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A B S T R A C T   

Glasses in the systems Me2O-ZnO-B2O3 with Me = Li, Na, K, Rb (MeZB), Na2O-ZnO-CuO-B2O3 (NZCuB), CaO- 
ZnO-B2O3 (CaZB), and Li2O-PbO-B2O3 (LPbB) as a reference, were studied by differential thermal analysis, 
dilatometry, rotational viscometry, and heating microscopy. A decrease of viscosity and sintering range was 
found with decreasing number of fourfold coordinated boron. The viscosity of the alkali zinc borate glasses varies 
only slightly. LPbB and CaZB stand out by their reduced and increased viscosities, respectively. Sodium, po
tassium, and calcium zinc borate glasses possess a fragility above 76. All glasses were sintered to full density 
before crystallization. Mostly binary zinc borate phases govern crystallization. A ternary crystalline phase was 
detected only in the potassium containing sample. The Weinberg glass stability parameter ranges between 0.07 
and 0.12. This is caused by the presence of several crystalline phases and varying melting points of even the same 
crystalline phase in different glass matrices.   

1. Introduction 

Non-toxic ZnO [1,2] is, due to its high polarizability, a promising 
intermediate oxide to substitute PbO in low-melting borate glasses [3]. 
These can be used e.g., as sintering aids in Ag-metallization pastes for 
photovoltaics [4–6] and low temperature cofired ceramics (LTCC) [7,8], 
or in soldering and sealant applications [1,9]. Different alkali zinc 
borate glasses were studied as models for leadfree silver metallization 
paste glasses by Körner [6]. 

A thorough understanding of the relations between composition, 
structure, and properties is necessary for the development of novel alkali 
or alkaline earth zinc borate glasses for low-temperature applications. 
The effect of alkali and alkaline earth ions on viscosity, sintering, and 
crystallization is of special interest. However, such data are very rare. 
Danewalia et al. [9] and Saidu et al. [10] published results of thermal 
analyses of Li2O-ZnO-B2O3 glasses. Gaafra et al. [11] reported glass 
transition temperatures of the (1-x)[29Na2O-4Al2O3-67B2O3]-xZnO 
glass system. The structure of Me2O-ZnO-B2O3, Me = Li, Na, K, Rb 
(MeZB), Na2O-ZnO-CuO-B2O3 (NZCuB), CaO-ZnO-B2O3 (CaZB) and 
Li2O-PbO-B2O3 (LPbB) glasses was determined by means of Raman and 
IR spectroscopies as given in a previous work [12]. As a result, the 
glasses were distinguished with respect to the formation of either pen
taborate groups in the networks of i.) LZB, NZB, NZCuB, and CaZB or 

diborate groups in the networks of ii.) KZB, RZB, and RZB1 [12]. For 
LPbB both borate groups were indicated [12]. LPbB served as reference 
to study the effect of substitution of lead oxide by zinc oxide. 

The present work aims to i.) evaluate viscosity, sintering and crys
tallization of the glasses with respect to the potential application as 
sintering aid and ii.) to discover the role and influence of network 
modifiers and intermediate oxides on these properties. For that purpose, 
glasses studied in [12] were investigated with differential thermal 
analysis, dilatometry, rotational viscometry, and heating microscopy. 

2. Experimental 

2.1. Samples 

Zinc borate glasses Me2O-ZnO-B2O3, Me = Li, Na, K, Rb (MeZB), 
Na2O-ZnO-CuO-B2O3 (NZCuB), and CaO-ZnO-B2O3 (CaZB) with com
positions taken from [12] are listed in Table 1. Additionally, a Li2O-PbO- 
B2O3 (LPbB) glass serves as a reference. 

2.1.1. Glass melts 
For glass preparation the raw materials B2O3 (99%, Alfa Aesar/ 

ThermoFisher (Kandel) GmbH, Kandel, Germany), Li2CO3 (Emplura 
≥98.5%, Merck KGaA, Darmstadt, Germany), Na2CO3 (Ensure ISO ≥
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99.9, Merck KGaA, Darmstadt, Germany), K2CO3 (p.a. ≥ 99.9%, Merck 
KGaA, Darmstadt, Germany), Rb2CO3 (99%, ChemPUR GmbH, Karls
ruhe, Germany), CaCO3 (p.a. ≥ 99.5%, Merck KGaA, Darmstadt, Ger
many), ZnO (≥ 99%, Carl Roth GmbH, Karlsruhe, Germany), PbO (p.a. 
≥ 99%, yellow, Honeywell, Fluka, Seelze, Germany) and CuO (p.a. ≥
99%, Honeywell, Fluka, Seelze, Germany) were used. 

For LZB, NZB, KZB, and RZB1, batches of 1.70–3.50 kg were melted 
in Pt/Rh 20 crucibles in an inductively heated furnace (Ema Tec 2002, 
EMA Tec GmbH, Sondershausen, Germany) at 1100 ◦C for 1 h. Batches 
of 0.05 kg to 0.45 kg were melted at 1250 ◦C for 1 h in Pt/Rh 20 crucibles 
for CaZB, at 950 ◦C for 1 h in Al2O3 crucibles for LPbB, at 1100 ◦C for 1 h 
in Al2O3 crucibles for NZCuB, and at 1100 ◦C for 1 h in Pt/Rh 20 for RZB 
using a high temperature laboratory furnace VMK1800 (Linn High 
Therm GmbH, Eschenfelden, Germany). Except CaZB, all glass melts 
were quenched in water to avoid crystallization and the frits were 
remelted to achieve homogenization, see paragraph 2.1.2. Glass frits 
were used for powder preparation. 

2.1.2. Bulk glass samples 
To obtain bulk glass samples, glass frits were remelted and casted 

onto steel molds. Due to its strong crystallization tendency, the LZB melt 
was casted onto a copper mold. The CaZB melt was directly casted onto a 
steel mold. All bulk glasses were cooled from Tg + 20 K to room tem
perature in a switched off electrical chamber furnace. 

2.1.3. Glass powders and compacts 
Dry milling of glass frits in air was performed for 12 min utilizing a 

planetary micro mill (Pulverisette 7, Fritsch, Idar-Oberstein, Germany). 
Zirconium oxide (ZrO2) grinding jars were loaded with glass frits and 10 
mm ZrO2 balls. The dry milled glass powders were then exposed to wet 
milling in isopropanol under the same conditions but using 3 mm ZrO2 
milling balls. Particle size data are shown in Table 2. After wet milling, 
the glass powders were sieved to <300 μm for thermal analysis and 
sintering studies to diminish particle agglomeration. A fine particle size 
was necessary due to the technological background i.e., preparation of 
silver pastes. 

Cylindrical compacts (diameter ≈ height ≈ 5 mm) were uniaxially 
pressed with 25 MPa for 30 s and used for XRD and sintering studies with 
heating microscopy (HM). The compact densities (ρ0) calculated from 
sample dimension and weight data within 3% accuracy are shown in 
Table 2. For XRD measurements, compacts were heated at 5 K/min to 
700 ◦C and quenched in air. The annealed glass powders were sieved to 
<63 μm. Prior to HM, the compacts were heated to 300 ◦C (LPbB) or 
400 ◦C (all other samples), held for 30 min and cooled to room tem
perature in the furnace. Thus, water release did not contribute to the 
shrinkage curves shown below. 

2.2. Methods 

2.2.1. Particle size 
Particle size measurements were performed using Mastersizers 2000 

and 3000 (Malvern-Panalytical GmbH, Kassel, Germany). The glass 
powders were dispersed in isopropanol and disagglomerated by ultra- 
sonic treatments for 5 min. 

2.2.2. Gas release (VHE) 
The degassing of the RZB glass powder (< 300 μm) was analyzed 

using a vacuum hot extraction device (VHE) coupled with a mass 
spectrometer (QMA4005, Balzers Instruments, Balzers, Liechtenstein). 
VHE analysis was accomplished in vacuum (10− 5–10− 7 mbar) during 
heating at 10 K/min utilizing the multiple-ion detection mode. 

2.2.3. Differential thermal analysis (DTA) 
Crystallization of glass powders (<300 μm) was studied with dif

ferential thermal analysis (DTA) combined with thermogravimetry (TG) 
(TGA 24, Setaram, Caluire, France). Glass powders (10 mg–25 mg) were 
heated at 5 K/min to 1000 ◦C in air. This heating rate was selected to be 
similar to the one used for the sintering studies. In case of LPbB, 
corundum crucibles and for all other samples platinum crucibles were 
used. 

2.2.4. X-ray diffraction (XRD) 
Crystalline phases were analyzed with an X-ray diffractometer (D8 

ADVANCE, Bruker AXS, Karlsruhe, Germany) utilizing CuKα1 & Kα2 
radiation. The diffractometer featured a LYNXEYE XE-T detector in 
Bragg-Brentano-Geometry. Data were recorded for 2θ = 3◦ - 80◦ in steps 
of 0.02◦. Diffraction patterns were analyzed using the software EVA V 
5.0 (Bruker-AXS, Karlsruhe, Germany) and compared to ICSD database 
(ICSD, 2019, FIZ, Karlsruhe, Germany) [13]. 

2.2.5. Viscosity (η) 
Low viscosity (< 104 Pa⋅s) was measured with a rotational viscom

eter (Viskotester VT550, Haake GmbH, Erlangen, Germany) equipped 
with a cylindric stirrer for viscometry measurements of NZB, KZB, and 
CaZB based on standards [14,15]. Glass frits were melted at 1100 ◦C 
(1250 ◦C for CaZB) and then stepwise cooled to different temperatures, 
where the torque was measured at 0.5, 1, 3, 5, 10, 30, 50, and 80 rpm for 
1 min. Measurement uncertainty was < ± 0.06 log η (η in Pa⋅s) and 
temperature uncertainty was ±8 ◦C obtained from calibration with the 
standard NIST 710a. 

Medium viscosity (107–1010 Pa⋅s) was measured by means of the 
cylinder compression method. The measurements were performed ac
cording to ASTM C1351M - 96 (Reapproved 2017) [16]. Cylindrical 
samples of 5 mm in diameter and height were heated at 5 K/min to 
selected temperatures in a vertical dilatometer (TMA 801, Bähr-Ther
moanalyse GmbH, now TA Instruments, Hüllhorst, Germany). After 

Table 1 
Chemical compositions of the glasses under study in mol% and glass densities (ρG) in g/cm3 [12].  

Glass B2O3 ZnO Li2O Na2O K2O Rb2O CaO PbO CuO ρG 

LZB 53.2 26.9 19.9       2.829 
NZB 53.7 26.4  19.9      2.788 
KZB 53.3 27.6   19.1     2.632 
RZB 53.5 27.1    19.4    3.020 
RZB1 58.9 26.2    14.9    2.996 
LPbB 55.3  19.5     25.2  3.764 
CaZB 49.5 31.1     18.4   3.103 
NZCuB 52.6 21.9  20.8     4.7 2.764  

Table 2 
Particle size distributions of wet milled glass powders in μm and initial relative 
compact density values used for sintering studies.  

Glass d10 d50 d90 ρ0 

LZB 0.69 2.08 6.41 0.51 
NZB 1.62 3.51 9.09 0.55 
KZB 1.51 3.35 7.07 0.52 
RZB 2.19 4.84 11.1 0.54 
RZB1 2.01 4.37 11.2 0.55 
LPbB 0.95 2.56 6.23 0.53 
CaZB 1.16 2.82 6.12 0.51 
NZCuB 1.35 3.15 6.61 0.50  
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reaching the first selected measuring temperature, the sample was 
exposed to a dwell time of 45 min for glass relaxation. The dwell time 
prior to the following measurements was 15 min. For isothermal mea
surements, a load between 0.5 and 1.25 N was applied for 20 min. After 
each measurement, the sample was heated at the same heating rate to 
the next temperature. To be sure, that the measurements are not affected 
by crystallization, the sample was finally cooled at 5 K/min to the first 
temperature and was measured again. Measurement uncertainty was 
<0.01 log η (η in Pa⋅s) and temperature deviation was ±5 ◦C. 

Viscosity data were fitted with the MYEGA equation [17], where Τ12 
is defined by log η(Τ12) = 12 (Tg as used in [18]), L∞ is the high tem
perature limit of log η, and m the fragility of the glass forming melt. T12 
was approximated with the dilatometric glass transition temperature 
taken from [12]. Calculations were performed using temperatures (T) in 
Kelvin (K) and Eq. (1). 

log η(T) = L∞ + (12 − L∞)⋅
T12

T
exp

[(
m

12 − L∞
− 1

)

⋅
(

T12

T
− 1

)]

(1)  

2.2.6. Heating microscopy (HM) 
Sintering of cylindrical glass-powder-compacts was analyzed by 

means of a heating microscope (Leitz, Wetzlar, Germany) with optical 
data acquisition (Hesse Instruments, Osterode, Germany) during heating 
at 5 K/min. The sample temperature was measured within 8 K accuracy. 
Shrinkage is presented in terms of the linear isotropic shrinkage, s. To 
visualize the respective degree of densification, the relative density, ρ, is 
also presented in Fig. 2 (right ordinate). Shrinkage s was obtained from 
the compact height, h, and the silhouette area data, A, assuming ideal 
cylindrical geometry and isotropic sintering. In this case, the compact 
volume V is A2 ⋅π

4⋅h and the relative density equals ρ = (m/V)/ρG, where ρG is 
the glass density. s is related to ρ according to Eq. (2) [19,20]: 

s = 1 −
̅̅̅̅̅ρ0

ρ
3

√

= 1 −

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(ρC/ρG)

ρ
3

√

(2) 

where, ρ0 and ρC are the initial relative density and the absolute 
density of the compact, respectively. For example, for ρ0 = 0.55 a 
maximum shrinkage of 0.18 can be expected from Eq. (2) with ρ = 1. 
Since in Eq. (2) s depends on ρ0, experimental scatter in ρ0 for different 
compacts was corrected according to Eq. (3) 

scorr =

⎛

⎜
⎜
⎜
⎜
⎝

[

1 −

̅̅̅̅̅̅̅̅
〈ρ0〉

1
3

√ ]/
[

1 −

̅̅̅̅̅
ρ0

1
3

√ ]

⎞

⎟
⎟
⎟
⎟
⎠

⋅s (3) 

with 〈ρ0〉 = 0.55. Compact density was calculated from measured 
data for h, A, and the compact weight. Glass density ρG was taken from 
[12] (Table 1). 

3. Results 

3.1. Viscosity 

Fig. 1 shows measured viscosity data (symbols) for the glasses under 
study. For LZB, RZB, RZB1, NZCuB, and LPbB, high temperature 
viscometry was prevented by crystallization or technical reasons. The 
curves of the other samples were fitted with Eq. (1) and Table 3 lists the 
best fitting parameters. 

Most strikingly, all log η(Τ) curves have a quite similar slope, i.e., 
similar fragility m, although the temperature for a given viscosity value 
varies. 

3.2. Sintering 

Fig. 2 shows the isotropic linear shrinkage (s) for the borate glass 

powder compacts (left ordinate) and the corresponding relative compact 
density (ρ) (right ordinate). 

Table 4 summarizes characteristic sintering temperatures. All pow
ders reach almost full densification (ρ > 0.9). As the only exception, the 
NZCuB compact foamed up right after shrinkage. As expected from 
viscosity behavior displayed in Fig. 1, all samples show a similar slope, 
although sintering temperatures largely scatter. Consistent with Fig. 1, 
the lowest value for Ts-on belongs to LPbB (417 ◦C), medium values are 
found for the alkali zinc borate glasses (469–500 ◦C) and the maximum 

Fig. 1. Viscosity data (symbols) measured by means of dilatometry with cyl
inder compression (log η = 7–10) and rotational viscometry (log η < 4), T12 
taken from ref. [12]. For glasses NZB, KZB, and CaZB curves were fitted with 
Eq. (1). Table 3 lists the fitting parameters. For the other samples lines serve as 
guide for the eyes. 

Table 3 
Parameters used in Eq. (1) for viscosity fitting in Fig. 1. T12 in ◦C is taken from 
ref. [12]. The uncertainty of the fit is denoted as dL and R2 is the correlation 
coefficient.  

Parameter NZB KZB CaZB 

-L∞ 1.895 1.499 2.195 
T12 465 452 580 
m 77 80 77 
dL 0.04 0.07 0.18 
R2 0.9999 0.9997 0.9981  

Fig. 2. Isotropic linear shrinkage of powder compacts (s) and corresponding 
relative density (ρ) according to Eqs. (2) and (3). 
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value is observed for CaZB (608 ◦C). Relative densities above 1.00 are 
due to the systematic error of the heating microscopy, which is 
neglectable in the present study. 

3.3. Crystallization 

Fig. 3 shows the results of thermal analysis of the glasses under study. 
Fictive temperatures (Tf), crystallization onsets (TC), melting onset 
temperatures (Tm), and melting endpoints, i.e., liquidus temperatures, 
(Tl) are marked with arrows and are listed in Table 5. The weak shoul
ders between Tf and TC most likely reveal sintering as indicated by Ts 
(compare Table 4). Comparison with DTA curves of compact samples 
(not shown) verifies the assignment of Ts to sintering. Consistent with 
Fig. 2, which indicates full densification for all glass powders, primary 
crystallization starts after densification and TC - Ts-end ranges between 
10 K (LZB) and 50 K (CaZB). Nevertheless, all glasses under study 
obviously undergo crystallization and show at least one crystallization 
and one melting peak. 

Fig. 4 and Table 6 show the XRD results for glass samples which were 
heated to 700 ◦C. This temperature was chosen since crystallization 
surely appeared in all samples. XRD main peaks taken from the powder 
diffraction files [21–27] are designated by different symbols in Fig. 4. 
For the sake of clarity small peaks from pdf data were left out, e.g., for 
KZnB3O6 out of the 85 peaks only 17 intense peaks are marked. 

The zinc borate phase 3ZnO⋅B2O3 dominantly occurs in the crystal
lized sample of LZB and is clearly detectable for NZB as well as for 
NZCuB. Whereas for LZB and NZB the low temperature polymorph 

α-3ZnO⋅B2O3 (☆) was identified, the high temperature ß-3ZnO⋅B2O3 
polymorph was found for NZCuB (○). For LZB, the presence of ZnO⋅B2O3 
(+), ZnO⋅2B2O3 (◊), and Li2O⋅2B2O3 (□) is also shown. In LPbB, only 
Li2O⋅2B2O3 was found. Additionally, metallic lead or lead containing 
phases are possible for LPbB (not labelled). In KZB, the only ternary 
phase, KZnB3O6 (△) was found. The crystal structure and metaborate 
groups containing crystalline network were shown by Jin et al. [28]. 
Further borate phases were checked for the glasses under study but 
could not be surely assigned to the diffraction patterns. Since not all XRD 
peaks could be assigned, it can be assumed, that phases, which have still 
not been characterized or are not contained in the ICSD database [13] 
crystallized in the glasses under study. 

3.4. Degassing 

Fig. 5 exemplarily shows the degassing of the RZB glass powder 
during heating at 10 K/min. Below Tg, degassing is clearly dominated by 
water, in particular below 200 ◦C. The TG measurement (dashed-dotted 
curve) shows that the main mass loss occurs in this temperature region. 
Around Tg, H2, O2, N, CO2, C and CO or/and N2 degassing is detected as 
well. The sharp drop of degassing activity between 480 and 500 ◦C well 
coincides with the sintering range shown in Fig. 2. Above 600 ◦C, 
degassing spikes indicate the degassing of carbon gases as it was re
ported for other glasses as well [29–31]. 

Table 4 
Sintering onset temperatures (Ts-on), taken at s = − 0.5%, and densifi
cation temperatures (Ts-end), taken at the minimum of s(T). All temper
atures are given in ◦C.  

Glass Ts-on Ts-end 

LZB 492 535 
NZB 500 535 
KZB 480 523 
RZB 469 513 
RZB1 483 523 
LPbB 417 460 
CaZB 608 650 
NZCuB 496 535  

Fig. 3. DTA curves with indication of fictive temperatures (Tf), sintering temperatures (Ts), crystallization temperatures (TC), melting onset temperatures (Tm), and 
melting endpoints (Tl). 

Table 5 
Fictive temperatures (Tf), crystallization onsets (TC), melting onset temperatures 
(Tm), and melting endpoints (Tl), data taken from Fig. 3. All temperatures are 
given in ◦C.  

Glass Tf TC Tm Tl 

LZB 472 545, 607 734, 815 841 
NZB 456 564 752 855 
KZB 453 555, 600 798 807 
RZB 446 550 678, 808, 845 929 
RZB1 443 559 718, 787, 837 877 
LPbB 390 504 631 792 
CaZB 574 700, 780 828, 856 1010 
NZCuB 454 579 728 753  
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4. Discussion 

4.1. Viscosity and sintering 

Fig. 1 shows the viscosities of the glasses under study, where LPbB 
and CaZB stand out for their small and large viscosity, respectively. The 
exceptionally low viscosity of LPbB is reasonable due to the high 
polarizability of Pb2+ [1,32]. As outlined by Bobkova and Khot'ko [1] a 
relation between degree of screening of the positive nucleus by electrons 
or cations and the melting temperature exists. Furthermore, the degree 
of screening depends on the polarizability of the ions [1]. Hence, higher 
polarizability results in a lower viscosity [1]. Also Zn2+ ions are highly 
polarizable, but their higher field strength is responsible for the 
comparably higher viscosity, as described by Scholze [32]. 

CaZB has the highest viscosity. Although the number of fourfold 
coordinated boron atoms, N4, is similar for CaZB and LZB glasses [12], 

the viscosity-temperature curve is shifted to >100 K higher temperature. 
Chryssikos et al. and Yiannopoulos et al. [33,34] ascribed the higher Tg 
of Ca-borate glasses compared to Li-borate glasses to the higher 
“crosslinking” potential and coordination number of Ca2+. This expla
nation also applies to viscosity. 

Viscosity slightly decreases with increasing alkali ion radii (Fig. 1). 
This effect can be attributed to the slight decreasing tendency to support 
fourfold boron coordination at the expense of nonbridging oxygen 
(NBO) discussed in [12]. The equilibrium between the formation of 
either B4-units or NBOs and B3-units depends on a combination of alkali 
ion properties [35,36]. These are the basicity [35,37,38], the ionic 
radius, related steric effects, and the polarizability [35]. 

Additionally, the high, constant Zn2+-content [12] and the large 
contribution of these ions to formation of NBOs can diminish the in
fluence of the type of alkali ions. The slight decrease in viscosity of 
NZCuB compared to NZB could be due to the role of Cu2+ as network 
modifier whereas Zn2+ partially acts as network former [39]. 

Fig. 6 displays the Angell plot of the viscosity data for which high 
temperature measurements were not prevented by crystallization shown 
in Fig. 1. Curves are calculated with Eq. (1). Viscosity data for B2O3 are 
taken from [40,41]. The fitting parameters for B2O3 are -L∞ = 0.106, 
T12 = 277 ◦C, m = 47.3, dL = ± 0.08 and R2 = 0.9994. 

The fragility parameters [17,42,43], reflecting the temperature ef
fect at T12 according to Eq. (4), 

m =
∂logη(T)
∂(T12/T)

⃒
⃒
⃒
⃒

T=T12

(4)  

vary slightly between 77 and 80 for NZB, KZB, and CaZB (Table 3) 
indicating “fragile” behavior, i.e., a strong effect of temperature. For 
comparison, the “strong” glass former B2O3 with m = 47 essentially 

Fig. 4. XRD patterns of crystallized borate glasses heated to 700 ◦C at 5 K/min. 
See Table 6 for crystal structure details. 

Table 6 
Crystal phases, occurrence, and structure data.  

Crystal phases Symbols Glasses Borate groups Structures PDFs 

Zn3(BO3)2 

3ZnO⋅B2O3 

☆ LZB, NZB Orthoborate Triclinic (low temperature α-polymorph) 01–075-3037 [21] 
○ NZCuB Orthoborate Monoclinic (high temperature ß-polymorph) [21] 00–027-0983 [22,23] 

ZnB4O7 

ZnO⋅2B2O3 

+ LZB Diborate Orthorhombic 01–071-0634 [24] 

Zn(BO2)2 

ZnO⋅B2O3 

◊ LZB Metaborate Cubic 00-039-1126 [25] 

Li2B4O7 

Li2O⋅2B2O3 

□ LZB, LPbB Tetraborate Tetragonal 01-077-6271 [26] 

KZnB3O6 

K2O⋅2ZnO⋅3B2O3 

△ KZB Metaborate [28] Triclinic 00–060-0860 [27]  

Fig. 5. Degassing in terms of ion current (I) vs. temperature (T) for a RZB glass 
powder heated at 10 K/min. Sample mass = 54 mg. 
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deviates. B2O3 is a strong glass forming liquid due to the high connec
tivity [44] and low fluctuation of the coordination number [45]. The 
type of alkali or alkaline earth ions in the zinc borate glasses under study 
does not significantly affect the fragility, since N4, thus the level of 
network connectivity, and the fluctuation of the coordination number of 
boron vary only slightly. The weak effect of alkali and even alkaline 
earth ions on fragility is consistent with similar findings on binary alkali 
and alkaline earth borate glasses, which was discussed to result from a 
competition between crosslinking induced by B-O and M-O bonds [33]. 
This competition is induced by opposite trends of coordination number 
and N4 [12] in relation to the ionic radius, that also holds for the (alkali 
and calcium) zinc borate glasses. Mauro et al. [46] calculated fragilities 
of maximum 80 for the binary lithium and sodium borate glasses with up 
to 50 mol% modifier. The here found fragilities are in the same range. 
This is a hint to the role of the zinc ions as network modifiers, i.e., for
mation of NBO by zinc ions corresponds with formation of NBO by 
enhanced alkali content. Action of a majority of Zn2+ ions as network 
modifier was also concluded from spectroscopic studies presented by 
Heuser and Nofz [12]. 

The glass sintering occurs by viscous flow, which is directly pro
portional to the surface tension and inversely proportional to the vis
cosity and particle radius [19]. The surface tension of the glasses under 
study is unknown. The influence of the alkali ions on the surface tension 
of binary borate glass melts was found to be low [47]. Hence, it can be 
assumed, that this also applies to the alkali zinc borate glasses. The 
particle radii are kept approximately constant (Table 2). The onset of 
viscous flow and thus sintering are related to a viscosity of log η ≈ 9 (η in 
Pa⋅s) consistent with Scholze [48]. The respective temperature depends 
on the glass composition. For alkali zinc borate and NZCuB glasses, 
sintering starts in a narrow temperature range of 31 ◦C. This is due to the 
small differences in viscosity. Thus, a minor effect of the different alkali 
ions and of Cu2+ on sintering was found for the glasses under study (see 
Fig. 2, Table 4). The presence of Ca2+ leads to a higher viscosity and a 
sintering start at higher temperature compared to the alkali zinc borate 

series. The lower viscosity of LPbB results in earlier sintering than 
measured for LZB. 

All samples are fully densified before crystallization starts (compare 
Ts-end (Table 4) and TC (Table 5)). Thus, the glasses under study are 
suitable as sintering aids. Thermally induced processes after densifica
tion can be identified with the help of the DTA curves and shadow im
ages of the samples. Thus, plateaus and increasing curves can be 
interpreted as crystallization and softening. To give an example, the 
increase of the KZB curve between 525 ◦C and 550 ◦C is caused by 
softening and the following plateau is governed by crystallization. The 
strong increase of the curve of NZCuB originates from softening com
bined with foaming. 

An additional remark is necessary regarding the degassing. Körner 
[6] found an early shrinkage in rubidium containing glasses. That 
finding could be explained by the water release, indicated by the VHE 
analysis shown in Fig. 5. The water release leads to ~5% mass loss, 
which results in earlier shrinkage in the sintering curve. The strong 
hygroscopic behavior of rubidium oxide increases the water content in 
these glasses. Heating the glass powders first to 400 ◦C (below Tg) before 
sintering studies avoided the effects described above (see Fig. 2). 

4.2. Glass stability 

Although Fig. 2 indicates full densification for the fine glass powder 
fractions studied here, the discussion of glass stability in terms of glass 
transition and crystallization temperatures Tg and TC, respectively, may 
provide useful information about processing tolerances in glass melting 
or sintering. For this purpose, the Weinberg glass stability parameter 
[49] was calculated according to Eq. (5) from respective absolute tem
perature data (K) given in Table 5 and Fig. 3. 

KW =
TC − Tg

Tm
(5) 

Tf was used instead of Tg in the calculations here to ensure that glass 
transition and crystallization temperatures refer to the same heating 
rate. Following Nascimento et al. [50], who found that crystallization 
onset temperatures provide better results, we used the onset tempera
ture TC in Eq. (5) instead of the crystallization peak temperature as done 
in [49]. Due to the crystallization and melting of mostly more than one 
crystalline phase in each glass melt, only the first crystallization peak 
was utilized. The melting endpoint Tl instead of Tm was chosen for 
calculation according to Ferreira et al. [51]. 

Fig. 7 presents the calculated KW parameters for the glass powders 
under study. LZB has the lowest value, whereas KW is almost similar for 
the calcium containing one and the other alkali zinc borate glasses. LPbB 
shows a higher value for KW than LZB. This clearly indicates the increase 
of glass stability by substitution of Zn2+ by Pb2+. Similarly, the partial 

Fig. 6. Angell plot of viscosity versus Tg/T for NZB, KZB, CaZB, and B2O3. 
Curves are calculated with Eq. (1). Viscosity data for B2O3 are taken from 
[40,41]. The symbols indicate the experimental data points. 

Fig. 7. Glass stability parameter (KW).  
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replacement of Zn2+ by Cu2+ results in an increase of glass stability as 
also discussed by Yao et al. [39]. 

4.3. Glass crystallization 

The crystal phases identified after heating the glass powders under 
study to 700 ◦C (Fig. 4) are summarized in Table 6. It is interesting to 
note that the binary zinc borates, 3ZnO⋅B2O3 (☆,○), ZnO⋅B2O3 (◊), and 
ZnO⋅2B2O3 (+), favorably crystallize in LZB. For temperatures of 
640 ◦C–700 ◦C Whitaker [52] confirmed the existence of α-3ZnO⋅B2O3 
and ZnO⋅2B2O3. α-3ZnO⋅B2O3 is the main phase and only minor amounts 
of ZnO⋅B2O3 are present in LZB. Additionally, the alkali containing 
phases Li2O⋅2B2O3 (□) and K2O⋅2ZnO⋅3B2O3 (△) were found in the 
respective glasses. 

3ZnO⋅B2O3 was identified in three samples although its chemical 
composition is most far from that of the glasses under study. This phase 
is dominating in LZB as well as in NZB in its low temperature α-poly
morph (☆), and in NZCuB in its high temperature β-polymorph (○). This 
finding indicates that the partial substitution of ZnO by CuO has hin
dered the high-low temperature transformation during cooling. Such 
hindrance is also supported by the weaker and broader crystallization 
and melting peaks observed in NZCuB. The appearance of more than one 
crystalline phase in most samples explains the multiple melting peaks in 
the DTA curves. 

Edge-sharing (es) K2O⋅2ZnO⋅3B2O3 with es-BO4 was detected in KZB 
as the only ternary phase (Fig. 4). An isostructural phase to 
K2O⋅2ZnO⋅3B2O3 could not be synthesized with other alkali ions [28]. 
The sharp melting peak of K2O⋅2ZnO⋅3B2O3 at 802 ◦C [28] fits the 
melting peak of KZB at 798 ◦C (Table 5, Fig. 3). Since Jin et al. [28] did 
not measure any additional peak, the second exothermic peak in the 
DTA curve of KZB (Fig. 3) could hint to a second crystalline phase. With 
regard to the stoichiometry the additional crystallization of K2O⋅2B2O3 
has to be considered. However, the XRD pattern of KZB at 700 ◦C in
dicates the crystallization of only one phase. A solid-solid phase tran
sition from a metastable to a stable phase could also be an explanation 
for the second exothermic DTA-peak. It is conceivable, that 
K2O⋅2ZnO⋅3B2O3 undertakes a phase transition, when crystallization 
proceeds in a glassy matrix. Jin et al. [28] and Yang et al. [53] calculated 
a hypothetical corner-sharing (cs) K2O⋅2ZnO⋅3B2O3 to be less geomet
rically and energetically stable. 

Two groups of the alkali zinc borate glasses under study can be 
distinguished with regard to the formation of pentaborate groups in LZB, 
NZB, and NZCuB and diborate groups in KZB, RZB, and RZB1 [12]. 
Correspondingly, LZB and NZB show similar crystallization behaviors: 
i.) the main phase is 3ZnO⋅B2O3 and ii.) the melting and crystallization 
peaks are superimposed (see Figs. 3, 4 and Tables 5, 6). On the other 
hand, crystallization of only K2O⋅2ZnO⋅3B2O3 occurred in KZB. These 
observations underline the differences between the two groups of glasses 
mentioned above. 

Phase separation could be a reason for the occurrence of up to four 
crystalline phases in the glasses LZB and NZB during heating. Phase 
separation is well known for binary zinc borate glass melts with up to 50 
mol% ZnO [54–56]. The partial substitution of ZnO by Na2O in ZnO- 
B2O3 glasses reduces the tendency to phase separation [54]. In the as- 
received glasses under study here no indication of phase separation 
was observed. Even an analysis of the NZB glass with TEM [57] did not 
indicate phase separation. For KZB phase separation can be excluded 
because the formed phase is close to the glass composition. 

5. Conclusion  

i.) Regarding their potential application as sintering aids all glasses 
under study are qualified since crystallization did not hinder 
densification. LZB, NZB, KZB, RZB show only small differences in 
viscosity, thus sintering behavior, and could be fully densified 
below 540 ◦C during heating at 5 K/min. The viscosity curves are 

shifted to about 100 K lower temperatures for the alkali zinc 
borate glasses compared to CaZB due to higher “crosslinking” 
potential and coordination number of Ca2+. However, they did 
not reach the low viscosity of their lead bearing isocompositional 
counterpart (LPbB) due to lower field strength of Pb2+ compared 
to Zn2+. 

ii.) Regarding the role and influence of network modifiers and in
termediate oxides the number of fourfold coordinated boron 
atoms (N4) is the essential structural parameter. Alkali containing 
glasses reveal a decrease of viscosity and sintering range with 
decreasing N4 and increasing ionic radius.  

iii.) The zinc borate glasses under study possess high fragilities (>
76). However, NZB, KZB, and even CaZB indicate no significant 
changes in fragility, since N4 is almost similar.  

iv.) All glasses undergo crystallization, in which the type of network 
modifier determines the occurring crystalline phases. In any case, 
zinc borates were detected including zinc orthoborate, zinc 
diborate and zinc metaborate. It is interesting to note, that zinc 
orthoborate is a major crystal phase in LZB, NZB, and NZCuB, 
although its chemical composition deviates more from the glass 
composition than the compositions of the other crystal phases. 
The unique ternary crystal phase KZnB3O6 (K2O⋅2ZnO⋅3B2O3) 
was detected in the crystallized KZB glass. The Weinberg glass 
stability parameter (KW) varies between 0.07 for LZB and 0.12 for 
NZCuB. The different crystal phases and varying melting points of 
even the same crystalline phase in different glass matrices cause 
the span of KW. Substitution of Zn2+ by Pb2+ or Cu2+ enables an 
improvement of glass stability. 
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