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Abstract

In lithium borate glasses RLi2O⋅B2O3 (0≤R<0.4), the following experimental results were ob-
tained: 1. The density increases monotonically with increasing R. 2. Both velocities of longitudi-
nal and transverse ultrasonic waves increase monotonically with increasing R. 3. The elastic con-
stants such as bulk modulus and Young’s modulus increase monotonically with increasing R.
4. The linear expansion coefficient shows a broad minimum at around R=0.25. 5. The Poisson ra-
tio shows a minimum at around R=0.10 and a maximum at around R=0.20. 6. Each of the tempera-
ture coefficients of velocities for longitudinal and transverse ultrasonic waves shows a sharp mini-
mum at R=0.10 and a sharp change in slope at R=0.20. The experimental results 1, 2 and 3 can be
ascribed to a change in short-range order groups. The experimental result 4 is ascribable to the
most compact configuration at around R=0.25. The experimental results 5 and 6 are ascribable to
a change in crosslink between six-membered borate rings.
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Introduction

Compositions of alkali metal borate glasses are usually denoted by the binary-
system notation xM2O⋅(1–x)B2O3, where M stands for any one of alkali metals and x
is the mole fraction of M2O. Since the purpose of the present paper is to discuss the
structure and physical properties with respect to unit amount of the glass former
B2O3, the composition formula RM2O⋅B2O3 is used in this paper, where R=x/(1–x) is
the mole fraction ratio of M2O to B2O3. The thermal expansivities of alkali metal bo-
rate glasses plotted against their respective compositions exhibit a minimum at
around R=0.25 and this phenomenon is termed the ‘borate anomaly’ [1]. Among al-
kali metal borate glasses, the minimum in thermal expansivity is most prominent in
lithium borate glasses. Although the structure and properties of alkali metal borate
glasses have been studied extensively, the cause of the borate anomaly has not been
elucidated. In order to characterize the borate anomaly, it may be necessary to exam-
ine temperature coefficients of other physical quantities having close relation to
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thermal expansivity. If the density and the ultrasonic velocity of a glass are known,
we can obtain many different kinds of elastic constants for the glass. Thus, the fol-
lowing physical quantities have been measured for lithium borate glasses
RLi 2O⋅B2O3 as a function of R: 1 density and linear expansion coefficient, the latter
being equivalent to the temperature coefficient of density, and 2 ultrasonic velocity
and its temperature coefficient. As a result, a few different types of borate anomalies
have been found.

Theoretical

By measurement of the travel times, τ1 and τt, for one round trip of longitudinal
and transverse ultrasonic waves in a specimen whose length is denoted by l, we ob-
tain the velocities, cl and ct, of longitudinal and transverse ultrasonic waves by
cl=2l/τ1 and ct=2l/τt, respectively. With the mass density ρ and cl and ct, we can cal-
culate elastic constants such as longitudinal modulus L, shear modulus G, bulk
modulus K, Young’s modulus Y, and Poisson’s ratio σ by the equations [2]

L = ρc1
2, (1)

G = ρct
2, (2)

K = L − (4/3)G, (3)

Y = G(3L − 4G)/(L − G), (4)

σ = (L − 2G)/2(L − G). (5)

The linear expansion coefficient α is defined as α=(1/l)(dl/dT), where T is tem-
perature. If τ1 and τt are measured as a function of temperature, we can evaluate at a
given temperature the temperature coefficients of travel times, (1/τ1)(dτ1/dT) and
(1/τt)(dτt/dT), for longitudinal and transverse ultrasonic waves, respectively. Differ-
entiating c1=2l/τ1 and ct=2l/τt with respect to temperature, we obtain the temperature
coefficients of velocities,

TCc1 ≡ − (1/c1)(dc1/dT) = (1/τ1)(dτ1/dT) − α (6)

and

TCct ≡ − (1/ct)(dct /dT) = (1/τt)(dτt/dT) − α (7)

for longitudinal and transverse ultrasonic waves, respectively.
The density and hence the volume of lithium borate glasses have a relationship

with short-range order groups which are termed structural units [3]. Nuclear mag-
netic resonance (NMR) studies on lithium borate glasses have shown that the glasses
in the bulk-glass formation range (R<0.4) are formed by two structural units, B∅3
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and Li+B∅4
−, where ∅ represents a bridging oxygen [4, 5]. Then, the glass composi-

tion can be expressed as a mixture of two structural units:

RLi 2O⋅B2O3 = 2(1 − R)B∅3 + 2RLi +B∅4
− (8)

Let M(RLi 2O⋅B2O3) and Vm(RLi 2O⋅B2O3) be the molar mass and the molar volume
of lithium borate glasses relative to unit amount (1 mol) of RLi 2O⋅B2O3 respectively,
and let ρ(RLi 2O⋅B2O3) be the density at the composition of RLi 2O⋅B2O3. These three
quantities are related by

Vm(RLi 2O⋅B2O3) = M(RLi 2O⋅B2O3)/ρ(RLi 2O⋅B2O3) (9)

Putting R=0 in Eq. (9), we have the relation for boron oxide glass:

Vm(B2O3) = M(B2O3)/ρ(B2O3) (10)

Taking the ratio of Eq. (9) to Eq. (10), we have

Vm(RLi 2O⋅B2O3)/Vm(B2O3) =

[M(RLi 2O⋅B2O3)/M(B2O3)][ρ(B2O3)/ρ(RLi 2O⋅B2O3)] (11)

Since Eq. (8) holds, the molar volumes Vm(RLi 2O⋅B2O3) and Vm(B2O3) can be ex-
pressed further in terms of the structural units:

Vm(RLi 2O⋅B2O3) = 2(1 − R)Vm(B∅3) + 2RVm(Li +B∅4
−) (12)

where Vm(B∅3) and Vm(Li +B∅4
−) are the molar volumes relative to unit amount

(1 mol) of the structural units B∅3 and Li+B∅4
−, respectively. Putting R=0 in Eq. (12),

we have the relation for boron oxide glass:

Vm(B2O3) = 2Vm(B∅3) (13)

Substituting Eqs (12) and (13) in the left-hand side of Eq. (11) and rearranging, we
have finally the molar volume ratio of Li+B∅4

− to B∅3:

Vm(Li +B∅4
−)/Vm(B∅3) =

1 − (1/R) + (1/R)[M(RLi 2O⋅B2O3)/M(B2O3)][ρ(B2O3)/ρ(RLi 2O⋅B2O3)]     (14)

Equation (14) gives the relationship between the density and the molar volumes of
the structural units.

Experimental

A series of lithium borate glasses was prepared in the bulk-glass formation range
0≤R<0.4 without strains or bubbles in order that they might transmit ultrasound sat-
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isfactorily. A powder synthesized chemically from LiOH⋅H2O and H3BO3 was fused
in a 20 cm3 platinum crucible at temperatures from 1050 to 1300oC for about 4 h by
heating in an SiC resistance electric furnace. The melt was then poured into a cylin-
drical graphite mold, 15 mm in diameter and 30 mm deep, which had been preheated
at 300oC in an electric muffle furnace. Subsequently, the cast glass in the mold was
cooled at a rate of 1 K min–1 to room temperature. The residual melt was poured onto
an aluminum plate and later used for chemical analysis and for differential thermal
analysis (DTA). Each cast glass was annealed at the glass transition temperature de-
termined by DTA.

The density of each annealed glass was measured at 298 K by a hydrostatic
weighing method using a silicon single crystal as the density standard. Each an-
nealed glass was ground and polished to give a pair of end faces that were flat and
parallel. Inspection with a strain viewer showed that all specimens were transparent
and free from strain or bubbles. The ultrasonic travel time was measured at a fre-
quency of 10 MHz and at a temperature of 298 K by means of the pulse-echo overlap
method [6]. X-cut and Y-cut quartz transducers resonating at a fundamental fre-
quency of 10 MHz were used for the longitudinal wave and for the transverse wave,
respectively. The transducer was bonded to the specimen on one of the two parallel
faces with phenyl benzoate and used for both generation and detection of ultrasound.
Adjacent two echoes were overlapped according to the McSkimin criterion [7] in or-
der that the ultrasonic travel time could be measured within an error of 0.02%. The
velocities, cl and ct, of longitudinal and transverse ultrasonic waves were determined
at 298 K from τ1 and τt measured in this way and the specimen length measured with
a micrometer reading to 1 µm. Subsequently, τ1 and τt were measured as a function
of temperature in the temperature range 0 to 60oC. Both of τ1 and τt changed linearly
with temperature so that (1/τ1)(dτ1/dT) and (1/τt)(dτt/dT) were evaluated from their
respective slopes at 298 K. After the ultrasonic properties had been measured for
each glass, the linear expansion coefficient was determined in the temperature range
50 to 150oC by a standard horizontal vitreous silica dilatometer which had been cali-
brated against the thermal expansivity of a platinum rod.

Results and discussion

The experimental results can be summarized as follows:

Figure 1 shows the density as a function of R. The density increases monotoni-
cally with increasing R. The density of lithium borate glasses has been studied exten-
sively in the literature [3], six independent data on the density of lithium borate
glasses are summarized over a wide composition range 0≤R≤2.75. Although the
composition range of the present study is restricted to the bulk-glass formation range
0≤R<0.4, this composition range is studied in detail by preparing fifteen different
compositions of glasses. The density values of the present study are in close agree-
ment with those reported in the literature [3].

Figure 2 shows the longitudinal velocity and the transverse velocity as a function
of R. Both velocities increase monotonically with increasing R.
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Figure 3 shows the longitudinal modulus, the shear modulus, the bulk modulus,
and the Young modulus as a function of R. These elastic constants increase mono-
tonically with increasing R.

Figure 4 shows the linear expansion coefficient together with the molar volume
Vm(RLi 2O⋅B2O3) given by Eq. (9). These two sets of quantities resemble each other
closely in shape with broad minima at around R=0.25. The linear expansion coeffi-
cient of the present study is in close agreement with that reported by Shelby [1].

Fig. 1 Density ρ of lithium borate glasses as a function of R

Fig. 2 Longitudinal velocity cl (•) and transverse velocity ct (O) of ultrasound in lithium bo-
rate glasses as a function of R
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Figure 5 shows the Poisson ratio as a function of R. The Poisson ratio shows a
minimum at around R=0.10 and a maximum at around R=0.20.

Figure 6 shows the temperature coefficients of longitudinal and transverse ve-
locities. Each of these temperature coefficients shows a sharp minimum at R=0.10
and a sharp change in slope at R=0.20.

Fig. 3 Longitudinal modulus L (•), shear modulus G ( ), bulk modulus K ( ), and Young’s
modulus Y (O) of lithium borate glasses as a function of R

Fig. 4 Linear expansion coefficient α (•) and molar volume Vm(RLi 2O⋅B2O3) (O) of lithium
borate glasses as a function of R
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The structure of alkali metal borate glasses elucidated by a high-resolution NMR
spectroscopy [8] may be summarized as follows:

1 – It is possible to resolve simultaneously three different boron sites: ring B∅3
units located inside six-membered boroxol or borate rings, non-ring B∅3 units lo-
cated outside the rings, and B∅4

− units.

Fig. 5 Poisson’s ratio σ of lithium borate glasses as a function of R

Fig. 6 Temperature coefficients of velocities, TCc1 (•) and TCct (O), for longitudinal and
transverse ultrasonic waves in lithium borate glasses as a function of R
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2 – Pure boron oxide glass consists both of six-membered boroxol rings con-
structed from three B∅3 units and of non-ring B∅3 units located outside boroxol
rings; the mole fraction of boron atoms in boroxol rings is about 0.65 so that the
mole fraction of boron atoms outside boroxol rings is about 0.35.

3 – With the initial addition of alkali metal oxide to boron oxide, non-ring B∅3
units are preferentially converted into B∅4

− units; with the further addition, boroxol
rings are converted into six-membered rings with one B∅4

− tetrahedron (i.e., tribo-
rate, tetraborate, or pentaborate) and into six-membered rings with two B∅4

− tetrahe-
dra (i.e., diborate).

In order to determine the way in which the elasticity of lithium borate glasses is
related to the microstructure, a microscopic theory should be constructed. In a pre-
vious paper [9], the relationship between the elasticity and the structure of lithium
borate glasses has been analyzed in terms of the three structural units, B∅3,
Li +B∅4

− and Li+B∅2O
−, where O– represents a non-bridging oxygen; on the assump-

tion that these structural units exhibit their inherent elastic properties and hence have
their respective elastic constants, the elastic constants of the structural units are de-
fined on the basis of a thermodynamic equation of a deformed body. From this
analysis, it is concluded that the structural unit B∅3 is converted only into the struc-
tural unit Li+B∅4

− in the composition range 0≤R<0.4 in the way expressed by Eq. (8).
Thus, the present experimental results 1, 2 and 3 represent this monotonic change in
the short-range order structure.

The above experimental results 4, 5 and 6 do not arise only from the change in
the short-range order but may stem from an intermediate-range effect or from a long-
range effect. The anomalous behavior of the linear expansion coefficient may be in-
terpreted on the basis of the behavior of the molar volume Vm(RLi 2O⋅B2O3). Since
this molar volume is taken relative to 2 mol of boron atoms, it follows that the molar
volume is equal to the volume relative to 2 mol of B∅3 and Li+B∅4

−. It seems that, at
around R=0.25, these two structural units combine to form the most compact con-
figuration such as pentaborate group for which R=0.20 or tetraborate group for
which R=0.25. This most compact configuration causes the minimum in thermal ex-
pansivity at around R=0.25.

Equation (14) gives us a knowledge about the way in which the two structural
units combine to form an intermediate-range structure. Figure 7 shows
Vm(Li +B∅4

−)/Vm(B∅3) plotted vs. R; for comparison, in Fig. 7 is also shown
Vm(Na+B∅4

−)/Vm(B∅3), the value of which is calculated from the density of sodium
borate glasses [10]. Since Vm(Li +B∅4

−) is much smaller than Vm(B∅3) in the initial
composition range 0<R<0.10, it follows that lithium ions are initially incorporated in
holes outside the boroxol rings. The findings by the high-resolution NMR spectros-
copy indicate that this incorporation converts non-ring B∅3 units located outside the
boroxol rings into Li+B∅4

− units, which results in an increase in crosslink between
boroxol rings. Above R≈0.10, B∅4

− tetrahedra are included in six-membered rings by
transforming boroxol rings into pentaborate, tetraborate, triborate groups, and so
forth. Figure 7 also shows a slight change in the slope at around R=0.22, which indi-
cates that the ring structure may change around this composition.
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It is pointed out that Poisson’s ratio decreases as the crosslinking density of the
glass network increases [11]. Figure 5 means then that the crosslinking density of
lithium borate glasses is maximal at R=0.10 and minimal at R=0.20. The analysis of
Vm(Li +B∅4

−)/Vm(B∅3) (Fig. 7) has shown that non-ring B∅3 units are first converted
into B∅4

− tetrahedra until R≈0.10, which results in a maximum crosslinking density
between boroxol rings at around R=0.10. The minimum in the crosslinking density
at the pentaborate composition of R=0.20 may arise from the effect that B∅4

− units
are preferentially included in the six-membered rings of pentaborate group, which
results in a decrease in the crosslinking density between the rings.

The behavior of the temperature coefficients of ultrasonic velocities can be inter-
preted by the same principle as the behavior of Poisson’s ratio. Figure 6 shows that
both temperature coefficients of the velocities tend to decrease as R is increased in
the composition range 0<R<0.10. Krause and Kurkjian [12] point out that TCc1 and
TCct defined by Eqs (6) and (7) are positive in B2O3 glass while they are negative in
tetrahedrally coordinated glasses such as SiO2 glass and GeO2 glass. We see from the
analysis of Vm(Li +B∅4

−)/Vm(B∅3) that boroxol rings are gradually linked together by
tetrahedral B∅4

− units with an increase in R in the first composition range 0<R<0.10.
As a result, the temperature coefficients of velocities are decreased by the crosslink-
age due to the B∅4

− tetrahedra located outside the boroxol rings. Above R≈0.10, the
temperature coefficients increase because B∅4

− tetrahedra are now included in six-
membered rings. The sharp change in the slope at R=0.20 may be ascribed to a
change in the ring structure.

Fig. 7 Vm(M+B∅4
−)/Vm(B∅3) plotted vs. R, where M represents Li (O) and Na (•). The verti-

cal line shows the composition of R=0.22 at around which both plots change their re-
spective slopes
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