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Low melting Li;O-PbO-B203, Me2O-Zn0O-B203, Me = Li, Na, K, Rb and CaO-Zn0O-B203 glasses were studied with
Raman and infrared spectroscopies to advance the structural understanding of zinc borate glasses as potential
candidates for substitution of lead containing glasses.

Although the effect of type of alkali ions on the number (N4) of fourfold coordinated boron (B4) in the glasses is
small, the alkali ions direct the type of borate groups, i.e., pentaborate in lithium, sodium, and calcium zinc
borate glasses, as well as diborate in potassium and rubidium containing ones. Both groups were simultaneously

found in LipO-PbO-B203. Alkali ions are mainly responsible for the formation of B4-units and metaborate. Zinc
ions favorably compensate non-bridging oxygen and partially form ZnOg.

With decreasing N4 and field strength of the alkali ions the atomic packing density, glass transition temper-
ature and Young’s Modulus also decrease. The coefficient of thermal expansion increases with decreasing Ng.

1. Introduction

Due to the non-toxic behavior and high polarizability [1,2] ZnO is a
suitable candidate to substitute PbO in glasses for the application in
optical materials and optoelectronics [1,3-7]. The same argument led to
the development of lead-free Ag-metallization pastes, e.g. for applica-
tion in photovoltaics [8-10], low temperature cofired ceramics (LTCC)
[11,12], or in sealants and solders [2,13]. Additionally, the compactness
of the structural network and the mechanical properties are enhanced in
Zn containing alkali borate glasses [14].

Based on these ideas, in the present study low melting alkali and
alkaline earth containing zinc borate glasses are investigated with the
aim to replace lead containing paste glasses in photovoltaics. A lead
containing lithium borate glass serves as a reference here. ZnO was
partially substituted by GuO to study the effect of Cu?* in glass-bearing
metallization paste to enhance glass stability and homogeneity of the
borate network [15].

To understand the relations between composition and properties of
multicomponent zinc borate glasses as a prerequisite for the develop-
ment of materials with specific properties Raman as well as IR
[1-3,7,15-20] and partially also NMR [18] spectroscopies were used. As
known from the very detailed studies of binary borate glasses [21-36],
boron may appear in threefold (B3) and fourfold (B4) coordination and

these polyhedra may combine to different borate groups [37-39].
Additionally, non-bridging oxygen (NBO) may occur and form e.g.,
metaborate rings and chains or pyroborate groups or others [21,26,37].
Studies of binary alkali borate glasses allowed to find relations between
composition and type of borate groups detectable in the glasses [21,37].
Thus more than ten distinguishable borate groups were discussed e.g. by
Konijnendijk and Stevels [21], and Kamitsos and Chryssikos [26].

Addition of zinc oxide to binary alkali or alkaline earth borate glasses
could induce a competition between the cations for charge compensa-
tion of borate-units. The competition of alkali or alkaline earth and zinc
ions in glasses of metaborate composition is rarely described in the
available literature, merely a work on lithium containing zinc metabo-
rate glass [7] can be mentioned here.

Zn?* can occur as network former in fourfold coordination or as
network modifier in sixfold coordination [5,15,40]. From literature it is
not clear, if ZnO is also able to compensate the negative charge of By-
units as found in [7], to the opposite favored trigonal B3 with NBO [3] or
if ZnO has no influence on the transition of Bs in B4 [2]. Spectroscopic
studies based on the variation of the type of alkali ion in ternary zinc
borate glasses are missing.

From the binary borate glasses it is known, that the relation between
formation of either B4 or NBO significantly determines e.g. the transition
temperature (Tg) and the coefficient of thermal expansion (CTE)
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[24,25]. Due to the manifold of possible borate groups in ternary glasses,
simple relations between composition, structure and properties are not
expected. The present work aims on the identification of borate groups
in ternary borate glasses by means of combination of IR and Raman
spectroscopies as a prerequisite for understanding the influence of the
different constituents of the networks on physical including mechanical
properties. Thus, in the present study, the consequences of the variation
of the network modifiers in zinc borate glasses and of the replacement of
ZnO by PbO or CuO are analyzed.

Surprisingly, though the effect of the type of alkali ion on the number
of B4 containing borates (Ny4) in the ternary zinc borate glasses is small,
the alkali ions direct the formation of B4 containing borate groups. Based
on the structural changes, the glasses could be divided into two groups:
The first one comprises samples with the alkali ions Li* or Na* and the
second one K™ or Rb™ containing glasses. A linear decrease of the By-
content of the glasses with lower field strength of the alkali will be
presented. Relations between properties, e.g., T, atomic packing den-
sity (APD), as well as Young’s Modulus, and B4-content will be figured
out.

2. Experimental
2.1. Samples

The influence of network modifier on structure-property-relations
was studied for Me;0-Zn0O-B203, Me = Li, Na, K, Rb (MeZB) glasses
and Ca0O-ZnO-B,03 (CaZB) glass. The rubidium content was diminished
concomitant with increased borate content for RZB1 glass. To focus the
role of intermediate oxides on structure and properties, zinc oxide was
partially replaced by copper oxide yielding NayO-ZnO-CuO-B,O3
(NZCuB) glass and completely replaced by lead oxide yielding Li;O-PbO-
B,03 (LPbB) glass.

2.1.1. Glass melts

The borate glasses were prepared from the raw materials LipCO3
(Emplura >98.5%, Merck KGaA, Darmstadt, Germany), Na;CO3 (Ensure
ISO >99.9%, Merck KGaA, Darmstadt, Germany), K2COs (p.a. >99.9%,
Merck KGaA, Darmstadt, Germany), RbyCO3 (99%, ChemPUR GmbH,
Karlsruhe, Germany), CaCOs (p.a. >99.5%, Merck KGaA, Darmstadt,
Germany), ZnO (>99%, Carl Roth GmbH, Karlsruhe, Germany), PbO (p.
a. >99%, yellow, Honeywell, Fluka, Seelze, Germany), CuO (p.a. >99%,
Honeywell, Fluka, Seelze, Germany) and B203 (99%, Alfa Aesar/ Ther-
moFisher (Kandel) GmbH, Kandel, Germany).

The compositions are given in the results part. 1.700 kg to 3.500 kg
batches of LZB, NZB, KZB, and RZB1 were melted in an inductively
heated furnace (Ema Tec 2002, EMA Tec GmbH, Sondershausen, Ger-
many) at 1100 °C for 1 h in Pt/Rh 20 crucibles. In a high temperature
laboratory furnace VMK1800 (Linn High Therm GmbH, Eschenfelden,
Germany) 0.050 kg to 0.450 kg batches of RZB were prepared at 1100 °C
for 1 h in Pt/Rh 20 crucibles, CaZB at 1250 °C for 1 h in Pt/Rh 20
crucibles, LPbB at 950 °C for 1 h in Al;O3 crucibles, NZCuB at 1100 °C
for 1 h in AlyO3 crucibles. Because of their strong crystallization ten-
dency, homogenization and powder preparation, the melts were fritted
in water, despite CaZB.

2.1.2. Bulk glass samples

CaZB was directly obtained as ingot from the melt. The other bulk
glass samples were made from glass frits remelted and casted onto steel,
except LZB, which was casted onto copper molds. Casted glass plates
were heated to at least 20 K above Ty of each glass and cooled to room
temperature in the switched off furnace without dwell time.

2.1.3. Glass powders

Glass frits were dry milled in air for 12 min with a planetary micro
mill (Pulverisette 7, Fritsch, Idar-Oberstein, Germany) equipped with
zirconium oxide (ZrO) grinding jars filled with ZrO, balls, D = 10 mm.
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To prevent particle agglomeration, 0.01 wt% methanol was added.
2.2. Methods

2.2.1. Glass composition

The chemical composition of glasses was analyzed by means of
Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES
5100, Agilent Technologies, Waldbronn, Germany) based on DIN
51086-2 [41]. Dry milled glass powders sieved to <63 pm were
dispersed in an acid mixture of HNO3, HsPO4 and HF and dissolved in an
autoclave (TurboWave, MLS GmbH, Leutkirch, Germany) for this study.

2.2.2. Glass density

To determine the density p of the glasses, the Archimedes’ principle
was used with water as immersion liquid at room temperature. Bulk
glass samples, ((5 or 4) x (5 or 4) x 25) mm? in size, cut from the casted
glass plates, were utilized. The average of 10 measurements of each
sample was calculated. The low weight of the samples caused an un-
certainty in the third digit.

2.2.3. Glass transition temperature and coefficient of thermal expansion

For horizontal dilatometry the in paragraph 2.2.2 mentioned sam-
ples were used. The glass transition temperature, Tg, and the coefficient
of thermal expansion, CTE, were measured with a horizontal dilatom-
eter equipped with a quartz glass measuring head (DIL 402c, Netzsch-
Geratebau GmbH, Selb, Germany) for two glass samples of each
composition. These samples were first heated at 5 K/min about T,
cooled to room temperature with 5 K/min and again heated for T,
measurement. The mean value was calculated using the second mea-
surement of each the two samples of each composition. Additionally, T
was measured with differential thermal analysis (DTA) (TAG 24,
Setaram, Caluire, France). 10 mg-20 mg glass powder were heated to
nearly Ty 4+ 50 K in air using Pt-crucibles, except Al;O3 crucibles for
LPbB. The heating rate of 10 K/min was selected for DTA corresponding
to 5 K/min for dilatometry [42]. Three heating and cooling cycles were
performed for each sample.

2.2.4. Young’s Modulus

The elastic properties of glass samples with size of approx. (50 x 5 x
3) mm? or (50 x 15 x 3) mm? were measured at room temperature on
the basis of ASTM E-1876-15 [43] using a resonance frequency damping
analyzer (RFDA basic Version 1.4, IMCE nv, Genk, Belgium). The sample
was stimulated by a small mechanical impulse to measure in flexural and
for the larger samples to measure in torsional mode. The measurement
was repeated 10 times for each sample and the mean values are deter-
mined. For the flexural mode, the Poisson’s ratio v was set to 0.275. A
microphone (RFDA basic microphone, IMCE nv, Genk, Belgium) recor-
ded the resonance frequency. The Young’s Moduli E, and for the larger
samples the shear moduli G and Poisson’s ratios v were calculated with
the software RFDA-MF basic v.1.2.0., according to ASTM E-1876-15
[43].

2.2.5. Glass structure
The glass structure was analyzed by means of the complementary
methods Raman spectroscopy and infrared spectroscopy.

2.2.6. Raman spectroscopy

Raman spectra of polished bulk glass samples were studied with a
LabRam HR 800 instrument (Horibal32 Jobin Yvon, Bensheim, Ger-
many) combined with a microscope (BX41, Olympus, Tokyo, Japan). At
three different sites spectra were recorded for each glass. At each site
two spectra were recorded with a measuring time of 30 s for the alkali
zinc borate glasses, four spectra with a measuring time of 15 s for LPbB
and six spectra with a measuring time of 10 s for CaZB because of higher
intensities. The wavenumber calibration was performed using a quartz
standard. The spectra were measured from approx. 60 cm * to 2360
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cm ! with a resolution of 2 cm ™. A grating of 300 grooves per mm and
an objective lens with 50x/N.A. = 0.55 long working distance were
used. A laser with 633 nm wavelength and approx. 9 mW power was
utilized. For comparison, smoothing with 5 points, a baseline correction
with a Bspline baseline as also practiced by other authors (e.g. [44]) and
the normalization of the spectra were performed using the software
Origin 2020 [45].

2.2.7. Infrared spectroscopy

Infrared (IR) spectra of glass powders sieved to <300 pm were
measured using an Equinox 55 FT-IR spectrometer (Bruker, Ettlingen,
Germany). The spectrometer was coupled with a microscope, which
possessed an ATR-objective used for the measurements. The spectra of
each powder sample with a resolution of 2 cm ™! were received in the
range between 4000 cm™! and 600 cm™!. The IR-ATR spectra were
transformed using extended ATR correction of the software OPUS
(Bruker, Billerica, USA) with number of ATR reflections one, the ATR
angle of incidence 45°, mean refraction index of sample of standard 1.5
and the material of ATR crystal Germanium. To achieve better compa-
rability, smoothing with 5 points, a baseline correction with a horizontal
or user defined line and the normalization of the spectra to highest in-
tensity were applied utilizing the software Origin 2020 [45].

3. Results
3.1. Physical glass properties

Table 1 summarizes the analyzed chemical compositions of the
borate glasses under study. The estimated by ICP-OES alumina content
of the samples molten in corundum crucibles is below 1 mol% and will
not be accounted for in the data given in Table 1.

Table 2 lists the selected physical properties of the borate glasses
under study. Density, glass transition temperature, CTE and Young’s
Modulus were additionally calculated by SciGlass [46] using the method
Priven 2000. The atomic packing density was calculated according to eq.
(1) [471.

APD = (€)]

pe X 7w Na(eirs; + diryy) _ Y X 7 Na(eiry, +diryy)
> XiM; Vi

where Nu denotes Avogadro’s number, X; the molar fraction of oxide i
with the formula A By, M; its molar mass, rp and rg the respective ionic
radii and Vy, the molar volume. The effective alkali and alkaline earth
ionic radii r were taken in 6-fold coordination from Shannon [48], as
given in Table 2. Radii for zinc (60 pm, 4-fold), lead (98 pm, 4-fold),
cooper (57 pm, 4-fold), boron (1 pm, 3-fold) and oxygen (135 pm, 2-
fold) are also given in [48].
The free molar volume Vp, fee Was calculated with eq. (2)

XM,
p

4
Vifree = - ZX,-g TNy (e, + diry;) = Vi (1 — APD) 2
utilizing the APD [49].

In Table 2 Dietzel’s Field strength F will be taken form ref. [50] with
coordination number 6 for Li*, Na*t, Ca®*, Cu®>*, Pb%* and 8 for K+, Rb™.
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The density of the alkali zinc borate glasses decreases with increasing
alkali ionic radius, except for RZB. Ca®" instead of alkali ions results in a
higher density, as well as the substitution of Zn?>* by Pb?*. The free
volume Vp, free, and the molar volume behave in an opposing trend to
the APD, so that Vi, free and Vp, increase with increasing ionic radius Li*
< Na' < K* < Rb™. Vy, and Vi, free Of CaZB are similar to LZB.
Comparing LZB and LPbB, the intermediate oxide Pb?* with a larger
radius than Zn?" causes a higher Vi, free. Zn?" substituted by 5 mol%
Cu®* in NZCuB results in smaller change of Vp,, frce due to similar ionic
radii of Cu?* and Zn?" and similar glass densities. T, decreases with
increasing alkali ionic radius and Ty increases for CaZB. T decreases for
LPbB in comparison to LZB. CTE increases with increasing alkali ionic
radius and decreases for CaZB. CTE of LPbB is higher than that of LZB. E
decreases with increasing alkali ionic radius significantly stronger than
expected from SciGlass calculation [46]. Using Pb%* instead of Zn*" as
intermediate oxide, the Young’s Modulus decreases and increases for
Ca?* instead of the alkali ions.

3.2. Raman spectroscopy

The raw data of Raman spectra of the LPbB and CaZB glasses result
due to a strong fluorescence in diagonal courses shown in Fig. S1 a.) in
the supplemental material. Fluorescence is less in the alkali containing
glasses shown in Fig. S1 b.). For better comparability, the smoothed,
baseline corrected, and normalized Raman spectra are shown together
in Fig. 1. In contrast to the alkali zinc borate glasses with their highest
intensities at ~775 cm ™1, LPbB and CaZB have their highest intensities
at 1373 cm ™! and 1273 cm ™, respectively.

For the description of the spectral features three wavenumber re-
gions shall be considered.

i. The first comprises broad, weak, and superimposed bands in the
region between 200 cm ™! and 580 cm . It is conspicuous, that
the spectra of LZB, NZB (Fig. 1) and CaZB (Fig. 2) are very similar
in that region with the maximum at ~453 cm™! and different
from KZB and RZB as seen at 498 cm ™! and 540 cm™!. Only weak
bands were detected in that region for LPbB.

ii. Between about 580 cm ' and ~ 1100 cm™! the bands of CaZB
and LPbB appear to be small in the normalized spectra depicted in
Fig. 1. This is due to the normalization with respect to the
strongest bands which are those above 1100 cm™! in case of the
CaZB and LPbB. Fig. 2 enables a better comparison of the spectra
of CaZB, LPbB, and LZB. Therefore, a section from 200 cm ™! to
1080 cm™! was enlarged for LPbB- and CaZB-spectra in com-
parison to the LZB-spectrum. The spectra are normalized to the
highest band in the section, respectively. The strongest band of
LZB at 775 cm ™! in this section appears also in CaZB and in LPbB,
but in LPbB the strongest band is at 729 cm™!. In the LPbB
spectrum the bands between 600 cm ! and 730 ecm ™! are shifted
and are partially stronger than for LZB, while the bands between
850 cm ! and 1040 cm ™! have all a similar intensity in the LPbB
spectrum.

iii. For alkali containing glasses the strongest bands are systemati-
cally shifted with increasing ionic radius and weight of the alkali

Table 1

Chemical composition in mol%, measured by means of ICP-OES.
Glass Li,O NaO K0 Rb,0 PbO Ca0O CuO ZnO B,03
LZB 19.9 26.9 53.2
NZB 19.9 26.4 53.7
KZB 19.1 27.6 53.3
RZB 19.4 27.1 53.5
RZB1 149 26.2 58.9
LPbB 19.5 25.2 55.3
CaZB 18.4 31.1 49.5
NZCuB 20.8 4.7 21.9 52.6
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Table 2

Measured physical properties of the zinc and lead borate glasses, calculated by SciGlass [46] properties (calc.) and respective percental differences A.
Property Unit LZB NZB KZB RZB RZB1 LPbB CaZB NZCuB
p (+ 0.008) [g/cm®] 2.829 2.788 2.632 3.020 2.996 3.764 3.103 2.764
Pealc [g/cms] 2.802 2.819 2.788 3.167 3.042 4.033 3.121 2.801
Ap [%] —0.96 1.10 5.91 4.88 1.53 7.15 0.57 1.32
Vi [em®/mol] 22.93 25.54 29.47 31.65 30.10 26.72 22.94 25.82
Vi, free 9.54 11.47 13.97 15.22 13.79 12.61 9.89 11.88
APD - 0.584 0.551 0.526 0.519 0.542 0.528 0.569 0.540
Ty, Dil. @ 5) [°C] 467 465 452 444 444 399 580 458
Tg, DTA 472 465 460 448 449 394 583 463
T, cale [°C] 493 466 432 414 429 447 598 465
AT, [%] 5.79 0.43 —4.21 —6.76 -3.38 11.5 3.1 1.53
CTE* (£0.25) [10° K] 8.54 9.91 11.5 12.0 11.5 9.46 7.09 9.63
CTEcale [10°°K] 7.98 10.4 11.6 11.9 10.3 9.69 6.85 11.0
ACTE [%] —6.56 4.94 0.87 —0.83 -10.4 2.43 -3.39 14.2
E (£ 0.1) [GPa] 92.5 66.5 46.3 38.1 42.2 74.6 95.2 65.3
Ecalc [GPa] 87.2 71.2 63.4 62.1 64.8 74.2 100 68.5
AE [%] —5.73 7.07 36.93 62.99 53.55 —0.54 5.04 4.9
G (£ 0.1) [GPa] - - - 15.0 16.7 - - 25.5
v (+ 0.001) - - - 0.285 0.314 - - 0.274
¥ [48] [pm] 76 102 138 152 152 98 100 57
F [50] A2 0.23 0.19 0.13 0.12 0.12 0.34 0.35 0.53

*CTE up to 400 °C, except LPbB up to 300 °C and CaZB up to 500 °C due to different T
¥Effective ionic radius r of the alkali ions and alkaline earth ion Ca®" for coordination number 6, Cu>** and Pb>* 4-fold coordinated.

T i Ay | HELI
498 11775: 938 1362 1429
i 540 679 1845974 1256 /1

4531 722 : /

normalized Intensity (a.u.)

500 1000 1500 2000

Wavenumber (cm™)

2500

Fig. 1. Baseline corrected and normalized Raman spectra of the borate glasses
under study, characteristic wavenumbers are marked with dashed lines.

290 510 633 17291774 i 931 | 1058

696 : 756 883 i 986

normalized Intensity (a.u.)

200 300 400 500 600 700 800 900
Wavenumber (cm™)

1000

Fig. 2. Raman spectra of LZB, LPbB and CaZB, each normalized to the highest
intensity in the shown section, bands of LPbB are marked with dashed lines.

ions from 775 cm ™ for Li* to 767 cm ™! for Rb*. As shown before
normalization in Fig. S1b), the strongest bands become sharper
and higher with increasing alkali ionic radius. Although the
spectra of the alkali zinc borate glasses are similar to each other,
they can again be separated into two groups due to the intensities
between 600 cm ! and 740 cm ™. These are higher for LZB + NZB
than for KZB + RZB. The bands at ~938 cm™! and ~ 974 cm™!
are only separated in RZB. The bands at 679 cm™! and 845 cm™*
decrease with increasing alkali ion radius and appear also in
CaZB.

iv. All spectra show broad, superimposed bands in the region 1100
em~1-1700 em ™! which are strongest for CaZB and LPbB.

Spectra of LZB and RZB were, due to their representative character
for the two groups of alkali zinc borate glasses distinguished above,
selected for further consideration.

Fig. 3 shows the results of fitting of the Raman spectra of LZB and
RZB glass with Lorentz alignment in accordance with [51] using the
software Origin 2020 [45].

To do so, the normalized spectra were split into three parts: (i) ~200
em - ~ 580 (570, RZB) ecm ™}, (ii) ~580 (570, RZB) cm ™ !- ~ 1040 cm
(1112 em ™! RZB), and (iii) ~1040 cm™! (1112 ecm™! RZB)- ~ 1650
(1600, RZB) cm ™.

Fig. 3 and Table S 1 in the supplemental material present the peak
centers of the bands in the Raman spectra of LZB and RZB. The peak
centers of bands 2, 8 15, 18 and 22 are similar for LZB and RZB within
the wavenumber uncertainty. The bands 11, 14, 17, 21 and 23-24 are
shifted to higher wavenumbers for LZB, and the band 4-7 and 12-13 are
shifted to higher wavenumbers for RZB. The first bands 0-1, the bands
9-10, 16 and 20 are missing in the RZB spectrum, while the bands 3, 19
and 25 are missing in the LZB spectrum.

3.3. Infrared spectroscopy

Fig. S2 (supplemental material) shows the raw data of ATR-IR
spectra of the glasses under study. In contrast to the Raman spectra no
significant differences between the IR spectra of alkali and Ca or Pb
containing glasses appear.

Fig. 4 shows the smoothed and normalized infrared spectra of the
glasses obtained after transformation of ATR data.

The dashed lines indicate bands of the LZB spectrum according to the
deconvolution shown below. The highest, broad region is located
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Fig. 3. Fit with Lorentz alignment of the Raman spectra of a.) LZB and b.) RZB,

bands are numbered adapted to the peak centers. R? (correlation factors) were
0.991-0.998 for LZB fit and 0.983-0.999 for RZB fit.
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Fig. 4. IR spectra obtained after transformation of ATR data, baseline correc-
tion and normalization to the maximum absorption - at 1367 cm ™! for LZB - of
the borate glasses under study. Bands of LZB are marked with dashed lines.
Colored integrated absorption regions of NZCuB as example were calculated to
evaluate ratios of Bs-units (A(B3)) and B,4-units (A(B4)) according to [3]. For the
integration a linear baseline between minimum absorption at ~600 cm™* and
~ 1600 cm ! was used.
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between 1160 cm™1-1600 cm™ !, that features three maxima, at 1242
cm_l, 1475 cm_l, and the highest at 1367 em™! for LZB. The other
broad region with also three maxima, at 887 cm™ L, 957 em ™, and 1047
cm™, is in the range 760 cm™'-1160 cm ™! for LZB. It is remarkable, that
the height ratios of the bands at ~1047 cm™* and ~ 957 cm™! change
with composition. A further band occurs at 696 cm ™! and a cut band at
633 cm ™.

The ratios of tetrahedral and trigonal borate units were calculated
using the IR spectra as proposed by Moncke et al. [3]. Fig. 4 shows the
integrated areas of the absorption A(B3) and A(B4) for NZCuB as an
example. The integration was performed using the software Origin 2020
[45]. The absorption bands in the range (1135-1156 cm’l)—
(1559-1580 cm ™) were assigned to the stretching modes of Bs-units (A
(B3)) according to [3,26,27,32,33,36,52]. The bands in the range
(758-778 ecm 1)-(1135-1156 c¢cm™ 1) implied stretching modes of By-
units (A(B4)) [3,26,27,32,33,36,52]. The regions in the brackets denote
the band shifts due to different network modifier or intermediate oxides.

Table 3 lists the calculated ratios of the areas assigned to tetrahedral
A(B4) and trigonal A(B3) borate units of the glasses under study. The
area A(B4) was divided by the relative absorption coefficients a (Zn) =
1.36 and a (Pb) = 1.5-1.0, as suggested by Moncke et al. [3]. The ratio A
(B4)/A(B3) spans a range between 0.53 and 0.79 for Pb and 0.53 and
0.65 for the other ones. This leads to N4 between 0.34 and 0.44 for Pb as
well as 0.35 and 0.39 for the others, respectively. The ratio A(B4)/A(B3)
decreases with increasing ionic radius in the row Li" > Nat > K'. The
ratio A(B4)/A(B3) and N4 of RZB are nearly similar to those of KZB. The
ratio A(B4)/A(B3) is higher for RZB1 with less Rb™ ions and higher
content of boron oxide than for RZB. The values for CaZB and LZB glass
are almost similar. The ratio and N4 decrease slightly in NZCuB in
comparison to NZB.

Fig. 5 and Table S 2 in the supplemental material illustrate feasible
deconvolutions of the normalized IR spectra and the resulting peak
centers of LZB and RZB with a Gaussian alignment as also used in former
studies [19,27,53] utilizing the software Origin 2020 [45].

The first band is cut off, but required for an appropriate fit according
to [7,27]. The spectra of LZB and RZB seem to be comparable, but the
deconvolutions emphasize differences. The bands 3-8 in the LZB spec-
trum are shifted to higher wavenumbers, and the bands 1 and 2 are
shifted to lower wavenumbers in comparison to RZB. Bands 3 and 4
show large differences with respect to their amplitudes what explains
the intensity changes of the IR spectra in the region of B4 vibrations.

4. Discussion
4.1. Glass structure

Tables S 1 and S 2 (supplemental material) list the wavenumbers of
the deconvoluted Raman und IR spectra of LZB and RZB. The assign-
ments of Raman and IR bands were performed on the basis of the
literature listed in Table 4 and will be discussed below.

Table 4 compiles the assigned structural units of the Raman and IR
spectra of the glasses under study.

As known the bands of different borate units may appear in over-
lapping spectral regions. Thus, the assignments given in Table 4 and in
the supplemental material for LZB and RZB need some consideration
which will be started with the Raman spectra.

The assignment of the bands LZB (2) and RZB (2) to vibrations of
Zn—oO bonds is in accordance with the given references [17, 54, 55].

Metaborate units can be arranged in chains or rings
[3,15,21,23,24,26,56]. Based on the results, given before, it is not
possible to distinguish these units. Nevertheless, also four-coordinated
[BQZOZ]?” [26] or “loose” [B@4] tetrahedral groups [21,23,26] may
contribute to the absorption in the region 345-680 cm™! in addition to
the metaborate units. The broad bands above 1250 cm™! can also be
assigned to metaborate groups. The bands at 679 cm ™! and 722 cm ™ in
the LZB spectrum assigned to metaborate units are less intense relatively
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Table 3
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Ratio A(B4)/A(B3) of the integrated IR absorption bands assigned to tetrahedral (B4) and trigonal (B3) borate units and the number of fourfold coordinated boron, Ny =
A(B4)/(A(B4) + A(B3)). For the calculation the area A(B,4) was divided by the relative absorption coefficients a (Zn) = 1.36 and o (Pb) = 1.5-1.0 according to [3].

Area Ratio Unit LZB NZB RZB RZB1 LPbB CaZB NZCuB
A(B4)/A(B3) [-]1 0.65 0.58 0.56 0.60 0.53-0.79 0.64 0.53
N4 = A(B4)/(A(B4) + A(B3)) [-]1 0.39 0.37 0.36 0.38 0.34-0.44 0.39 0.35

normalized Absorption (a.u.)

normalized Absorption (a.u.)

1600

1400 1200 1000 800 600
Wavenumber (cm™)

Fig. 5. Fit with Gauss alignment of the IR spectra of a.) LZB and b.) RZB ob-
tained after transformation of ATR data, baseline correction and normalization.
Bands are numbered consecutively. The correlation factor R? was 0.9998 for
both fits.

and shift to higher wavenumbers with increasing ionic radius from Li* to
Rb™.

The pyroborate groups are doubtlessly recognizable by the bands
between 840-850 cm ™! and 1180-1240 cm™!, which do not overlap
with other ones [3,21,23,24,26,33].

The large bands at around 770 cm™! indicate six membered B@s-
rings with one [B@4] -tetrahedron [3,21,30,33,57] or two [B@4] -
tetrahedra [3,21,24,30,33]. That means, in both samples units like di-,
tri-, tetra-, or pentaborate may be present. The large band at 775 cm ™! in
the Raman spectrum of LZB is shifted to lower wavenumber, 767 cm™!
for RZB, with increasing alkali ion size. The same effect was observed by
Chryssikos et al. [24] for binary alkali borate glasses (0.17M,O-
0.83B203, M = alkali ion).

The simultaneous presence of bands at 500 em! (very broad), 667
cm’l, 770 cm’l, and 890 cm~! was assigned to pentaborate [56-58].
The bands LZB (9), (12), (14), and (16) fit this pattern, the band LZB (10)
was also assigned to pentaborate here referring to the described scatter
of the band at around 500 cm ! by Maniu et al. [58]. Since the bands (9)
and (10) are missing in RZB, this group should not be part of the glass

network of that sample.

The only open question is about the band at ~1050 cm ™' in RZB.
Kamitsos et al. [23,26] assigned respective bands to carbonates CO%’ in
alkali borate glasses with alkali contents >50 mol%. Even these are very
weak. Hence, the band in RZB with an alkali content of ~19 mol%
should not be caused by carbonates. Instead, the presence of diborates
can explain this absorption. For diborates also bands at (490-570) cm !
for isolated diborate, (930-950) cm’l, (1035-1061) cm’l, and
(1120-1150) cm™! are known [3,21,23,33,57,58]. Thus, the band at
970 cm~! was assigned here to diborate possibly superimposed to
metaborates. Bands between 490 cm™! and 570 cm™! are missing in
RZB, hence, isolated diborates do not occur here.

To sum up the above discussion, the following statements can be
made:

1. In LZB as well as in RZB metaborates, pyroborates, four-coordinated
[B®202]3’, “loose” [B@4] tetrahedral groups, and six membered
B@3-rings with [B@4] -tetrahedra are detectable.

2. Pentaborate is present in LZB.

3. Diborate appears in RZB.

Finally, the spectra of the remaining glasses can be discussed. As
shown in Fig. 1 and Fig. 2 the spectra of NZB, CaZB and NZCuB look
alike LZB. Those of KZB and RZB1 are similar to RZB with respect to the
presence or absence of bands in the region between (500-600) cm ",

The spectrum of LPbB differs from all the other ones in the region
below 1100 cm ™. The band at around ~290 cm™! belongs to [PbO,,
2]2_—units and the band at around 640 cm™! is due to Pb-O-B bending
vibrations as described by Ganguli and Rao [59]. The region between
690 cm ™! and 730 cm™! indicates metaborate units and the region be-
tween 755 ecm™! and 775 cm™! six membered B@s-rings with [B@4] -
tetrahedra. Obviously, the metaborate band is significantly larger than
that of the six membered B@s-rings with [B@4] -tetrahedra. The highest
intensity at 1373 cm ™! is an additional indication of metaborate. The
small but narrow band about 510 ¢cm™}, the overlapping band at ~
(680-695) cm ™! and the band at ~(880-890) cm ™! can be interpreted as
vibrations of pentaborate units. The bands in the region ~(840-950)
ecm ! are due to presence of B4 [21,24,26] and those between ~
(950-1100) cm ! belong to diborate units. This means, LPbB is the only
sample, which contains pentaborate and diborate units simultaneously.

In the following the IR spectra shall be discussed. The IR spectra
under discussion here can be subdivided into three regions:

e (600-800) cm™ % overlapping bands of metaborate [3,27,33,60] and
bending of B-O-B oxygen bridges [3,27,33,57,60].

o (800-1160) cm™ L [B@4] -units belonging to different borate groups
[3,27,33,60]. Based on the results of Raman spectroscopy, LZB and
RZB differ concerning the presence of penta- and diborate groups,
but both contain four-coordinated [B@20,1°~ and “loose” [B@4]~
tetrahedra. Despite this information it is not possible to assign the IR
bands to those groups.

(1160-1600) cm™ L The assignment of band (6) and (7) to metabo-
rate and pyroborate groups meets the results of Raman spectroscopy.
At the highest wavenumbers, band (8), only vibrations of metaborate
units are described in the literature [3,27,33,60]. Comparison of the
spectra of LZB and RZB shows a downshift of the bands (6)—(8) with
increasing ionic radius. According to Kamitsos et al. [27] this is an
indication of the formation of diborate groups instead of pentaborate
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Table 4
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Characteristic bands given in the literature and assignments of Raman and infrared bands present in the spectra of LZB and RZB glass.

Structural units Raman spectra Reference Assigned in IR-spectra Reference Assigned in
Wavenumber [em '] Wavenumber [cm ]

Zn-O stretching vibrations and

bending vibrations of O-Zn-O 250-300 [17,54,55] LZB (2), RZB (2) -

of ZnO4 tetrahedra

. _3 345/350, 377/395, LZB (4, 5, 6),
g 2

four-coordinated [B@,05] 680/ 675 [26] RZB (4, 5, 6, 12)
. . _ 370, 463, 1400-1600, . . LZB (8)
loose” [B@4] tetrahedra 545, 900 [21,23,26] RZB (8)
pentaborate ~500, 660/667, 770, [56-58] LZB (9, 10, 12,

metaborate [B@,0] -units in
chains or rings

six membered B@;-ring with one
[B@4] -tetrahedron, (tri-,
tetra-, or pentaborate groups)

six membered B@s-ring with two
[B@,4] -tetrahedra, (triborate,
diborate, di-tri- or di-
pentaborate groups)

785, 890/ 930

200-300
370, 463, 610-740,
1400-1600

770, 775, 780,
780-785, (770-785)

755, 760, 765, 770
(755-770)

[3,15,21,23,24,26,56]

[3,21,30,33,57]

[3,21,24,30,33]

16)

LZB (0, 1, 2, 6, 7,
8,11,13, 18, 22,
23, 24)

RZB (2,3,6,7, 8,
11,12,13,18, 22,
23, 24, 25)

LZB (14)

RZB (14)

1220-1260, 1400-1550,
1200-1650 738, 775, 500-650
(taken from crystalline
metaborate)

1205, 1405

[3,27,33,60]

600-800, 710, 720, 765,

LZB (1,6, 7,
8),RZB (1, 6,
7,8)

B-0O-B bending vibrations 690-730, 760-770, 550-800, [3,27,33,57,60] EZZ?’: ((22))’
700 (deformation modes)
[B@4] -units in etc. tri, tetra-, 800-1200, 800-1100, 1050,
pentaborate, diborate, di-tri-or 500, 535, 900, 945 [21,24,26] ;ZZ]; ((111’ 1177)) 880 [3,27,33,60] ;ZZ?; ((i’ :’ 55))
di-pentaborate groups ’ 960, 1040 >
1120-1140, 1225-1270.
810, 820, 830, 850. ’ ’
. ’ ’ ? ’ . . LZB (15, 20, 21), 1150-1300 LZB (6, 7)
pyroborate units 1180, 1240, 1210, [3,21,23,24,26,33] RZB (15, 21) 1200-1350, [3,27,33] RZB (6, 7)
1220
1365
= isol.
B-O stretching modes of diborate 3?]3005;:) (ISSSOat;(;O 675, 785, ~1000, 970, 960,
units J 1150 1150 ? ’ [3,21,23,33,57,58] RZB (18, 19) 880, 1060 [3,27,33] RZB (3, 4,5)
10501061 900-1000, 850, 935, 1040
T T T T T T T T T T T T T
a) LZB b.) LZB
039} ol ’ -
’ll I.
ok /'
e /.
." /
o’l /
0.38 | J/ 1F / g
;
/’ /
Zv 4 _/'
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Fig. 6. B4-content, Ny, as a function of a.) field strength of the modifying cation, q/r? [31], where q is the formal charge and r is the ionic radius taken from [48] and
b.) Dietzel field strength [50]. The straight line in a.) belongs to a linear fit, the line in b.) serves as guide for the eyes.
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groups. Hence, the IR spectra support the results of the Raman
spectra.

The IR spectra strengthen the interpretation of simultaneous pres-
ence of penta- and diborate groups in LPbB given above. The spectra in
the region of the [B@4] -units are similar with respect to the intensity
ratios of the bands at 957 cm™! and 1047 cm™! for LZB and LPbB.
Otherwise, the bands of Bs-units of LPbB are shifted analogously as those
of RZB.

An important contribution of the IR spectra is given by the possibility
to estimate the relative amounts of B3 and B4-units as listed in Table 3.
The ratios and thus the numbers of B4-units decrease from Lit < Na® <
K" with increasing ionic radius. In binary alkali borate glasses Zhong
and Bray [22], Kamitsos [35] as well as Chryssikos et al. [24] found a
higher number of NBOs and Bs, but less B4-units with increasing ionic
size, similar to the trend in the alkali zinc borate glasses here. The results
of the more precise NMR spectroscopic determination of N4 values in
binary alkali borate glasses indicate, that the difference between K™ and
Rb* is low [22]. This is also observed in the data given in Table 3. This
means for glasses with almost equal alkali contents, that the ratio of Rb™
ions forming By is comparable to this of K but lower than the ratios of
LiT and Na™. The comparison of the relative amounts of B4 units of the
samples RZB and RZB1 supports this interpretation. The Rb-content of
RZB1 seems to be close to the maximum of N4 formation and further
addition of RboO (RZB) results in the formation of NBO and thus
decrease of By.

Fig. 6 a.) indicates a linear trend of the B4-content as a function of
field strength of the alkali ion, q/r® [31], where q is the formal charge
and r is the ionic radius taken from [48]. Chryssikos et al. [31] described
also a linear trend of B4-content for alkaline earth ions Ba®>" to Ca®™, but
in the opposite direction decreasing with increasing field strength. The
Bs-content as a function of the Dietzel field strength of the alkali ions
exhibits a curved trend.

According to the Lewis acid-base concept it was found, that Li* acts
as a hard acid, promoting B4-units as a hard base [24,35,61]. Vice versa
larger alkali ions are softer acids promoting formation of NBOs and Bs-
units as a softer base [24,35,61]. Additional to the acid-base concept and
the ion size, the alkali ions differ in their Dietzel field strength -
decreasing from Li to Rb, in their polarizability - increasing from Li to Rb
and in the steric effects because of increasing size [24]. The combination
of these alkali properties (and the acid-base behavior) decides, to which
side the equilibrium is shifted in eq. (3) [24,26].

[Bo,] =2[B0,0O|” 3

It is remarkable, that the relative amounts of B4 units in LZB and
CaZB are matchable what underlines the similarity of the glass struc-
tures found by Raman spectroscopy. Another observation concerns the
effect of partial substitution of Zn by Cu, which leads to a decrease of B4
units.

Due to the fact that the relative absorption coefficient a of Pb con-
taining glasses cannot exactly be given (see [3]) only a rough estimation
of the B4-percentage is possible. The minimum and maximum values
obtained here, comprise the hole range computed for all the other
glasses under consideration.

Summarizing the results of Raman and IR spectra the function of the
ions in the networks can be described as follows:

1. Alkali ions preferably form B4 groups and to a lesser extent NBOs.
With increasing ionic radius, the ability to form B4 decreases. As a
consequence, LZB and NZB are able to form pentaborate whereas the
networks of KZB and RZB do not contain this group. Certain per-
centages of alkali ions contribute to the formation of metaborates.
Hence, the respective bands are shifted.

2. Zinc ions favorably compensate the NBOs of pyroborates. This ex-
plains the similar absorption bands (15) in LZB and RZB. The bands
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LZB (2) and RZB (2) indicate formation of ZnO,4 tetrahedra, which
were also described by other authors [17,54,55].

3. The similarity of the Raman and IR spectra of CaZB and LZB hints to
formation of comparable borate networks.

4. The substitution of Zn?>* by Pb?" results in the simultaneous for-
mation of penta- and diborate groups, which was not observed in any
other sample.

5. It can be expected, that the substitution of Zn?* by Cu?* leads to an
increase of NBOs [15]. Due to the small copper content the spectra
are not that different, that a comprehensive discussion is possible
here.

4.2. Relations between glass composition, structure, and properties

The differences between measured and calculated properties
collected in Table 2 point out, that the data in the SciGlass database [46]
are not sufficient to predict the properties of the glasses under study
here. Since zinc borate glasses could become more important in future
technologies, it is necessary to fill the lack of data.

The maximum deviation between measured and calculated density
of about 7% strengthens the lack of data regarding the glasses under
study in SciGlass [46]. As shown in Fig. 7 a.) the samples with alkali ions
Li*, Na™, and K" indicate a decreasing density and APD with increasing
ionic radius and molar mass M.

Since the ionic radii of K™ and Rb™ have only small difference (see
Table 2), the effect of the higher molar mass of Rb is almost compensated
leading to almost similar APD of those samples.

The decrease in APD from Li* to K due to the larger alkali size

31 . . . . 0.59
o Lz8 o-p
—o—APD RZB lo.58
30}
{057
20l {056
s LzB {055 &
2 o <
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28f {054
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27}
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26 . . . . 0.51
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Fig. 7. a.) Glass density and atomic packing density APD as functions of the
molar mass M of the alkali ions and b.) APD as function of N4. The lines in a.)
provide guidelines for the eyes and in b.) a linear trend.
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explains the decrease of glass density. Rb" exhibits the highest density.
Feller et al. [62,63] also showed, that Rb borate glasses have a higher
density than Li, Na and K borate glasses. Rb leads to higher density due
to its more than doubled mass of 85.468 g/mol [64] in comparison to
39.098 g/mol for K [64]. A comparable density to those measured here
of about 2.8 g/cm® for xNay0-27Zn0O-(100-x)B;03 was published by
Gowda and Anavekar [18].

The density of CaZB is 0.31 g/cm® higher than the density 2.79 g/
cm?® of 50Ca0-50B,03 glass [63]. This can be explained by the higher
mass of Zn?" compared to that of Ca?*.

The substitution of Zn?* with Pb?* leads to higher density of LPbB
than of LZB due to higher mass of Pb2", see Table 2. Ganguli and Rao
[59] found similar densities for (30,20)Li;O-20Pb0O-(50,60)B,0s3,
respectively.

The small deviation of p due to the substitution of Zn®* by Cu®*
shows a slight decrease of p, Table 2. Yao et al. [15] found a slight
decrease in the density of zinc borate glasses with the addition of (1—10)
mol% CuO.

Consideration of molar volume and APD allows gaining a deeper
insight into the relations to spectroscopically determined structural
units.

The molar volume will be as smaller as closer the constituents of the
glassy network are packed. Vice versa, the APD will become higher. Due
to this complementarity of information from both properties in the
following the discussion will only deal with APD. Concerning borate
glasses, it is known, that APD becomes higher when By4-groups are
formed instead of Bs-groups. This trend is shown in Fig. 7 b.) for the
glasses under study. Such a relation was described e.g. by Giri et al. [65].
They found a maximum of APD in xLi;O-(100-x)B2O3 glasses at x = 0.4
being the composition with the maximum fraction of Bs-units. Addi-
tionally, these authors divided the glasses depending on the alkali ions
present into two groups: (i) glasses with r(alkali) > r(O), i.e. containing
K*, Rb" and Cs™, show ionic packing and (ii) Li- and Na-borate glasses,
where r(M) < r(O) holds, are characterized by a covalent packing
dominated by oxygen [65]. The distinction of two groups of alkali cat-
ions as done by Giri et al. [65] is similar to the subdivision defined when
utilizing the Raman spectra.

APD of CaZB is close to that of LZB and the respective ratios N4 are
equal again showing the relationship between packing density and
number of B4-units.

The APD of LPbB is between those of KZB and NZB, but lower than
that of LZB, see Table 2. This effect can not only be explained by the
number N4. Additionally, the ionic radius of Pb?*, that is nearly 5/3 of
the radius of Zn>", when both in fourfold coordination, is responsible for
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490 = Ty, DTA® - L7B
A T, Dils
480 9
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or T — s
G 460 i T
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430 | ®
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RZB =
410 . , . .
0.36 0.37 0.38 0.39 0.40

N,

Fig. 8. Transition temperature, Ty, measured by means of DTA and dilatom-
eter, as functions of N4. For comparison, Tg, calculated by SciGlass [46] is
shown. The dashed line is a guideline for the eyes.
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the lower APD of LPbB compared to LZB.

Due to the substitution of Zn?* by Gu* a slight decrease of APD was
observed. Since the radii of Zn?" and Cu* in fourfold coordination are
similar, the glass structure and thus the slightly smaller ratio of Ny for
NZCuB than for NZB in Table 3 explains the smaller APD.

The differences between the glass transition temperatures
measured by means of dilatometry and DTA, respectively, lie in the
measurement uncertainty of +5 °C. Fig. 8 shows a plot of transition
temperatures vs. the B4-content of the glasses determined by IR spec-
troscopy. As shown in Fig. 6 N4 increases with decreasing ionic radius of
the alkali cations. Thus, respective plots can be discussed in the same
manner. The tendency of decreasing Ty with increasing ionic radius of
the alkali ions was in former studies explained by Chryssikos et al.
[24,31] in binary alkali borate glasses. They explained the decrease in T
with increasing ionic radii to the increasing number of NBOs [24,31]. An
increase of non-bridging oxygens with ionic radius is synonymous with a
decrease of Bs-content in the glasses under study here.

The collected data in [31] show similar transition temperatures for
up to x = 20 in x(Li/Na),0-80B,03, comparable to the values found for
the ~20(Li/Na)20-27Zn0-53B,03 glasses here. Since the Zn-content in
the alkali zinc borate glasses is constant, Zn>" does not influence this
trend, but leads to higher values of T in comparison to the 20(Li/Na),0-
80B,03 glasses [31,66]. This can be explained by the fact, that zinc can
on the one hand weaken the network by formation of NBOs and on the
other hand strengthen it by formation of ZnO4-groups.

As also found by Chryssikos et al. [31] for diborates, the number of
B4-units in calcium diborates or in case here the ratio N4 of CaZB given in
Table 3 is lower or similar than for lithium diborates or LZB respectively,
but Tg is (100-150) °C higher. This effect is explained in [31,67] by the
higher “crosslinking” potential of Ca?* due to its higher coordination
number.

Pb*" in LPbB instead of Zn*" in LZB results in lower Tg. A similar
trend is found in 50PbO-50B203, Ty = 396 °C, and 50Zn0-50B,03, Ty =
571 °C, described by Yao et al. [15]. For 0.2Pb0-0.3Li;0-0.5B,03
Ganguli and Rao [59] measured a Tg of 387 °C, which fits well to the
here measured Ts.

The substitution of Zn?>* in NZB by Cu?* in NZCuB leads to a small
decrease in Ty effected by the decrease in the ratios N4 shown in Table 3.
In Yao et al. [15] the decrease of T was attributed to the higher coor-
dination number of Cu®" acting as network modifier in an octahedral
coordination.

The increase of the coefficient of thermal expansion in the row Li*
< Na® < K" < Rb" can be explained by combined reasons: (i) the
decrease of the field strength of the cations [50], (ii) decrease of B4-
content, and vice versa increase of NBO content as described by Shelby
[66] and Chryssikos et al. [24]. Since KZB and RZB have similar B4-
contents, the difference between their CTEs shows the influence of
cation field strength.

Since 50Zn0-50B,0; glass has a low CTE of 5.2 107% K™! [15], zinc
seems to rarely impact the CTE and the dependence of CTE on the alkali
ions is significantly enhanced. The substitution of Zn?* in LZB by Pb?* in
LPbB leads to an increase of the CTE due to lower filed strength q/r2 [16]
and higher polarizability of Pb>" [68]. Since the field strength q/r* of
Ca2* is higher than that of the alkali ions shown in Table 2, the CTE of
CaZB is lower than the CTE of the alkali zinc borate glasses. As found for
Zn0O-CuO-B,05 glasses in [15], the substitution of Zn?* by Cu?* had no
significant influence on the CTE of NZCuB, since the ionic radii of Zn?t
and Cu?" are similar.

Rouxel [47] found a proportionality between Young’s Modulus E
and APD. The strong decrease of E with decreasing APD from Li* to Rb™,
as shown in Fig. 9, fits well to Rouxel’s findings [47]. Additionally, the
single-bond strengths of Me-O (Me = Li, Na, K, Rb) are diminishing from
Li* (36 keal [69]) to Rb™ (12 keal [69]). Taking both aspects into ac-
count, the decrease of E is stronger than calculated by SciGlass [46].

The theory of Rouxel [47] additionally explains: (i) the decreasing E
from LZB to LPbB, 92.5 GPa to 74.6 GPa, with the decrease of APD from
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Fig. 9. Measured and calculated Young’s Modulus as function of APD. The
dashed lines are linear fits. Measurement uncertainty is not larger than
the symbols.

0.584 to 0.528; while the single-bond strengths of Zn—O and Pb—O are
similar (36 kcal if modifiers and ~ 73 kcal if intermediates [69]) and (ii)
the decreasing E from NZB to NZCuB, 66.5 GPa to 65.3 GPa, with the
decrease of APD from 0.551 to 0.540. Yao et al. [15] suggested, that the
small decrease of elastic moduli in ZnO-xCuO-B;03 by the substitution
of Zn?* by Cu?* is caused by the decrease in APD, since the single-bond
strength of Zn—O and Cu—O are similar. That effect occurs in NZB and
NZCuB, as shown above.

Since CaZB has a lower APD than LZB, the “crosslinking” ability of
Ca2*, mentioned above, explains the higher E compared to LZB.

Only three samples had the sufficient size to determine the shear
modulus and the Poisson’s ratio here. Their values fit to those of other
sodium borate glasses, calculated from the data of Makishima and
Mackenzie [47,70].

5. Conclusion

Despite the complexity of ternary composition with regard to the
competitive role of network modifier and intermediate oxide, conclu-
sions in terms of structure, e.g., the occurrence of specific borate groups,
were deduced from the combination of Raman- and IR-spectroscopies.
The type of alkali ion is in charge of the kind of formed B4 containing
borate groups. Thus, the glasses under study were divided into two
groups in view of the appearance of pentaborate in LZB, NZB, NZCuB
and CaZB or diborate in KZB, RZB, RZB1. In LPbB, both penta- and
diborate groups, provide the B4-content. The here shown results indi-
cate, that the alkali ions mainly form B4-units and zinc ions preferably
compensate NBOs in the glasses under study.

K*' and Rb" containing zinc borate glasses are similar in B4-content,
Ny, here. In the alkali series N4 decreases linearly with the field strength
q/r%. Correspondingly, the properties atomic packing density, Tg, and
Young’s Modulus show a decrease with decreasing Ny in the row Lit >
Na' > K" > Rb™. An opposite trend is indicated by the CTE, that in-
creases with decreasing N4 and field strength.

The N4 of Ca?"-glass is equal to that of Li*-glass underlining the
formation of similar borate units. Additionally, the APD is close to that
of Li*-glass. In spite of N4 and APD similar to Li*-glass, the Ca2*- glass
exhibits higher Ty and Young’s Modulus because of the higher “cross-
linking” potential due to its higher coordination number of Ca®"
[33,70]. The CTE of Ca2+-glass is lower than that of the alkali glasses
concerning the higher field strength of Ca®*.

Substitution of Zn?* with Pb?* in alkali containing borate glasses
leads to lower Tg, lower APD, thus lower Young’s Modulus. Due to the
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not exactly known relative absorption coefficient of B4 of Pb containing
glasses the respective N4 values cover a range of 0.34-0.44. The CTE of
Pb - compared to the Zn containing glasses - increases due to decreasing
filed strength q/r® [16] and higher polarizability of Pb>* [68]. The in-
crease in density of glasses with Pb2* instead of Zn?>* occurs because of
the higher molar mass of lead.

The replacement of 18.5% of the total Zn?**-amount by Cu®" results
in a slight decrease of Ny4. This causes a smaller APD and thus smaller
Young’s Modulus of the Cu?* containing glass under study. However,
the differences in properties are slight.

The new property data of the glasses under study expand the data
pool for zinc borate glasses. The large differences between measured and
with SciGlass [46] calculated properties documented here underline the
necessity to gain experimental data. Hence, further variation of the
composition including the alkali/zinc ratio is required to fill the lack of
data regarding ternary alkali zinc borate glasses and to fully understand
their structure.
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