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Abstract:

The selected lithium germanium-phosphate glass was prepared by a conventional
melt-quenching technique. The XRD method was employed to confirm the glass was obtained
and to reveal crystalline phases during heat treatment. The dilatometry (DIL), differential
thermal analysis (DTA), and differential scanning calorimetry (DSC) were used to determine
the characteristic temperatures and enthalpies of crystallization and melting of the crystalline
phase. The DTA and DIL were used to obtain the viscosity curves by applying the Vogel-
Fulcher-Tammann (VFT) equation.
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1. Introduction

Glass is a unique state of matter that combines features of both liquids and solids and
also exhibits its unique characteristics [1]. It is nonequilibrium, noncrystalline condensed state
of matter that exhibits a glass transition [2]. The characteristics of this unique material are
determined not only by its chemical and physical properties but also by its thermal history and
properties (heating and cooling rate, characteristic temperatures Tg, Ty, T, Tm) [3]. For the
characterization of glasses and obtaining glass-ceramics, it is mandatory to determine
characteristic temperatures and viscosity. Lithium germanium phosphate glasses have recently
emerged as multipurpose materials and have been given great attention because of their
potential applications in various solid-state devices [4]. The synthesis of the parent glass is an
important step in preparing the final glass-ceramic material because the precursors and their
percentage in the glass composition manage the precipitation of the crystalline phases [5]. By
crystallization of some glasses from the system Li,O-Al,03-GeO,-P,0s, the LiGey(PO,)s
phase which belongs to the solid solutions with the general formula of Lij.xMyGey«(PO4);
(M=Al, V or Cr) is formed. The role of AI** ions in glass matrix (similarity in ionic radius
between Ge*" (0.053 nm) and AI** (0.050 nm) was to improve the porous density of
LiGe,(POy4); phase and also to introduces additional vacant lattice sites, which enhances the
Li-ion diffusion and consequently leads to higher ionic conductivity with lower activation
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energy [6]. This family of crystalline phosphates is often referred to as NASICON-type
materials [7]. They exhibit distinctive ionic conductivities of 10”"-10°S/cm at room
temperature [8, 9]. In this study, LiGe,(POy); has been synthesized and its thermo-physical
properties were investigated. The tested compound is a candidate as anode material for Li-ion
batteries because of the low potential of the Ge*’/Ge® redox couple versus Li/Li*. For this
investigation, the glass composition 22.5Li,0-10Al,03-:30Ge0,-37.5P,05 (mol%) was
selected.

2. Materials and Methods

The glass was prepared by melting a homogeneous mixture of reagent-grade Li,CO3
(Fluka p.a), Al,Os( Fluka p.a.), GeO, (Acros pur.spec.), and (NH4);HPO, (Fluka p.a) in a
covered platinum crucible. The melting was performed in an electric furnace BLF 17/3 at
T=1400 °C during t=0.5 h. The melt was then quenched on a steel plate at room temperature
and pressed with another steel plate immediately to form a thin glass disc.

2.1. Chemical analysis

The chemical analysis was performed using spectrophotometer AAS PERKIN
ELMER Analyst 703. The method of atomic absorption spectrophotometry (AAS) was used
to determine the content of oxides, Li,O, GeO,, P,Os, Al,Q3 in glass, after the destruction of
the sample by NaOH, the composition was determined by analyzing the content of their
cations in the solution. The measurement uncertainty is 0.86 %.

2.2. Density

The density of the synthesized sample was determined using Archimedes principle by
the pycnometer method with a measurement accuracy of + 0.90 % [10]. The experimental
error was estimated after 3 parallel measurements. All the measurements have been recorded
at room temperature (T=20 °C).

2.3. X-ray diffraction analysis (XRD)

Identification of crystalline phases formed during heat treatment of glass samples at
crystallization peak temperatures was performed by X-ray analysis. The PHILIPS PW 1710
automatic diffractometer with the following characteristics was used for measurement: - X-
ray tube Cu LFF 40 kW; 32 mA,; - graphite monochromator and proportional counter with
xenon; - recording area (20) from 4 to 70° ( - scan time from 0 to 5 s) with 0.02° step size.
The intensities of diffracted CuKal X-rays (A = 0.154060 nm) were measured at room
temperature.

2.4. Differential-thermal analysis (DTA)

The behavior of the glass during heating was monitored using DTA, ona DTA / TGA
device NETZSCH STA 409EP under the following conditions: particle size of glass powder
(0.5-0.65 mm), sample weight 100 mg, temperature measuring range from T = 20 - 1100 °C,
sample heating rate = 10 °C /min, Al,O3; was used as a reference substance in a static air
atmosphere. Glass powder for analysis was prepared by crushing and grinding bulk glass in
an agate mortar and sieving on a standard series of sieves. Before the DTA experiment, the
device was calibrated with quartz standard purity of 99.995 % of known crystallization
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temperature. The characteristic temperatures of the tested glasses determined from the DTA
curve, were transformation temperature (Tg), crystallization temperature range (exothermic
peak temperature T;), and melting point temperature (liquidus) (Tr,).

2.5. Dilatometric analysis (DIL)

The standard dilatometric method ISO 7884-8 was used to determine the glass
transformation temperature (T,) and the dilatometric softening temperature (Tq) [11].
Measurements were performed on a dilatometer Baehr Geratebau Gmbh D802, in an air
atmosphere with a displacement resolution of 20 nm and temperature resolution of 1 °C. Due
to the low viscosity of the melt, the technique of pouring the melt on a steel plate placed at an
angle to obtain samples for dilatometric measurements was used. The bulk samples were then
annealed in an electric furnace CARBOLITE CWF 13/13 in a given temperature regime
(Table 1) to remove the thermal stresses:

Tab. | Temperature regime of glass annealing.

T[°C] B [°C/min]’ B. [°C/min]’
20-540 10 -
540-300 - 1.0

300-20 - air cooling in the furnace

“ pheating rate, S.-cooling rate

A diamond saw was used to cut the rods of suitable dimensions from the sample thus obtained
(I=50 mm; d = 3-5 mm) and to process the surface sides and edges.

Sample preparation is important for accurate dilatometry since the samples must be well
consolidated and cut with two plan parallel side planes at a known distance.

2.6. Differential scanning calorimetry (DSC)

The enthalpy of crystallization 4H, and the enthalpy of melting of the crystalline
phase AH, were determined using differential scanning calorimetry (DSC). For this
experiment, a sample of glass with granulation of 0.50-0.65 mm at a heating rate g = 20
°C/min on the device TA Instruments SDT Q600 V7.0 BUILD 84 was used. The curve was
recorded up to T = 1130 °C, with a sample weight of 10 mg. Before the DSC experiment, the
device was calibrated with silver and zinc standards purity of 99.999 % of known melting
enthalpies.

3. Results and Discussion

The glass mixture for obtaining the selected glass composition was melted in an
electric furnace. The resulting melts were poured between two steel plates and cooled in the
air. During cooling, the melt solidified into a transparent, homogeneous, and colorless glass.
The XRD analysis confirmed the quenched melts to be vitreous (figure not shown).

The results of the chemical analysis show that a glass composition of
22.5Li,0-10Al1,0530Ge0,:37.5P,05 (mol%) (LAGP) was obtained.

The density of obtained glass is p = (3.34+0.04) g/cm® determined by the standard
pycnometer method. To identify the formed crystal phases, the bulk samples were crystallized
in one-stage heat treatment at T = 800 °C for t = 100 h. The XRPD analysis confirmed the
primary crystallization of selected glass.
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Fig. 1. XRD analysis of LAGP glass sample crystallized at T = 800 °C for t = 100 h

From Fig. 1, it can be noticed the high content of the required LiGe,(PO,)s crystalline
phase as the primary and the presence of GeO, as the secondary phase. Crystalline phases
separated during heat treatment were identified using JCPDS cards [12]. The density of
obtained primary crystalline phase is p = (3.60+0.05) g/cm® determined by the standard
pycnometer method.

The molar volume V,, = (121.43+0.05)-10° m*mol of the LiGe,(PO,); crystalline
phase was calculated using the relative molecular mass (M = 437.14 g/mol) and density (p) by
the following relation [13]:

Vin=mip 1)

The porosity of the LiGe,(PO,); phase was found to be as high as 26 %, reported by earlier
investigation [14].

DTA provides an overview of the transformations that the glasses undergo at different
temperatures, such as the glass transition Ty (manifested by the first inflection in the trace),
onset crystallization temperature Ty, crystallization temperature T. (characterized by
exothermic peak), and melting temperature Ty, (characterized by endothermic peak). This
section presents the results of the glass powders crystallization test on DTA under
nonisothermal conditions. The DTA curve of the LAGP glass powder composition with 0.50-
0.65 mm granulation was heated at a constant heating rate 4 = 10 °C/min up to 1100 °C is
shown in Fig. 2.

The DTA curve from Fig. 2, shows a bend corresponding to the glass transformation
temperature Ty = 516 °C, exothermic peaks in the region 640-740 °C with a maximum at T, =
665 °C which indicates glass crystallization and a wider endothermic peak in the region 1030-
1090 °C which represents the melting of the present crystalline phase in the glass with a
minimum at T,, = 1074 °C. A smaller exothermic peak at 736 °C indicates the presence of
another phase in a very small amount. Considering the previously presented XRD pattern of
the crystallized glass sample, the peak at T,;=665 °C is attributed to the crystallization of
primary LiGe,(PO,); phase, NASICON type crystal precipitated in glass matrix
(rhombohedral crystal system, space group R3c), while the peak at T.,= 736 °C is connected
with the crystallization of secondary a-GeO, phase appeared in traces (2.4 vol%) [15]. Also,
according to the temperature difference between (T,—Tg) >125 °C, the process of sintering can
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be independent of crystallization, and LAGP glass can be suitable for engineering and
manufacturing [16-18]. Also, this glass has volume crystallization [16, 19].
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Fig. 2. DTA curve of LAGP powder, sample granulation 0.5-0.65 mm, mg = 100 mg, =10
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Fig. 3. The dilatometric curve of LAGP glass.

The thermal expansion curve measured by dilatometry gives three important
properties — the thermal expansion coefficient (), glass transformation temperature (T,), and
dilatometric softening temperature (Ty). By increasing the temperature, the specimen's size
enlarges because the volume of glass increases. The dilatometric curve of the LAGP glass
sample heated to T = 600 °C, at the speed B = 5 °C/min is shown in Fig. 3. The sudden
expansion in the temperature range 510-540 °C is referred to as the transformation range and
indicates the onset of viscoelastic behavior, where bond breaking in the glass is predominant.
The glass phase transformation temperature with an onset temperature of transformation, at
Ty = 511 °C and the dilatometric softening temperature T4 = 544 °C, as the temperature of
maximum expansion, were determined on the curve, Fig. 3. Softening point corresponds to
the viscous flow of the sample under stresses imposed by the dilatometric push rod.

After the dilatometric softening temperature, a sharp sample shrinkage occurs at
temperatures higher than T = 560 °C. The experiment had to be stopped because further
heating could lead to the fusing of the melted sample with the measuring cell. The cooling of
the glass sample enables extraction in its bulk form [20].



306 S. D. Matijasevié¢ et al.,/Science of Sintering, 53(2021)301-310

Based on the analysis, the determined dilatometric transformation temperature T,
corresponds to the value determined from the DTA curve, taking into account the
experimental error during the determination.

DSC is the most common thermal analysis technique used for a wide range of
applications, including fundamental research, development of new materials, and an
especially important characterization technique in the field of glass science and technology
[21, 22]. The DSC curve of a glass sample of LAGP composition with granulation of 0.5-0.65
mm is shown in Fig. 4.

The characteristic temperatures, as well as both enthalpies of crystallization and
melting of the existing phase, were determined on the curve, while the corresponding molar
enthalpies were calculated. The measured temperatures of crystallization (T, = 681.7 °C) and
melting (T, = 1095.5 °C) are slightly higher than on the DTA curve due to the higher heating
rate during recording. It should be emphasized that the heating rate of the sample does not
affect the determination of the molar enthalpies of crystallization and melting of the
crystalline phase.

The enthalpy of crystallization (for the exothermic maximum in Fig. 4) of 110.7 J/g
and the enthalpy of melting of the crystalline phase (endothermic maximum in Fig. 4) of 138
J/g were determined.

682°C
4H=110.7 Jig

DSC [Wig]

=] 1096 °C
AH,=138 Jig

T % T T T ’ T
0 200 400 600 800 1000 1200
T[°C]

Fig. 4. DSC diagram of LAGP glass composition.

Thermodynamic data for the crystalline phase of LiGe, [PO,]s were determined based on the
DSC diagram (Fig. 4). The molar enthalpy of crystallization is 4H, = 48.391 kJ / mol for the
exothermic peak (110.7 J/g), and the molar enthalpy of melting 4H,, = 60.325 kJ / mol for the
endothermic peak (138.0 J/g). The change in heat capacity during the transformation of the
subcooled melt and LiGe, [PO4]; phase crystals was determined using the equation:

ACp= UHwAHI(Tu T (2)

The calculated value of the change in heat capacity is 4C, = 28.84 J/(mol-K). The required
calculation parameters were read and calculated from the DSC diagram. The melting entropy
of the tested glass is 45, = 44.08 J/(mol-K) and it is calculated from the molar enthalpy of
melting (4H). The change in free energy of the liquid / solid phase transformation (AG) from
the undercooled melt as a function of temperature was determined using equation (3):

AH
T

AG =- T, —T)+Ac'p[(Tm —T)—Tln(-l_-l_—mﬂ 3)

m
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AG(T)=- 44.08-(1368.65-T)+28.84 [ (1368.65-T) -T (In (1368,65/T)], [J/mol]
where the temperature (T) is given in Kelvins [K].

The viscosity dependence on temperature of tested glass was determined using the
Vogel - Fulcher - Tammann (VFT) equation in the form [23]:

(4)

where A, B, and T, are the empirical parameters calculated from three experimentally
determined temperatures - Ty (transformation temperature), Ty (softening temperature), and T,
(melting temperature) which correspond to the viscosity reference values (log 7).
Characteristic temperatures were determined by DTA and the dilatometric method (Fig. 2 and
3). The data used to calculate the constants are shown in Table II.

logn =A+B/(T-T,)

Tab. Il Data for calculating A, B and T, parameters.

Determination Dilatation Dilatation DTA
methods
Characteristic
temperatures To I I
TFC] 511 544 1074
log 7 12.2 10.3 15

The VFT equation describing the viscosity of the test glass was obtained in the form:

®)

where the corresponding units are given in the SI system: viscosity (») is given in [Pa - s], and
temperature (T) in Kelvins [K]. The corresponding viscosity curve of the LAGP glass
composition as a function of temperature is given in Fig. 5.

log 5 = -2.8361 + 3430.6 / (T-555.8459)
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Fig. 5. Dependence # -T for the tested LAGP glass.

By knowing the viscosity of glass, it is possible to determine when the glass is in solid form,
when it is in the melting phase, and when it is in the transformation region (the temperature
region between the cooled melt and the solid phase in the unbalanced state is called the
transition region or glass transformation region). Also, based on viscosity, the area of glass
processing can be determined. One of the most important factors in the production of glass
articles is the variation of glass viscosity under changing temperature. All glasses can be
arbitrarily classified as “short,” i.e., fast-solidifying glasses, and “long” ones that solidify
slowly.
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It is generally accepted that the limiting values of viscosity in making glass articles
are 10%-10° Pa-s. Therefore, the temperature interval of glass manufacture is restricted by the
specified viscosity values and lies within a range from a few tens to a few hundred degrees.
According to the temperature interval of 370 °C for glass viscosity 10%-10° Pa-s this glass
belongs to long therm glasses, Fig. 5 [24].

Based on the gathered temperature dependence of the viscosity, the activation energy
of the viscous flow E, = 4G, [25] was obtained from the Arrhenius equitation and calculated
from the slope of the line log () = f (1/T), which is shown in Fig. 6.
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Fig. 6. Log () versus (1/T) for LAGP glass.

The activation energy of the viscous flow in the temperature range 500-570 °C is 4G,
= (671+16) kJ / mol.
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Fig. 7. Determination of the coefficient of linear thermal expansion of LAGP glass.

For glasses, the measured expansion coefficient is one-directional and the measured
value is linear thermal expansion coefficient (e;). The linear thermal expansion coefficient
value of commercial glasses is measured over a specified temperature range and in most cases
from 0-300 °C [26].

Based on the dilatometric analysis, the coefficient of linear thermal expansion of glass was
determined, which is oyg, = (1.79 + 0.01) - 10 1/°C in the temperature range of 100-500 °C
(Fig. 7). The coefficient of linear thermal expansion of LiGe,[PO,]; ceramic phase was
reported earlier as 7.0 - 10® 1/ °C within a temperature range of 20-1000 °C, as near-zero
expansion ceramics [27]. This property (linear thermal expansion coefficient) is utilized in
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tempering processes for generating compressive surface layers to prevent flaw propagation,
hence increasing strength [28].

NASICON type materials (as obtained LAGP glass or ceramic) show low thermal
expansion behavior, which was exploited in some of the applications (thermal shock, high-
energy lasers, precision optics, household ovenware, and giant telescope mirrors) of these
materials [29, 30].

4. Conclusion

The parent glass from the system 22.5Li,0-10Al,03-30Ge0O,-37.5P,05 (mol%) was
prepared by standard melt-quenching technique.

The characteristic temperatures, density, molar volume, thermal expansion
coefficient, and viscosity of the obtained glass were determined from experimental analyses.
The change in free energy of the liquid / solid phase transformation from the undercooled
melt as a function of temperature, as well as the activation energy of the viscous flow, were
determined. Obtained LAGP glass, shows low thermal expansion behavior, and in the field of
glass, processing solidifies slowly (between limiting values of viscosity in making glass
particles). Based on the thermal properties obtained glass is suitable for engineering and
manufacturing. The study of the LAGP glass crystallization process revealed the NASICON
LiGe,(POy4); phase. The exploration of NASICON materials could provide new electrode
materials for lithium-ion batteries.
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Casncemax. (00abpano  aumujym-2epMaHujymM-Qocamno cmakio npunpemmseHo  je
KOHBEHYUOHATHOM MEXHUKOM monmerem. XP/[ memooa je xopuwifiena 3a nomspoy dobujene
amopue cmpykmype u aHAIU3y KPUCMATHUX ¢haza mMOKOM monjiomue obpaoe.
Lunamomempuja ([qHJI), oupepenyujarna mepmuuxa ananuza (ATA) u ougpepenyujanna
ckenupajyha xanopumempuja ([[CK) xopuwhene cy 3a oopehusare KapaxmepucmuyHux
memnepamypa U enmaninuja Kpucmanuzayuje u monmera kpucmanue ¢ase. JTA u JUJI cy
kopuwhienu 3a dobujarse Kpuge uckosnocmu npumenom jeonauune Vogel-Fulcher-Tammann
(BDT).

Kuwyune peuu: Jlumujym-eepmanujym-cpocgpamno cmaxno, /[TA, Juramayuja, JJCK.
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