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Low-melting glass-crystalline materials with a low temperature coefficient of linear

expansion (TCLE) are widely used in various engineering fields. These materials are

utilized for joints, protective coatings, additives in sintering of ceramic materials, including

as matrices for high-strength dispersion-reinforced materials based on oxygen-free silicon

compounds. This paper presents the results of a study on glass-crystalline materials in

the pseudo-binary spodumene–manganese cordierite system. Based on experimental

data, a fusibility diagram was constructed. Crystalline phases formed during the cooling

of the glass melts were identified using X-ray phase analysis and their crystallization

tendency was evaluated. It was found that the crystallization ability of the glasses decreases

with an increasing content of manganese cordierite. The most promising, low-melting

glass composition was identified, with a LiAlSi2O6:Mg2Al4Si5O18 ratio of 30:70 wt.%. The

glass formation temperature for this compostion lies in the range of 1200–12500C, and

the practical melting temperature is 14500C. The synthesized glass exhibits softening and

intensive crystallization onset temperatures of 7600C and 9600C, respectively. The TCLE

of the glass is 34.9⋅10–7 0Ñ–1. The primary crystalline phase, β-spodumene, forms bundles

of needle-like crystals 10–15 µm in length within the residual glass phase, reducing the

material’s TCLE to 20.9⋅10–7 0Ñ–1. The developed material shows potential as a glass-

crystalline binder for producing high-strength ceramic materials (wear-resistant and

impact-resistant) based on SiC and Si3N4 with reduced sintering temperatures.
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Introduction

The continuous development of various industries
dictates the demand for fusible glass and glass-
crystalline materials with low temperature coefficient
of linear expansion (TCLE). These materials are
widely used for solders, protective coatings, additives
in sintering of ceramic materials, including as a matrix
for high-strength (wear-resistant and impact-resistant)
dispersion-hardened materials based on oxygen-free
silicon compounds.

Experience shows that the mechanical properties
of dispersion-hardened composite materials are largely
determined by the properties of the binder, its content
and phase composition [1–3]. The strength of

dispersion-hardened composite materials on glass-
crystalline binders is significantly higher compared to
glass binders. Values of bending strength can reach
800 MPa and more when oxygen-free silicon
compounds (SiC, Si3N4) are used as disperse fillers
[4]. For such composite materials operating under
conditions of high thermomechanical loads, an
important condition is the need to match the TCLE
of all its components (dispersed filler, crystalline phase
and residual glassy phase of the binder) [5,6].

Given the relatively low TCLE of oxygen-free
silicon compounds, the choice of glass-forming systems
for the synthesis of crystallizable bonds is usually
limited to alkali-free aluminosilicate systems, in
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particular, the MgO–Al2O3–SiO2 system [3,7–9].
However, the high refractoriness of the components
makes it difficult to synthesize glass binders in these
systems and subsequent sintering of glass-ceramic
composites [10–12]. In our opinion, an approach is
interesting, in which the search for the most fusible
compositions is carried out in pseudo-binary systems
of crystalline compounds, which are supposed to be
used as base phases in crystallizing glass-bonds. This
approach is also promising in that it is very likely to
produce binders with a high degree of crystallinity
and to reduce the probability of formation of associated
crystalline phases.

Considering the desire to minimize the
temperature of synthesis of glass-crystalline binders
for dispersion-strengthened composite materials, the
Li2O–Al2O3–SiO2 and MnO–Al2O3–SiO2 silicate
systems were chosen as base systems. The first system
contains such stable crystalline compounds with low
thermal expansion as spodumene (LiAlSi2O6) and
eucryptite (LiAlSiO4). Among lithium
aluminosilicates, spodumene exhibits a greater tendency
to crystallization and chemical stability [13]. In the
MnO–Al2O3–SiO2 system, the formation of
manganese cordierite (Mn2Al4Si5O18) was observed.
In addition to low TCLE, its peculiarity is the
incongruent character of melting with release of liquid
phase at the temperature of about 12000C, which can
facilitate the process of glass pulping [14]. Therefore,
the LiAlSi2O6–Mn2Al4Si5O18 pseudo-binary system was
chosen for the study.

Taking into account the above stated, the purpose
of this research was to search for compositions of the
most easily fusible glasses by constructing fusibility
diagram in the pseudo-binary LiAlSi2O6–Mn2Al4Si5O18

system. In addition, properties of promising glass
binders for oxygen-free ceramic materials, both in
the glassy and crystallized states, their microstructure
and phase composition were investigated.

Materials and methods

To obtain prototypes, lithium carbonate
(chemically pure grade), SiO2 in the form of
marshalite, Al2O3 in the form of technical alumina
(G-0 grade) and MnO (chemically pure grade) were
used as raw materials. Raw mixtures, corresponding
to the chemical compositions of LiAlSi2O6 and
Mn2Al4Si5O18, were prepared by joint grinding of
components in porcelain drum mills to the residue
on the mesh No. 0063 not more than 1%. According
to the experiment design, the raw material mixtures
were studied in the range of LiAlSi2O6:Mn2Al4Si5O18

ratios of 10:90 to 90:10 with a step of 10 wt.%. The
final mixing of the components of raw material
mixtures was carried out by grinding in a planetary

mill until passing through mesh No. 0045. Chalcedony
drums were used. Coding of experimental raw mixes
was made in accordance with the conditional content
in raw mixture Mn2Al4Si5O18 divided by 10. Thus,
the composition of charge No. 1 corresponded to the
mixture of 90 wt.% spodumene and 10 wt.%
Mn2Al4Si5O18, and the composition of No. 9
corresponded to the mixture of 10 wt.% spodumene
and 90 wt.% Mn2Al4Si5O18.

The heat treatment of experimental raw material
mixtures was carried out in an electric resistance furnace
with silicon carbide heaters in the temperature range
of 1200–14000C in air. Experimental charges were
placed in corundum crucibles of 5 cm3 capacity, heated
to the maximum temperature and kept for 2 h. The
conclusion about melting of the raw material mixture
was made based on visual observation. Cooling of
heat-treated samples was carried out together with the
furnace. The rate of cooling to the temperature of
7000C was 50–600C/h and allowed qualitatively
assessing the ability of experimental melts to
crystallization.

The glass was melted in an electric resistance
furnace with silicon carbide heaters in air at 1440–
14500C. The holding time for homogenization of glass
melt was 1 h. Corundum crucibles of 400 cm3 capacity
were used for melting.

The experimental studies were carried out using
generally accepted methods for determining the
properties of glasses and glass-crystalline materials.
TCLÅ in the range of 20–4000C was measured on a
quartz vertical dilatometer at the heating rate of 4–
50C/min. Thermal effects related to the glass softening
onset temperature and crystallization were determined
by differential thermal analysis on a Q-1500D
derivatograph in the temperature range of 20–10000C
at a heating rate of 100C/min. The mineralogical
composition of crystallized samples was determined
by X-ray phase analysis on a Philips APD-15
diffractometer in Co-Kα radiation. Electron
microscopic studies (SEM) of the samples on the
fracture were carried out using a scanning electron
microscope TESCAN Mira 3 LMU.

Results and discussion

At the first stage, the propensity of materials in
the LiAlSi2O6–Mn2Al4Si5O18 pseudo-binary system to
melt formation at different temperatures was
investigated. The study was carried out in the region
of compositions with the ratio LiAlSi2O6:Mn2Al4Si5O18

of 10:90 to 90:10 (wt.%). The temperature range was
1200–14000C. Visual and X-ray analysis revealed four
main groups of samples. The first one is melts
represented by dense and/or low-porous molten mass
that forms a meniscus with a characteristic glassy
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luster in the crucible. These melts are more or less
prone to crystallization. The second group includes
dense, strong, and sintered to porous state samples
that have not lost their original shape due to melting,
but have undergone significant shrinkage during heat
treatment. The third group includes weakly sintered
and friable specimens, which have undergone virtually
no shrinkage during firing. Finally, the group includes
foamed but not fully melted specimens with matte
texture both on the surface and in the chipping. The
formation of such samples is observed for compositions
No. 8 and No. 9 which is probably related to
incongruent melting of manganese cordierite.
Graphically, the obtained results are presented in the
form of a melting diagram (Fig. 1).

crystallization of manganese cordierite was observed
in composition No. 9.

Based on the assumption that the temperature
of practical melting of glasses of a given composition
is related to the temperature of its melting (liquidus
temperature), the composition No. 7 was chosen for
further studies. The temperature of glass melting was
1440–14500C with holding time for homogenization
of 2 h. The study of samples of the obtained glass
allowed determining its basic properties. According to
the data of differential thermal analysis, the softening
onset temperature and crystallization intensity
maximum for glass No. 7 are observed at 7600C and
9500C, respectively. TKLE of the experimental glass
is equal to 34.9⋅10–7 0Ñ–1.

In accordance with the obtained results of
differential thermal analysis, additional thermal
treatment of glass samples of composition No. 7 was
carried out at the temperature of intensive crystallization
(950±30C) for 2 h. TCLE of crystallized glass samples
is equal to 20.9⋅10–7 0C–1. The XRD pattern of
specially crystallized glass (Fig. 3a) differs from that
of the molten glass cooled in the furnace (Fig. 2)
only by the higher intensity of peaks. Thus, the
X-ray phase analysis did not reveal crystallization of
other crystalline phases except β-spodumene
(Fig. 3a). This fact is also confirmed by the results of
scanning electron microscopy (Fig. 3b). The SEM

Fig. 1. Melting diagram in the LiAlSi2O6–Mn2Al4Si5O18

pseudo-binary system

Two minima can be noted on the conditional 
curve showing the temperature of melt formation in 
studied pseudo-binary system. The first minimum is 
at the ratio LiAlSi2O6:Mn2Al4Si5O18=90:10 (melt 
formation temperature is approximately 13500C) and 
the second minimum is at the ratio 
LiAlSi2O6:Mn2Al4Si5O18=30:70 (melt formation 
temperature is in the range of 1200–12500C). In the 
investigated range of compositions, however, melts 
were obtained at 14000C. All of them are prone to 
crystallization. To evaluate the degree of crystallization 
of cooled melts, X-ray phase analysis of the samples 
was carried out, results of which are shown in Fig. 2. 

Analysis of the obtained XRD patterns shows 
that in accordance with change in the composition of 
experimental melts, there are changes both in 
propensity to crystallization and in the composition 

of precipitating crystalline phases. In the series of 
samples (compositions No. 1–8), β-spodumene is 

the only crystalline phase. The β-spodumene phase 
is isolated in significant amounts, which is evident 
from the intensity of the peaks in the diffractograms. 
The crystalline phase of β-spodumene is not fixed 
only in composition No. 9, in which its content is 
minimal and amounts to 10 wt.%. At the same time,

Fig. 2. XRD patterns of samples of experimental glass-

crystalline materials in the LiAlSi2O6–Mn2Al4Si5O18 pseudo-

binary system synthesized at 14000C
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photograph clearly shows that the needle-shaped
spodumene crystals are interconnected by a significant
amount of residual vitreous phase. The length of the
formed β-spodumene crystals is 10–15 µm.
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Fig. 3. XRD pattern (a) and SEM images (b) of a sample of

crystallized glass of composition No. 7

Conclusions

According to results of experimental studies, the
melting diagram in the LiAlSi2O6–Mn2Al4Si5O18

pseudo-binary system was constructed. The minimum
temperature of the melt formation is observed at the
ratio of spodumene and manganese cordierite
(30:70 wt.%) in the range of 1200–12500C. The
melting temperature of the glass of the indicated
composition is 1440–14500C. The synthesized glass
exhibits the softening onset temperature of 7600C,
and its crystallization temperature maximum is at
9500C. X-ray phase and electron microscopic study
showed that the developed glass crystallizes after heat
treatment at 9500C for 2 h with the formation of
β-spodumene bound in the residual manganese-
containing glass phase. The crystal size of  β-spodumene
is 10–15 µm. The TCLE of the glass samples after
its crystallization decreases from 34.9⋅10–7 0C–1 to
20.9⋅10–7 0C–1.

The developed material, due to its low melting
point and high tendency to crystallization, can be
proposed as a promising glass-crystalline binder for
preparation of high-strength ceramic materials (wear-
resistant and impact-resistant) based on SiC and Si3N4

with reduced sintering temperatures.
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ËÅÃÊÎÏËÀÂÊÅ ÑÊËÎÊÐÈÑÒÀË²×ÍÅ Â’ßÆÓ×Å Â
ÑÈÑÒÅÌ² ÑÏÎÄÓÌÅÍ–ÌÀÐÃÀÍÖÅÂÈÉ
ÊÎÐÄ²ªÐÈÒ

Ñ.Ã. Ïîëîæàé, À.Â. Çàé÷óê, Ê.Ì. Ñóõèé, À.Ã. Ïîëîæàé

Ëåãêîïëàâê³ ñêëîêðèñòàë³÷í³ ìàòåð³àëè ç íèçüêî-
òåìïåðàòóðíèì êîåô³ö³ºíòîì ë³í³éíîãî ðîçøèðåííÿ (ÒÊËÐ) 
øèðîêî âèêîðèñòîâóþòüñÿ â áàãàòüîõ ãàëóçÿõ òåõí³êè. Òàê³ 
ìàòåð³àëè âèêîðèñòîâóþòü äëÿ ç’ºäíàíü, çàõèñíèõ 
ïîêðèòò³â, äîáàâîê ïðè ñï³êàíí³ êåðàì³÷íèõ ìàòåð³àë³â, ó 
òîìó ÷èñë³ ÿê ìàòðèöþ äëÿ âèñîêîì³öíèõ äèñïåðñíî-çì³öíå-
íèõ ìàòåð³àë³â íà îñíîâ³ áåçêèñíåâèõ ñïîëóê êðåìí³þ. Ó 
äàí³é ðîáîò³ íàâåäåíî ðåçóëüòàòè äîñë³äæåíü ñêëîêðèñòà-
ë³÷íèõ ìàòåð³àë³â ó ïñåâäîá³íàðí³é ñèñòåì³ ñïîäóìåí–
ìàðãàíöåâèé êîðä³ºðèò. Íà îñíîâ³ åêñïåðèìåíòàëüíèõ äà-
íèõ ïîáóäîâàíî ä³àãðàìó ïëàâêîñò³. Ìåòîäîì ðåíòãåíîôà-
çîâîãî àíàë³çó âèçíà÷åíî êðèñòàë³÷í³ ôàçè, ùî óòâîðþ-
þòüñÿ ïðè îõîëîäæåíí³ îòðèìàíèõ ñêëîðîçïëàâ³â, òà îö³-
íåíî ¿õ ñõèëüí³ñòü äî êðèñòàë³çàö³¿. Âñòàíîâëåíî, ùî 
êðèñòàë³çàö³éíà çäàòí³ñòü ñòåêîë çìåíøóºòüñÿ ç³ çá³ëüøåí-
íÿì âì³ñòó ìàðãàíöåâîãî êîðä³ºðèòó. Âèçíà÷åíî ïåðñïåê-
òèâíèé, íàéá³ëüø ëåãêîïëàâêèé ñêëàä ñêëà, ùî ìàº 
ñï³ââ³äíîøåííÿ LiAlSi2O6:Mg0Al4Si5O18=30:70 ìàñ. Òåìïåðà-
òóðà ñêëîâàð³ííÿ äëÿ íüîãî ëåæèòü â ³íòåðâàë³ 1200–12500Ñ, 
à òåìïåðàòóðà ïðàêòè÷íîãî âàð³ííÿ – 14500Ñ. Ñèíòåçîâàíå 
ñêëî õàðàêòåðèçóºòüñÿ òåìïåðàòóðàìè ïî÷àòêó ðîçì’ÿêøåííÿ 
òà ³íòåíñèâíî¿ êðèñòàë³çàö³¿ 7600Ñ òà 9600Ñ, â³äïîâ³äíî. 
ÒÊËÐ ñêëà ñòàíîâèòü 34,9⋅10–7·0Ñ–1. Îñíîâíà êðèñòàë³÷íà 
ôàçà – β-ñïîäóìåí, ùî óòâîðþº â çàëèøêîâ³é ñêëÿí³é ôàç³ 
ïàêåòè ãîë÷àñòèõ êðèñòàë³â äîâæèíîþ 10–15 ìêì, – ñïðèÿº 
çíèæåííþ ÒÊËÐ ìàòåð³àëó äî 20,9⋅10–7·0Ñ–1. Ðîçðîáëåíèé 
ìàòåð³àë ìîæå áóòè âèêîðèñòàíèé ÿê ïåðñïåêòèâíå ñêëî-
êðèñòàë³÷íå çâ’ÿçóþ÷å äëÿ îäåðæàííÿ âèñîêîì³öíèõ êåðà-
ì³÷íèõ ìàòåð³àë³â (çíîñîñò³éêèõ òà óäàðîñò³éêèõ) íà îñíîâ³ 
SiC òà Si3N4 ç³ çíèæåíèìè òåìïåðàòóðàìè ñï³êàííÿ.

Êëþ÷îâ³ ñëîâà: ñêëîêðèñòàë³÷íå â’ÿæó÷å, ñïîäóìåí,
ìàðãàíöåâèé êîðä³ºðèò, ä³àãðàìà ïëàâêîñò³, êðèñòàë³çàö³ÿ,
ôàçîâèé ñêëàä, ì³êðîñòðóêòóðà.

FUSIBLE GLASS-CRYSTALLINE BINDER IN THE
SPODUMENE–MANGANESE CORDIERITE SYSTEM

S.G. Polozhaj, O.V. Zaichuk, A.G. Polozhaj *

Ukrainian State University of Science and Technologies,
Dnipro, Ukraine

* e-mail: s.polozhaj@gmail.com

Low-melting glass-crystalline materials with a low 
temperature coefficient of linear expansion (TCLE) are widely 
used in various engineering fields. These materials are utilized for 
joints, protective coatings, additives in sintering of ceramic 
materials, including as matrices for high-strength dispersion-
reinforced materials based on oxygen-free silicon compounds. 
This paper presents the results of a study on glass-crystalline 
materials in the pseudo-binary spodumene–manganese cordierite 
system. Based on experimental data, a fusibility diagram was 
constructed. Crystalline phases formed during the cooling of the 
glass melts were identified using X-ray phase analysis and their 
crystallization tendency was evaluated. It was found that the 
crystallization ability of the glasses decreases with an increasing 
content of manganese cordierite. The most promising, low-melting 
glass composition was identified, with a LiAlSi2O6:Mg2Al4Si5O18

ratio of 30:70 wt.%. The glass formation temperature for this 
compostion lies in the range of 1200–12500C, and the practical 
melting temperature is 14500C. The synthesized glass exhibits 
softening and intensive crystallization onset temperatures of 7600C 
and 9600C, respectively. The TCLE of the glass is 34.9⋅10–7 0Ñ–1. 
The primary crystalline phase, β-spodumene, forms bundles of 
needle-like crystals 10–15 µm in length within the residual glass 
phase, reducing the material’s TCLE to 20.9⋅10–7 0Ñ–1. The 
developed material shows potential as a glass-crystalline binder 
for producing high-strength ceramic materials (wear-resistant and 
impact-resistant) based on SiC and Si3N4 with reduced sintering 
temperatures.

Keywords: glass-crystalline binder; spodumene; manganese
cordierite; melting diagram; crystallization; phase composition;
microstructure.
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