recovery
tractive BbOsz-based glasses, it is obvious that an un-during unloading were determined from indentation
derstanding of mechanical and elastic properties is nedoad-unload/displacement experiments, i.e. so-called
essary, because generally poor mechanical and elasti@noindentation tests. The temperature dependence of
properties of glasses and ceramics limit their use irVvickers hardness of some glasses in the range from
many applications. To our best knowledge, howeverfoom temperature to glass transition temperature was
the study of mechanical and elastic properties such aalso measured. Such information would be valuable,
hardness, Young’s modulus and fracture toughness iwhen BpOs-based glasses are used under high power
Bi,O3-based glasses is scarce [7, 8]. laser irradiations. It should be pointed out that the

Glass undergoes both compression and shear dustudy of the temperature dependence of hardness for
ing the process of deformation in indentation test, andJlass has been limited to a few papers [15-17]. In
consequently the observed deformation comprises elaghis study, it has been demonstrated that the strength
tic deformation, plastic flow and densification [9—13]. of Bi—O chemical bonds is considerably weak com-
It is recognized that so-called normal glasses such agared with B-O bonds, giving the decreases in Vickers
soda-lime silicate glasses deform largely by a shearhardness and Young’s modulus with,Bi content and
dominated flow process, which is necessary reconalso showing a fragile character in the glass transition
structive in the bond configuration, i.e. bonds mustregion.
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2. Experimental TABLE | Values of glass transition temperatufg densityd and

The nominal compositions examined in the presenf’ean atomic volumé/rp for 20PbO xBi0s - (80— X)B20s glasses.

. . The data for 15NgO - 15Zn0O- 70TeQ (tellurite) and 14NgO - 13Ca0
study are 20PbOxBi>03 (80— x)B203 with x = 20, 73Si0, (soda-lime) glasses are also shown [17]

30, 40, 50 and 60. The glasses were prepared using

a conventional melt-quenching method. Commerciak Ty d Vin
powders of reagent grade PbO,8; and B,O; were  (Mol%) Q) (gen?) (cmPg-aton™)
mixed and melted in a platinum crucible at 8@0for 421 577 207
30 min in an electric furnace. After melting, the melt 3 387 6.55 7.61
was poured onto an iron plate heated toX50Glass 40 359 7.22 8.15
transition temperature3y, were determined by using 50 328 7.75 8.75
differential thermal analysis (DTA) at a heating rate®® 295 8.17 9.41

) " . tellurite 264 4.94 9.46
of 10 K min~". Densities,d, were determined by the coda-lime 555 2 50 8,27

Archimedes method using kerosene as the immersion
liquid. The glasses having mirror surface were prepared
by mechanical polishing with lapping films containing

3.0 um Al,O3 powders and then the glasses with a I
thickness of about 1.5 mm were annealed at a temper ire with the substitution of BDs for B,Os. Stehle

ture of Ty + 10°C for 10 min to eliminate internal stress ., -, [20] proposed that the glass structure in bismuth

In the gle}sses. Such well-polished glasses were used f?)rorate glasses becomes more and more open as the bis-
indentation tests.

Vickers hardness. . at ¢ ¢ muth concentration increases. The thermal expansion
ICKErS hardnessily, alroom tlemperaturé was mea- ., officient ofo =10.4 x 10-6 K1 for the glass with

_sured using Akashi HM.'114 in air (relaf[ive humid- 60 mol% BpO3 content is larger than that for the glass
ity was 64%). The applied loads were in the rangeith 40 mol% BOs content & = 8.9 x 106 K-1).

of 245 mN-9.8 N, and the time of loading was 15 s. . o :
' : M kka [21 hat Bi
The temperature dependence of Vickers hardness ‘%fbol}/ggo?gafgg glla[sse]zsree?rce)rtsgeéeﬁ in Iggjilsr_]

the glass_es was measumd using a high temperaturgs o octahedral. Janewic al. [22] proposed that
type equipment of Nikon QM-2 in the temperature lead ions in PbO-Bi03-Ga03 glasses are present as
range from rogf)m temperature to aroufdn a ,vaccum PbG; trigonal and/or Pb@pyramids. Terashimat al.

of 1.33x 10~ Pa. The hardness;, Young’s mod- 4] examined the boron atom coordination state in

ulus, E, and the fraction of elastic recovery during PbO-B,0; and BpOs-B,0; glasses from Raman and
unloading were also evaluated using a Fischer scopeg NvR spectroscopies and proposed that the frac-

H100V ultralow-load microhardness indenter designed;q of BO, groups increases with increasing PbO or
_by Fische_r Co.atroom t_emperature.Adiamond _\ﬁckersBizo3 content (up to 50 mol%) and then decreases
indenter tip was used with a geometrical correction proitn further PbO or BiO; content (over 50 mol%).
cedure fqr accurate calculation of_ hardness. The loagl 1,55 been considered that in borate glasses with less
was app_lled to 490 mN over a period of 30 s and th?’}han 50 mol% BOs, meta-, pyro-and ortho-borate
the applied load was decreased to O mN over a per!ogtructures are formed [4, 23]. Terashirea al. [4]

of 30 s. Measurements for each sample were carried;so showed that the coordination number of'Bi

out ten times under the same measuring condition, anfowever. remains unchanged. From various studies
the mean values off and E were estimated. In this on the structure of BDg-based glasses, it is obvi-

paper, the hardness evaluated from the above inden- s that B¥ ions act as network former in PbO-
tation load-unload/displacement experiments are calleg; o, g,0, glasses. It is, therefore, reasonable to

“true hardness”, in order to distinguish this hardnesstSLm]e that the connectivity 6fB—O—B— network

from usual Vickers hardnesd,. The Poisson’s ratio  ponds decreases and other network bonds such as
was measured from a cube resonance method with th—eB—O—Bi— and—Bi—O—Bi— are formed with the sub-

frequencies of 0.2-1 MHz, in which the sample sizegiitytion of Bi,Os for B,Os. And, further, the B@
was 3x 3 x 3 mm [18, 19]. (two-dimensional) and B (three-dimensional) ra-
tio changes and chain-type metaborate groups (one-
dimensional) are formed as,B; content decreases.
3. Results and discussion The low Ty values and the monotonous composi-
3.1. Properties of glasses tional dependence dfy given in Table | indicate that

The values of glass transition temperatligeand den- ~ the strength of BiO chemical bonds in PbO-BDs-
sity d for 20PbO xBi,O3 (80— X)B,03 glasses are B20s3 glasses is considerably weak compared with
given in Table I. The glass transition temperature deB—O bonds. The change in the dimension of boron-
creases rapidly from 42C for the glass witk =20to ~ ©XYgen coordination also might contribute to tig
295°C for the glass withx = 60 with the substitution Value.

of Bi»Os3 for B,O3. The density increases steeply from

5.77 t0 8.17 g cm® with increasing BiOz content. The

mean atomic volumeg,, were calculated fromthe den- 3.2. Vickers hardness, fracture toughness

sities and chemical compositions, and their values are  and brittleness at room temperature
givenin Table . Itis seenthat they increase from 7.07 td=rom deformation-fracture patterns in Vickers inden-
9.41 cn¥ g-atonT* with increasing BiOs content, im-  ter tests, the values of Vickers hardneBs, for the

ying that the glasses change toward more open struc-
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TABLE Il Values of Vickers hardness,, Young’s modulusE, frac- PbO-BL0s-B,03 glasses are considerably weak. As a

ture toughnesK, brittlenessB, elastic recoverfE R, and true hardness comparison the Vickers hardness values of a tellurite
H estimated from nanoindentation tests for 20PkBI>Os3 - (80— x) '

B,O3 glasses. The data for 15pMa- 15Zn0O-70TeQ (tellurite) and glass of 15NgO - 15Zn0- 70TeQ and soda-lime sili-

14Na0- 13Ca0 73Si0;, (soda-lime) glasses are also shown [17] cate glass (14N&® - 13CaO 73SiQ,) reported in pre-
vious papers [17, 24] are given in Table Il. Tellurite

X B E Ke B 1 ER H glasses have been considered as promising materials

(mol%)  (GPa) (GPa) (MPahf) (um™*%) (%) (GPa)  {or s in broadband optical amplifier or nonlinear op-

20 45 726 0.88 5.1 451 38 tical devices as similar to BDs-based glasses. Soda-

30 43 698 0.66 6.5 438 3.6 limesilicate glassis atypical one of conventional oxide

40 39 539 0.45 8.6 457 29  glasses. The values @}, d andVy, for these glasses

50 34 450 046 74 434 24 gre given in Table | [17]. The Vickers hardness of

fe?lurite ;:2 24.4 ~o?é?§7 ~71'§ %9 15 Hoppo 60Bi, 03 - 20B,03 glass is almost the same as

sodalime 6.0 ~70 ~0.75 ~8 that of 15Na0O-15Zn0O- 70TeQ glass. It should be

pointed out that both glasses have similar glass transi-
tion temperatures and mean atomic volumes.

The values of characteristic crack lengt@, in
20PbO xBi,03 (80— x)B,03 glasses were evaluated Vickers indenter tests gives information on the resis-

using Equation 1: tance to fracture. Fracture toughneks, which is a
measure of the resistance to fracture, is expressed by
P the following Equation 2:
opd
P
_ _ _ e Ke= 35 2
where P is an applied loada is a characteristic in- BoC

dentation diagonal andp is an indenter constant of
2.15 in the present experiment used a diamond pyrafo is a function of Young’s modulug and hardness
mid indenter. It was confirmed that the relation betweenHy, and many models for the estimation g have

P (245 mN-9.8 N) anda given by Equation 1, i.e. been proposed [25]. The following equation has been
ax P2 is well hold in the present glasses. It wasrecommended by Japanese Industrial Standards (JIS)
also confirmed that Vickers-produced fracture patterngor ceramics [26]:

for the present glasses were radial cracks. The evalu-

ated values of Vickers hardness at room temperature ENY2/ p

in air are shown in Table Il and Fig. 1. It is seen that Ke = 0-018<g) (@) ®3)

the Vickers hardness decreases rapidly from 4.5 GPa

for the glass withx =20 to 2.9 GPa for the glass
with x =60 with the substitution of B3 for B,Os.
This compositional trend is consistent with that of the
glasstransitiontemperature. The Vickers hardness dat
therefore, indicate again that-BD chemical bonds in

Equation 3is almost the same as that proposed by Anstis

etal [27]. It was found that the relation betwePrand

C given by Equations 2 and 3, i.€ o« P?/3, is well

flold in the 20PbOXBI, 03 - (80 — X)B,03 glasses. The

values of Young's modulus for the glasses were deter-

mined from indentation load-unload/displacement ex-

periments, which will be described later, and are given

sol 20PbO.XBi, 05 (80X)B,05 - in Table II. Using such Young's modulus values, the
145 K¢ values were determined, and are shown in Table Il

| | and Fig. 1. The fracture toughness of these glasses is
$\9 | in the range of 0.37-0.88 MPam decreases rapidly

with the substitution of BiO3 for B,Os. It should be
pointed out that the fracture toughness of thes®©Bi
based glasses is larger than that0(23 MPant/?)

of tellurite glasses [17]. The fracture toughness of
the 20PbG 20Bi,O3 - 60B,0;3 glass, 0.88 MPaf?, is
comparable to that (0.75 MPa&f?) of a soda-lime sil-
icate glass [24].

It is noted that the compositional dependence of
the fracture toughness in the 20Pbx®Bi»0s3 - (80— X)
B,O3 glasses is not monotonous. That is, the frac-
ture toughness decreases rapidly with the substitution
of Bi,O3 for B,O3 for the glasses with 20-40 mol%

T B,03, but the glasses with the BD3; contents of 40, 50
O 1 ® e and 60 mol% show almost a similar fracture tough-
ness of 0.4-0.5 MPatt. This compositional trend
is apparently different from those for glass transi-
Figure 1 Values of Vickers hardnesst,(0) and fracture toughness tiON temperature, Vickers hardness or Young's mod-
Ke (@). ulus. This behavior might be explained as follows.
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high BOy/BO;3 ratios have smaller fracture toughness
20PbO.xBiy03.(80-X)B,05 than that the glasses with low BMO; ratios. It is
also expected that the glasses with chain-type (one-
dimensional) metaborate groups would have a large
fracture toughness. The effect of the change in the
boron coordination state on the fracture toughness in
the 20PbQ xBi,03 - (80— x)B203 glasses would not
be monotonous as shown schematically in Fig. 2. Con-
sequently, itis considered that these two factors lead to
the compositional dependence of the fracture toughness
shown in Table II.

The evaluation of brittleness of glass and ceramics
is important for materials design and applications [24,
31-33]. Since brittleness compares deformation to frac-
ture processes, the brittlene&, defined as the ratio
of hardness and the fracture toughness, which was pro-
posed by Lawn and Marshall [31], is used in this study:

Fracture toughness —

_H
=K

B (4)

The B values for the 20PbOxBi,03 - (80— x)B,03
glasses estimated using Equation 4 are givenin Table II.
The glasses have the values of 5.1-8& /2, and
Figure 2 Schematic illustrations of the fracture toughnkgs(A) Effect the 20PbG 40Bi,O3 - 40B,05 glass shows the largest
of the boron coordination state dfy, (B) effect of weak B-O bonds  brittleness. The results indicate that the brittleness
on K, (C) expected net fracture toughness. is also affected by the boron coordination state and
weak Bi-O bond strength. Recently, Sehgatl al.

) ) ) ) ) _ [24, 32] have estimated the brittleness for various sil-
Firstly, since B-O bonds in the glasses is consid- jcate glasses from th€/a ratio obtained in Vickers
ered to be weak, the increase 068k content would  j,dentation tests. They reported the valuesBef 5—
cause the de(-:rease of the fracture toughness. Itis e)?'“/mfl/z for soda-lime silicate g|assesl The brittleness
pected that this effect on the fracture toughness woulgt 2oppo XBi,03 - (80— X)B,0s glasses s, therefore,
be monotonous as shown schematically in Fig. 2. Seccomparable to soda-lime silicate glasses.
ondly, the change in the boron coordination state in
the glasses is not monotonous as described in the Sec-
tion 3.1. Shinkaiet al. [28] reported that the fracture 3 3 Temperature dependence
toughness of PbO-ZnOB3 glasses depends on the of Vickers hardness

boron atom coordination, i.e. the glasses with three coThe temperature dependences of Vickers hardness
ordinated boron atoms show a higher fracture toughnt 20Pp0 40Bi,0; - 408,03 and 20PbQ60BIL,O3 -

ness compared with the glasses with four coordinategop,o, glasses in a vacuum are shown in Fig. 3. It
boron atoms. As suggested by Barterval. [29], s seen that the hardness decreases almost linearly in
two-dimensional B@ structural units can move more he temperature region well beloWy with increas-

easily without breaking of BO bonds at the glass jng temperature. The temperature coefficients of the
transition compared with three-dimensional structural

units such as Sig) In Si0, glass, the viscous fluidity
at the glass transition occurs through the thermofluc-
tuation breaking and recomobination of-8i bonds. - 2 :3:53-;3:}283-‘2*3:283
Recently, the present authors’ group [30] found that | . St g e
copper phosphate glasses with a large amount of Cu __ 4,
(two oxygen coordination) show extremely high re- & 4'_ A,
sistance against crack formation in Vickers indenterS 4
tests compared with the glasses with a large amoung ,
of CU?* (four oxygen coordination). It is expected that
in the glasses consisting of low coordination (one-
or two-dimensional) structural units, a strain energy i
given by an indenter would be consumed or relaxed 1} T,
through movements of constituent atoms or structural 4
units themselves toward surrounding open structura ol L 1 | o S N B I

. . . 100 200 300 400 500 600 700 800
spaces. It is also well known that in many crystalline
materials fracture surfaces occur along crystallographic
cleavage planes of high atomic density. It would be figyre 3 Temperature dependence of Vickers hardriggsbtained in
therefore, reasonable to conclude that the glasses wittvacuum of 33x 1073 Pa.

Bi;O5 content —

¢ o
<]

>
>

5
i " ° o
I
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>
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Temperature (°C)
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hardness in this temperature regidf 4T which were

determined from a least square fitting for the data are

of —5.67 x 10~ GPa K! for the glass withx =40  Pna

and of —6.15x 10~2 GPa K for the glass with

x =60. Elastic properties are among physical prop-

erties which depend on the forces between atoms il

solids. As temperature increases, thermal expansio a

increases the separation between atoms and slight ©

decreases the forces between atoms, leading to tt 3

decrease in elastic modulus with increasing tempera

ture. It is obvious that the decrease in bond strengtt

causes the decreases in hardness. Recently, Watane

et al. [17] reported that the relative change in hardnes:

with temperature for tellurite and soda-lime silicate

glasses is closely related to thermal expansion coetl

ficient. Therefore, the data on the temperature coeffi Displacement depth, h

cient of hardnesstd /dT suggest that the bond strength _ ) ) ) )

in 20PbO XBi203 ] (80— X)8203 glasses decreases in glgure.zl A sche_metlc load/unload dlspla}cement cur\./e ina nonflat in-

3 1 . entation experiment for an elastoplastic materilayx: the peak in-

an order of—5—6 x 107 GPa K™ with increasing dentation loadh;: the indenter displacement at peak lolg; the final

temperature. For some polymers such as polyethylen@epth of the contact impression after unloadiSgthe initial unloading

it has been demonstrated that the temperature depesiiffness.

dence of microhardness is closely related to the thermal

expansion coefficient [34, 35]. the indenter displacement at peak Idagy, the final
The Vickers hardness decreases rapidly at and ne&epth of the contact impression after unloadngand

Ty and is almost zero in the GPa scale at the glasthe initial unloading stiffnesS=dP/dh. The exper-

transition. Since the decrease in viscosity causes thignentally measured stiffness of the upper portion of

increase in deformation under applied stress, the behe unloading data is expressed by the following Equa-

havior of the temperature dependence of the hardnegion 5 [38]:

in the glass transition region shown in Fig. 3 would

be closely related to that of the temperature depen- S— dp 2 Z_EVA (5)

dence of viscosity. It should be pointed out that the dh f

change in the hardness at the glass transition region in

the soda- lime silicate is gradual [17]. The “strong” Where A is the projected area of indentation (or the

and “fragile” classification concept in glass-forming contact area) ané; is a reduced modulus expressed

liquids, introduced by Angell [36], gives new insights by Equation 6 [38]:

for glass transition, structural relaxation phenomenon,

glass or supercooled liquid structure and so on. Frag- 1 (- v?) (1 — v,z) 5

ile glass-forming liquids are characterized by non- E, E + E ©6)

Arrhenius temperature dependence of shear viscosity

in the glass transition region and by generally largewhereE andv are Young's modulus and Poisson’s ratio

heat capacity changesC, atTy. Thatis, in fragile lig-  for the specimen an&; andv; are the same parame-

uids the configurational structure changes steeply witliers for the indenter. In this study, a diamond Vickers

increasing temperature near and ab@yeFor exam-  indenter was used, and the elastic parameters for dia-

ple, tellurite glasses belong to the category of frag-mond areE; = 1140 GPa and; = 0.07 [39]. When we

ile liquids [37]. On the other hand, it is well recog- use the value of the diagonal of the Vickers indenta-

nized that SiQ and GeQ are strong liquids because of tion squared againstA in Equation 5, the following

Arrhenius temperature dependence of viscosity and ofelation is obtained [40].

small AC, at Tg. SiO, and GeQ have tetrahedrally

coordinated network structures with strong covalent = 2E,D

bonds that are expected to experience relatively little maxX = on

disruption during heating. The results shown in Fig. 3,

therefore, suggest that 20Pb@DBi,O3 - 40B,03 and Using Equations 6 and 7, Young's moduli for

20Pb0O 60Bi,03 - 20B,0O3 glasses with high BOs the 20PbO xBi,03 - (80— x)B,03 glasses were evalu-

contents belongs to the category to fragile liquids. Thagted. From a load/unload displacement curve, the frac-

is, bond breakings occur easily B in these glasses, tion of the elastic recovery after finishing unload has

giving easy rearrangements among constituent atomseen also evaluated. The true hardnkisgn nanoin-

in the glass transition region. dentation experiments is derived from the following

relation [38]:

—=—=(ht —h) (1)

3.4. Nanoindentation and elastic properties Prmax
Fig. 4 shows a schematic load/unload displacement H= A (8)
curve for a nonflat indenter with definitions of load

P, indentation depth, the peak indentation lodéax,  In this study, the maximum load was 490 mN.
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20Pb0.20Biy05.608,04 20Pb0.60Bi,05.20B,04 ] 100
500} 500~ 20Pb0.xBiy04.(80-X)B,04
40— =190
4001~ 400}
R - ~180
£ a0l 3001 & 3o 70 &
o g -
» (]
3 / J / J N He0 =2
S 2001 200 c 3
g 20 ¢ g
8 20 —50 -
100} 100} g =)
= 40 §
p
0 1 1 1 ] 1
) 1 2 0 0 1 2 3 4 10 - 30
Displacement depth h (. m)
L —20
Figure 5 Indenter load versus indenter displacement at room tempera
ture. The maximum load was 490 mN. ol | ] 1 ] 1 1 1o

10 20 30 40 50 60 70

50000 T r T . Bi;O3 content (mol%)
0s-2 ]
g 40000 | 20PbO.20B1;05.608,03 Figure 7 Values of Young's modulu€ (e) and true hardnessl (o)
: obtained by nanoindentation tests.
G 30000 .
g
= = . -
= so000| EV-1 B2 ] with those of Vickers hardness because of the presence
| OD-1 EV-2 of about 45% elastic deformation, as shown in Table II.
10000 |- EF-1 ~ 1 EF3 . In the 20PbO xBiZO?; - (80— x)B203 glasses, the true
| °°\'f % hardness and elastic modulus decrease monotonously
0 ke - : ; with increasing BiOs content. This compositional de-
200 300 400 500 600 pendence is well consistent with that of glass transition
Frequency (kHz) temperature and mean atomic volume. The data ob-

Figure 6 Cube resonance spectrum at room temperature. The corret—ained in the nanoindentation tests, demonstrate again
sponding vibration modes are also shown. that Bi—O bonds in the 20PbxBi;O3 - (80— x)B203
glasses are much weaker than® bonds and move-

ments of the constituent atoms or structural units during

The load/unload displacement curves for the 20Pb0 Vickers indenter loading become easily with increasing
XBi,0;3 - (80— X)B,03 glasses withx = 20 and 60 are Bi»O3 content. The study of the effect of the maximum
shown in Fig. 5, as examples. The cube resonanckad on the elastic recovery in the glasses is now under
spectrum for the 20PbC0Bi,O3 - 60B,05 glass is consideration, which will give more detailed informa-
shown in Fig. 6, and the Poisson’s ratio was deteriion aboutthe relationship between deformation behav-
mined to bev =0.27. This value ofv=0.27 is al- iors and the glass structure.
mostthe same asthose£ 0.27-0.29) for ByO3-B,03
glasses with BiO; contents of 25.6-56.8 mol% re-
ported by Sanditov and Sangadiev [8]. It is well known 4. Conclusions
that Poisson’s ratio in oxide glasses is 0.2-0.3 and i$n this study, the hardness and elastic properties
not so sensitive to glass composition. Therefore, wef 20PbO xBi,03 - (80— x)B,03 glasses withx =
used the value of =0.27 for the 20PbOxBi,03 - 20—-60 were evaluated through usual Vickers indenta-
(80— x)B,03 glasses and evaluated Young’s modtlli  tion and nanoindentation tests for the first time. The
for the glasses from Equation 6. The evaluated value¥ickers hardness, true hardness and Young’s modulus
of H, E; and elastic recovery are shown in Table Il anddecreased monotonously with increasing@j con-
Fig. 7. Itis seen that the fractions of the elastic recoveryient. The elastic recovery after unloading was about
for the glasses witlk = 20-50 are 43—-45% irrespective 45% for the glasses witlk =20-50. These compo-
of BioO3 content. The glass with 60 mol%Hd; shows  sitional trends demonstrate that the strength ef@i
the elastic recovery of about 55%. These results indicatbonds in these glasses is considerably weak compared
thatthe deformation of the present glasses during inderwith B—O bonds and plastic deformations under in-
tationloading comprises about 45% elastic deformatiordentation loading occur easily. The fracture toughness
and about 55% plastic deformation. Both Young’'s mod-is strongly affected by the boron coordination states.
ulus (24.4-72.6 GPa) and true hardness (1.5-3.8 GP#)was suggested from the temperature dependence of
decreases monotonously with increasing@i con-  Vickers hardness that the glasses with higs(Bicon-
tent. The values of the true hardness evaluated frortents belong to the category to fragile glass-forming
nanoindentation experiments is much small comparedtiquids, because the hardness decreased rapidly at and

2432



near the glass transition temperature. The data obtained
in the present study will be valuable for technical ap-19
plications of BpOs-based glasses in photonics.
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