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minerals but also the reuse of the mineral matrix for new 
technological applications. Integrated tailings management 
has thus emerged as a key pillar for improving environmen-
tal, social, and economic performance across mining opera-
tions, reinforcing the principles of a circular economy.

One of the segments of the mining industry that has stood 
out in recent years is lithium extraction. The growth of this 
consumer market is justified by the increasing demand 
for batteries and electronic devices, driving technological 
development in this sector. In 2023, global production of 
this element increased by 23% compared to the previous 
year, totaling 180,000 tons, with approximately 98,000 tons 
coming from pegmatite deposits [3, 4]. Among lithium-
bearing deposits, pegmatites are characterized by a lithium 
oxide content ranging from 0.8% to 2%, typically crystal-
lized in the form of the mineral spodumene [5]. Ores from 
lithium pegmatites can be concentrated by flotation, an 
effective method for removing silicate gangue, mainly con-
sisting of quartz and feldspar [6]. In this processing route, 
the lithium ore concentrate has approximately 6% lithium 
oxide, generating about 80% of waste by mass [7].

Due to the predominant presence of aluminosilicates, as 
well as lithium as a trace element, tailings from this process 

1  Introduction

In parallel with the increase in global demand, ores with 
increasingly lower grades have been observed, leading to 
greater environmental challenges due to the significant 
amounts of waste generated from extraction. The valori-
zation of tailings from the mining industry aligns with the 
Sustainable Development Goals proposed by the United 
Nations [1], particularly those related to clean energy, 
sustainable industry, and responsible production and con-
sumption, by promoting circularity and increasing the reli-
ability of resource supply chains in strategic sectors [2]. This 
approach enables not only the recovery of residual valuable 
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The presented review aims to evaluate the effect of lithium compounds on the development of ceramic materials. Based 
on a systematic review methodology, 17 publications were selected from databases provided by Scopus (Elsevier), Web 
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due to the reduction of viscosity during heat treatment. Thus, products with lower porosity and water absorption are 
generated, parameters associated with higher density and mechanical strength. Further investigation is still needed on the 
influence of α and β-spodumene phases in a comparative manner, as well as more studies regarding the coefficient of 
thermal expansion.
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have attracted interest in the ceramic production sector. This 
sector, in turn, has been receptive to developing materials 
using non-toxic tailings as raw materials, with only the min-
eralogical complexity of these materials posing a constraint 
[8]. Recent research indicates increasing interest in the use of 
multi-source solid waste–derived materials in the production 
of ceramic foams, structural ceramics, and functional materi-
als, reflecting both technological potential and environmen-
tal benefits [9]. However, the mineralogical complexity of 
these tailings may impose constraints on processing, requir-
ing careful control of phase evolution, interface behavior, 
and microstructure formation—factors that are especially 
relevant in ceramic–metal laminated systems [10].

Among the applications of lithium-containing materials 
in the ceramic sector, several stand out: gas turbines, due to 
their low thermal expansion coefficient and excellent ther-
mal shock resistance, essential properties for regenerative 
components operating under fluctuating temperatures [11, 
12]. Lithium-containing glass-ceramics with β-spodumene 
are renowned for their low coefficient of thermal expansion, 
high mechanical strength and hardness, as well as a low 
dielectric constant, enabling a wide range of applications in 
electronics, high-performance optics, and defense technolo-
gies [13–16]. Thermal shock resistance is an additional fac-
tor favoring the use of lithium-containing materials in the 
production of whiteware, sanitaryware, and porcelains [17].

In ceramic materials, microstructure refers to the nature, 
quantity, and distribution of structural elements within the 
phases constituting a given material. The sintering condi-
tions imposed on a ceramic material directly influence the 
resulting microstructure: successful processes yield simple 
monophasic structures composed of crystalline grains and 
their interfaces; incomplete densification, however, results 
in residual phases with significant porosity between the 
grains [18]. The incorporation of lithium-based materi-
als has a direct impact on the resulting microstructure of 
ceramic products, as well as on their properties.

This study presents a comprehensive literature review, 
grounded in a systematic review, focusing on the impact of 
lithium oxide on the properties of ceramic materials, pri-
marily from a microstructural perspective. The objective is 
to discuss this topic and identify which aspects of lithium 
oxide’s influence on microstructure have been explored in 
published research, along with their implications.

2  Methodology

To evaluate the effect of lithium oxide on the microstruc-
ture of ceramic materials, published studies up to 2024 were 
analyzed based on databases provided by Scopus (Elsevier), 
Web of Science (Thomson Reuters), and Springer Link, 

chosen due to the bibliometric relevance of these sources 
and their support of engineering-related research [19]. The 
research and evaluation methodology for the selected stud-
ies followed the scheme presented in Fig. 1:

	● Initially, keywords were selected so that the databases 
would return as many studies as possible relevant to the 
topic. Thus, the search was conducted using the follow-
ing terms: influence OR evaluation AND spodumene 
OR “lithium silicate” OR “lithium ore” OR “lithium ox-
ide” AND “ceramic material” OR porcelain AND NOT 
dental OR oral OR restoration. The inclusion of the term 
“lithium silicate” returned many studies focused on the 
biochemical and dental industries. This work is limited 
to industrial applications in the ceramic materials sector 
and does not address the effect of lithium oxide in den-
tal ceramics production. Therefore, terms related to the 
biochemical or dental sectors were added in the “AND 
NOT” search line to better define the target database.

	● In the Scopus and Web of Science databases, the search 
was limited to the title, abstract, and keywords. For 
Springer Link, the search algorithm does not allow 
such restriction. In this case, the search was conducted 
throughout the full text, which explains the variation in 
the number of publications returned by each database.

	● Based on the selected articles, duplicate publications were 
removed. Among the defined database, 15 publications 
appeared as duplicates across the analyzed databases.

	● Subsequently, an analysis was conducted based on the 
titles and abstracts of the publications retrieved from the 
databases. Articles that, after reading the abstract, were 
found to be unrelated to the review were removed.

	● Then, a full-text analysis of the selected articles was car-
ried out. At this stage, publications that seemed not to 
contribute to the work were also removed, and another 4 
were excluded due to difficulty in locating them. Despite 
being publications from the last 20 years, they could not 
be found in the databases’ collection, possibly due to the 
difficulty of accessing journals with lower international 
impact. A qualitative synthesis of the selected publica-
tions was performed, gathering information about the 
proposed methodologies, as well as the techniques em-
ployed for microstructural analysis. Then, an analysis 
of the relevant results was made, identifying the main 
effects of introducing lithium-based compounds in the 
ceramic production sector. Furthermore, possible aca-
demic and scientific gaps were identified and pointed 
out based on current publications.

In order to assess the bibliometric data, information regard-
ing the journal of publication, authors, country, and year 
of publication was analyzed from a statistical perspective, 
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Fig. 1  PRISMA flow diagram of the steps involved in the systematic review
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was sourced from the Minerals Yearbooks (1964–1994) 
published by the Bureau of Mines [20–23] and the Min-
eral Commodity Summaries (2004–2023) provided by the 
United States Geological Survey (USGS) [3, 23, 24].

The publications used were authored by a total of 68 
authors from 13 different countries. According to Fig. 3, the 
most cited work is the publication by [25], which sought to 
develop ceramics using aluminum nitride as a raw material, 
associated with a sintering aid that would volatilize after fir-
ing. The authors obtained ceramic products with high ther-
mal conductivity and mechanical strength by using lithium 
oxide and yttrium as the sintering aids.

When relating the number of publications from each 
country to the impact of citations, it was observed that 
although the most cited publication originated from Japan, 
the country with the highest number of publications is 
Ukraine (Fig.  4). In this case, the author in question and 
collaborators evaluate the application of lithium-based com-
pounds in the production of special glass-ceramics with mil-
itary applications between the years 2016 and 2022.

A complete analysis and documentation of the countries 
involved in these investigations can provide invaluable 

aiming to evaluate the impact of journals and countries on 
scientific production related to the topic.

3  Results and discussion

3.1  Bibliometric analysis and global context

The literature on the impact of lithium-based compounds 
on ceramic materials remains relatively limited and under-
developed. However, a notable increase in research interest 
and activity can be observed from the 1960s to the present. 
Of the 17 relevant publications identified, 6% were pub-
lished between 1964 and 1974, and no significant publica-
tions were found between 1975 and 1994. Between 1995 
and 2004, 18% of relevant publications were identified, 
while the majority (76%) were published in the last 20 
years, highlighting the growing interest in this field (Fig. 
2). This surge in publications correlates with the signifi-
cant increase in global lithium production over the past two 
decades. Production rose from 15.5 thousand tons in 2004 to 
180 thousand tons in 2023. Global lithium production data 

Fig. 2  Comparative infographic between the number of published articles and the production of lithium equivalent in each decade
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material was incorporated as a lithium source, the size of 
these particles, as well as the chemical and mineralogical 
analysis of the raw materials. In general, lithium oxide is 
associated with other alkali oxides (Na and K), as well as 
alumina (Al2O3) and silica (SiO2). The main lithium-bear-
ing mineral is spodumene (LiAl(SiO3)2), but [26] incorpo-
rated a pegmatitic rock containing petalite (LiAlSi4O10) into 
the ceramic composition, both minerals being classified as 
lithium aluminosilicates.

Due to the high value associated with lithium carbonate, 
the application of this material in the production of ceramics 
has not always been economically viable, making it possible 

support to young scientists. It can help them forge scientific 
alliances, initiate collaborative projects, and exchange inno-
vative methods and concepts.

3.2  Use of lithium oxide in different ceramic 
materials

3.2.1  Lithium source

Among the analyzed articles, a diversity was observed 
regarding the source of lithium added to the production of 
ceramic materials. Table 1 presents a summary of which 

Fig. 3  Correlation between the number of publications on the microstructure of lithium-containing ceramic materials and the number of citations 
received by these publications
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Table 1  Chemical, mineralogical, and granulometric characterization of lithium-bearing raw materials
Reference Li source Chemical composition Mineralogical 

composition
Particle size Company, manufacturer, 

or synthesis method of the 
lithium source used

Li2O SiO2 Al2O3 Na2O K2O
[22] Spodumene-bear-

ing pegmatite
2.18% 77% 15.3% 3.2% 1.2% Quartz, albite, 

spodumene and 
aluminosilicate

115µm Colorminas Company (Minas 
Gerais – Brazil)

[23] Spodumene flota-
tion waste

- 80% 12% 1% 5.4% Quartz, albite, 
muscovite

62µm Ganzi Prefecture (Sichuan 
Province – China)

[20] Pegmatite A 2.36% 72.8% 16.9% 1.2% 4.7% Albite, microcline, 
muscovite, spodu-
mene, quartz

6 - 7µm -

Pegmatite B 1.76% 71% 17.7% 2.6% 3.6% Albite, microcline, 
muscovite, petalite, 
quartz

-

Lithium carbonate 44% - - - - - - Aldrich
[32] α-spodumene 7.5% 65% 25.2% 0.3% 0.6% Spodumene - -
[33] α-spodumene - - - - - Spodumene - -
[34] β-spodumene 

(artificial)
- - - - - - 2.7µm Li2CO3:Al2O3:SiO2 (1:1:4) 

pre-sintering (1050°C) sinter-
ing (1200°C)

[35] Spodumene 
(artificial)

- - - - - - - R2O–RO–RO2–R2O3–LiF–
CaF2–P2O5–SiO2 R2O à Na2O, 
Li2O, K2O;RO à CaO, MgO, 
ZnO;RO2 à ZrO2, TiO2;R2O3 
à Al2O3, B2O3

[24] Calcined spodu-
mene concentrate

- - - - - - Bimodal distri-
bution with a 
mode at 0.6 µm

Gwalia Consolidated Ltd

[25] Calcined spodu-
mene concentrate

8.1% 64% 27% 0.2% 0.05% - 23µm Gwalia Consolidated Ltd

Fig. 4  Relationship between publications on the microstructure of lithium-containing ceramic materials and their respective citations
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minerals (spodumene or petalite) are associated with the 
following phases: quartz (SiO₂), feldspars (such as albite 
– NaAlSi₃O₈ and microcline – KAlSi₃O₈), and muscovite 
(KAl₂O₁₀(OH, F)₂). The authors of [28] and [29] provided 
mineralogical characterization data obtained via X-ray dif-
fraction, as shown in Fig. 5.

Among the identified minerals, the relevance of each for 
the ceramics sector is notable: quartz contributes to reducing 
plasticity and deformation during thermal treatment; feld-
spars in general, including albite, serve as densifying agents, 
promoting the formation of a vitreous phase and resulting in 
ceramic products with lower porosity; muscovite enhances 
mechanical strength due to recrystallization into more stable 
phases [35–37]. This highlights the potential application of 
these industrial by-products as co-products that can serve as 
raw materials in the ceramics industry.    

3.2.2  Products and technological parameters analyzed

Lithium-based compounds have significant applications in 
the ceramic materials industry, acting as flux agents and fill-
ers with low expansion rates, yielding products with high 
physical, chemical, and thermal resistance [42, 43]. Table 2 
provides an overview of the ceramic products studied in the 
analyzed articles, the tests and analyses conducted, associ-
ated raw materials, and the evaluated conditions.

Most studies on white and structural ceramics predomi-
nantly cite quartz, kaolinite, feldspars, and alumina as the 
main associated raw materials. The content of Li₂O incor-
porated into the ceramic matrix ranges from 0 to 5.5%, 
with thermal treatment temperatures between 550 and 
1350 °C.

Another important application of lithium oxide is in the 
development of glass-ceramics, with uses ranging from 
military applications, such as personal protective equip-
ment, to the production of microelectronic devices, like 
large-scale chips. The reviewed articles in this segment 
assessed Li₂O contents of up to 19.55%. In these cases, 
the use of polymineral raw materials becomes unfeasible, 
and lithium carbonate is typically employed. Sintering 
temperatures for glass-ceramic materials appear to be 
lower compared to structural ceramic materials, as shown 
in Table 2. However, there is a high-temperature melting 
step for raw materials to form the initial glass phase prior 
to glass-ceramic production. The works by [40] and [33] 
used melting temperatures around 1200 °C; [32] and [44] 
produced the required glass phase at temperatures near 
1400 °C; and [41, 45], and [46] utilized temperatures as 
high as 1600 °C.

Lithium also plays a critical role in developing alumi-
num titanate-based ceramics [31] and aluminum nitride 
ceramics [25], in addition to stabilizing solid electrolytes 

to use low-grade pegmatites for this purpose [27]. Due to the 
growing demand for batteries and medicines, such lithium-
bearing pegmatites, previously considered low-grade, have 
become economically exploitable. The works of Bragança 
et al. [28] and Tulyaganov et al. [26] used lithium-bearing 
pegmatites as a source of lithium minerals (whose Li2O 
contents vary between 1.76 and 2.36%) with the same pur-
pose, the production of triaxial ceramics. Despite the simi-
larity in terms of lithium source and the product obtained, 
the average diameter of the particles used in these works 
differs: 115 μm for [28] and 6 to 7 μm for [26]. Possibly 
this discrepancy is associated with the process that gener-
ated this material: in the first work, a sample from gravity 
concentration processes was used to remove dense minerals, 
while in the second work, comminution of the pegmatitic 
rock was carried out exclusively for ceramic production.

Like the authors Bragança et al. [28], the study done 
by Yang et al. [29] also used as a lithium-bearing source a 
reject from a physical concentration process. However, the 
two works present materials with different granulometries: 
particles with average diameters equivalent to 115 and 62 
μm, respectively. Once again, this discrepancy is justified 
by the concentration process that generated this reject: [28] 
used a reject from dense medium concentration, while [29] 
used a reject from flotation concentration, processes that 
occur efficiently in distinct granulometric ranges.

Another lithium source used is the product obtained from 
the calcination process of spodumene concentrate. Despite 
targeting different applications (high-alumina porcelain and 
aluminum titanate-based ceramics, respectively) and work-
ing in different countries (Slovenia and Australia), Oberzan 
et al. [30] and Low and Shi [31] both utilized calcined prod-
ucts from the same manufacturer, Gwalia Consolidated Ltd. 
For this reason, although chemical analysis data is absent in 
[30], it is likely that the raw materials exhibit some degree 
of similarity. The difference in particle sizes is attributed to 
the comminution stage used by [30].

Studies that introduced lithium in the form of carbonate 
are not shown in Table 1. In such cases, analytical-grade 
purity compounds, readily available on the market, are gen-
erally used, and thus the authors typically do not detail the 
characterization of this raw material. Manufacturers cited 
include TU (Shakhove et al., 2019), Aldrich [26], Johnson 
Matthey Grade II reagents [32], BDH – England [33], and 
Kanto Chemical [25]. The work by [34] did not provide the 
characterization of the compound used and did not mention 
the supplier.

From a mineralogical perspective, only the studies by 
[28, 29], and [26] utilized polymineral samples as sources of 
lithium minerals. In all three cases, the sample used under-
went no prior thermal treatment, preserving the crystalline 
structure of the minerals present. In these cases, lithium 
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2.38%; while [39] used temperatures between 900 and 1200 
°C and observed a shrinkage of up to -5%.

On the other hand, the studies by [31, 38], and [40] investi-
gated how the lithium content impacts the shrinkage of the 
obtained products. The authors of [31] and [40] observed 
that higher Li2O contents (up to 4.13%) implied greater 
shrinkages (up to 19%). In these cases, the authors attribute 
the increased shrinkage to the greater formation of liquid 
phase in the presence of Li2O. While [38] obtained differ-
ent results, indicating that oxide contents of up to 0.3% did 
not significantly impact the results of the physical index 
investigated.

The authors of [26] observed that the introduction of lith-
ium in the form of carbonate reduced the shrinkage of the 
products obtained at temperatures between 1200 and 1300 

for secondary batteries [34]. These three studies reported 
sintering temperatures reaching up to 1600 °C.

From the tests and analyses conducted in each study, the 
authors drew several conclusions regarding the effects of 
lithium compounds on the production of the aforementioned 
ceramic materials.  

Linear shrinkage and apparent density  Among the studies 
that evaluated linear shrinkage (LS) as a physical index [28, 
29], , and [39] made common observations: higher sinter-
ing temperatures resulted in ceramic products with greater 
linear shrinkage. The authors of [28] evaluated tempera-
tures between 1140 and 1240 °C, obtaining shrinkage rates 
between 3.5 and 8.5% (for materials with 0.54% Li2O); 
[29] worked with low-temperature ceramics (between 550 
and 650 °C) and obtained shrinkage rates between 2.29 and 

Fig. 5  Diffractograms of mineral 
samples used as by-products in 
the ceramic segment. A- Spodu-
meme flotation tailings [29]; B- 
Spodumeme-bearing pegmatite 
rock [28]
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In general, the authors attribute higher shrinkage rates 
to greater densification. This observation is confirmed by 
the data presented in Fig. 6: according to [25, 30, 39], and 
[29], higher sintering temperatures resulted in greater densi-
fication of the generated ceramic. According to discussions 
raised by [25], bodies sintered at 1600 °C (for 2 h) presented 

°C, showing similar behavior in cases with Li2O content 
between 0.44 and 1.32%. By replacing lithium carbonate 
with lithium-bearing pegmatite containing spodumene or 
petalite, the authors observed that these natural conditions 
achieved maximum shrinkage at temperatures 100–120 °C 
lower compared to the conventional formulation.

Table 2  Evaluated ceramic products, tests performed, and evaluated conditions according to the articles reviewed in this study
Reference Product Tests and analyses carried out Raw materials 

employed
Experimental conditions
%Li2O Conformation Drying Sintering

 [28] Triaxial ceramics XRF, XRD, AA, SEM, PM, 
PDI, BET, FC, LS, WA,

Quartz, kaolinite, 
albite and feldspar

0–
1.09%

20 MPa 110 °C 
(24 h)

1140–1240 
°C

 [29] Low-temperature 
ceramics

LS, AD, FS, CS, WA, AP, XRF, 
XRD, SEM, TGA e DSC, FT-IR

Kaolinite and glass 
powder

- - 60 °C (48 
h)

550–650 °C

 [30] High-alumina 
porcelain

AP, AD, DTA, TGA, CTE, FS, 
XRD, SEM

Alumina 0–
1.56%

Extrusion 105 °C 
(4 h)

950–1350 
°C

 [38] Porcelain 
stoneware

AD, AP, XRF, XRD, CTE, FS, 
LS, WA, PDI

Kaolinite, soil, quartz 
and sodium feldspar

0–0.3% 15 MPa - 1210 °C

 [39] Triaxial ceramics AP, LS, AD, FS, TGA, E Kaolinite, quartz and 
feldspar

1.13% - 100 °C 
(72 h)

800–1200 
°C

 [26] Triaxial ceramics LS, AD, WA, FS, WS, XRD, 
SEM

Kaolinite, quartz and 
potassium feldspar

0–
3.16%

80 MPa 50–110 
°C

1100–1350 
°C

 [47] Facing ceramics AD, AP, WA, FS, F, SC, TC, 
XRD, SEM

Soil, titanium dioxide 
and boric acid

0–5% 15 MPa 130 °C 1000 °C

 [32] Glass-ceramic TGA, XRD, SEM, AD, ESR Al2O3, SiO2 and TiO2 17.5–
19.5%

- - 520–900 °C

 [40] LTCC 
glass-ceramic

LS, FS, AD, CTE, XRD, DSC, 
SEM, FS, DI

H3BO3, SiO2 (amor-
phous), MgO and 
Na2CO3

0–
4.13%

20 MPa 100 °C 450 °C (1 
h), 875 °C 
(2 h)

 [33] Glass-ceramic TGA, XRD, SEM, BDS. SiO2, TiO2 20% - - 650 °C (2 h)
 [41] Glass-ceramic 

(armor elements)
XRD, PM, TGA, E, H, HV, K SiO2, Al2O3, B2O3, 

P2O5

5.2–
15%

- - 450–950 °C 
(single stage 
or succes-
sive heating)

 [45] Glass-ceramic 
(armor elements)

XRD, TGA, PM, V, H, K SiO2, Al2O3 5–11% - - 450–950 °C 
(single stage 
or succes-
sive heating)

 [46] Glass-ceramic 
(armor elements)

AD, E, K, PM, DI SiO2, Al2O3 - - 450 °C 600–900 °C 
(single stage 
or succes-
sive heating)

 [44] Glass-ceramic 
(armor elements)

XRD, PM, SEM, H, HV, E, V, 
FT-IR, BT, K

SiO2, Al2O3, ZnO, 
SnO2

7–8% 3 stages: 7.36–
11.78–14.71 
MPa

120–150 
°C

530–850 °C 
(successive 
heating)

 [31] Aluminum tita-
nate (AT) cermic

XRD, TGA, SEM, CTE, AD, 
AP, HV, TSR, LS

TiO2, Al2O3, Al2TiO5 
and ZrO2 (monoclinic)

0–
2.43%

150 MPa 450 °C 
(30 min)

1600 °C 
(3 h)

 [34] Solid-state elec-
trolyte for second-
ary batteries

XRD (for the quantification of 
the phases formed as a function 
of varying temperature)

Al2O3, Na2O 0.8–
1.5%

- - 1000–1600 
°C

 [25] Aluminum nitride 
(AlN) cermic

XRD, TGA, ICP, AD, SEM, 
ON, FS, TC,

AlN, Y2O3, CaCO3 0–
0.47%

20 MPa - 800–1600 
°C

LS linear shrinkage, WA water absorption, SEM scanning electron microscopy, TGA thermogravimetric analysis, FT-IR Fourier transform 
infrared spectroscopy, AD apparent density, AP apparent porosity, FS flexural strength, CS compressive strength, XRF X-ray fluorescence, 
XRD X-ray diffraction, AA atomic absorption, PM petrographic microscope, BET Brunauer–Emmett–Teller (specific surface area), FC fusion 
cone, CTE coefficient of thermal expansion, PDI pyroplastic deformation index; E modulus of elasticity, WS whiteness, F frost resistance, SC 
compressive strength, TC thermal conductivity, ESR electron spin resonance, LTCC low-temperature co-fired ceramic, DSC differential scan-
ning calorimetry, DI dielectric impedance, BDS broadband dielectric spectroscopy, H microhardness, HV Vickers hardness, K fracture tough-
ness, V viscosity measurements as a function of temperature, BT ballistic tests, TSR thermal shock resistance, ON oxygen content in sintered 
materials
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Fig. 6  Relationship between density and sintering temperature or lithium oxide content based on articles reviewed
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density values of 2.5 g/cm³ at 1150 °C and 2.3 g/cm³ at 1300 
°C, respectively.

Water absorption and porosity  When evaluating the water 
absorption index [26], observed that artificial products sin-
tered at 1250 °C exhibited lower water absorption indices 
compared to lower or higher sintering temperatures. Com-
positions with Li2O content above 2.2% showed water 
absorption values that differed from the others in the range 
between 1300 and 1350 °C, possibly due to the effect of 
overfiring and rapid vitrification. The authors confirmed this 
hypothesis based on the rounding of the edges of the test 
specimens, confirming that the sintering interval was not 
adequate for the indicated formulations. Among the natural 
compositions, the authors observed that formulations with 
petalite and higher lithium content presented lower water 
absorption values compared to those with spodumene and, 
consequently, lower lithium contente.

The authors of [28] associated higher Li2O contents and 
higher sintering temperatures with lower water absorp-
tion indices. When comparing the lithium compound with 
traditional fluxing agents, the authors point out the evi-
dent potential of the rock containing spodumene as a flux-
ing agent in the production of ceramic materials, with the 
higher densification due to the formation of a vitreous phase 
from 1000 °C, resulting in lower water absorption indices. 
According to the authors, the rock containing 0.51% Li2O 
presented a higher fluxing action compared to albite and 
feldspar, despite containing a lower content of alkali oxides. 
This finding is justified by the higher diffusion coefficient of 
lithium ions, due to the smaller ionic radius of this element, 
compared to K+ and Na+.

In general, water absorption results are directly related to 
porosity indices. The studies by [30] and [39] indicated that 
higher sintering temperatures generated products with lower 
porosity indices, and both studies obtained products with 
porosities between 10 and 15% (at 1200 °C). The author 
of [31] also quantified the porosity index, associating lower 
indices with higher spodumene contents, due to the higher 
sintering and densification promoted by the presence of a 
liquid phase in the presence of the fluxing agent. However, 
contents of lithium aluminosilicate above 30% implied an 
increase in porosity, possibly due to the formation of pores 
due to the excess of liquid phase.

Complementarily [38, 47], , and [29] evaluated and asso-
ciated porosity and water absorption indices, as shown in 
Fig. 7. It is noted that the study by [29] presented higher 
porosity values and, consequently, higher water absorption. 
In this case, the authors attribute this phenomenon to the 
accumulation of large particles, the formation of bubbles 
during the sintering process, and internal porosity within 

densities of 3.3 and 2.4 g/cm³ in the conditions with and 
without the addition of Li2O, respectively. According to the 
authors, the results of thermogravimetric decomposition 
of the compositions with and without the incorporation of 
lithium justify the increase in apparent density: endothermic 
peaks were observed attributed to partial reactions between 
metal oxide - metal oxide and metal oxide - metal nitride, 
forming a macroscopically observed liquid phase in condi-
tions with the addition of Li2O sintered from 1350 °C. This 
fact possibly also justifies the difference in density presented 
between the works of [25], indicating that the introduction of 
this alkaline oxide reduces the formation temperature of the 
liquid phase, promoting greater densification consequently.

The studies by [30] and [39] evaluated the temperature 
range between 950 and 1100 °C in a coincident manner. 
Although they aimed to produce high-alumina porcelain and 
triaxial ceramics, respectively, both studies identified the 
optimal Li₂O content as between 1 and 1.2%, reaching simi-
lar density values, as shown in Fig. 6. Conversely, the study 
by [25] reported lower density values compared to these two 
studies, despite evaluating the same sintering temperature 
range. The lower values observed are likely due to differ-
ences in the raw materials used. At temperatures above 1350 
°C [25], reported an increase in density, attributed to partial 
melting of the raw materials, as indicated by thermogravi-
metric decomposition analysis. The subsequent tempering 
process likely produced ceramics with higher density.

Other studies evaluated the influence of lithium oxide 
content on the densification of ceramic products. Generally, 
higher oxide content resulted in reduced density of the final 
product. The authors of [38] and [47] attribute this phenom-
enon to the effectiveness of aluminosilicate as a fluxing 
agent, which facilitates a more homogeneous distribution of 
the vitreous phase by reducing fluid-phase viscosity, result-
ing in greater quartz dissolution and, consequently, lower 
density. This density reduction was also observed by [31], 
consistent with findings by [48]: additions exceeding 20% 
spodumene lead to ceramic products with reduced density, 
likely due to pore formation caused by the excess liquid 
phase.

On the other hand, Wang et al. [40] found that higher 
levels of β-spodumene resulted in greater densification of 
the composites and, consequently, higher shrinkage rates. 
This observation may contrast with others due to the distinct 
nature of the raw materials used in their study. Additionally, 
this was the only study focused on the production of glass-
ceramics that evaluated this physical index.

Furthermore, in a comparative investigation of artificial 
compositions (introducing lithium in the form of carbonate) 
and natural compositions (introducing lithium in the form of 
spodumene or petalite) [26], observed that natural pegma-
tite formulations densified earlier than artificial ones, with 
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 Mechanical strength  Generally, studies aimed at producing 
structural ceramics and whiteware evaluate flexural strength 
as the main mechanical strength index. Therefore, the data 
on this index were organized: some authors evaluated flex-
ural strength as a function of sintering temperature, while 
others associated this physical parameter with the lithium 
oxide content (Fig. 8).

The authors of [29] found that higher contents of glass pow-
der and higher sintering temperatures resulted in higher 
mechanical strength indices. The sintering temperatures 
used in this work differ from the others, due to the mate-
rial being intended for the production of low-temperature 
ceramics. The condition whose raw material was composed 
of 60% waste, 10% kaolin, and 30% glass powder, sintered 
at 650 °C, presented a flexural strength equivalent to 42 
MPa.

The authors of [39] evaluated different fluxing agents 
and observed that the mechanical strengths of all composi-
tions sintered up to 1000 °C were not significantly differ-
ent, assuming values between 10 and 23 MPa. Although the 
flexural strength index remained constant for the conditions 
sintered at 1100 and 1200 °C (60 MPa), the authors related 
this physical index to the modulus of elasticity, obtaining 
values equal to 30 GPa (1100 °C) and 60 GPa (1200 °C). 

the particles. Although the study by [28] used particles with 
an even larger diameter, the discrepancy in water absorp-
tion values is justified by the sintering temperatures: [28] 
used temperatures between 1140 and 1240 °C (achieving 
products with up to 0% water absorption), while [29] used 
temperatures between 550 and 650 °C (obtaining products 
with water absorption between 15.5 and 14%).

The work by Aydin and Kara [38] obtained lower poros-
ity and water absorption values for compositions with up to 
0.15% lithium oxide. The authors related the obtained values 
to the viscosity of the fluid phase generated during sinter-
ing: for the condition with 0.15% Li₂O, a viscosity of 0.872 
GPa·s and 0% water absorption was achieved, while in the 
formulation with 0.23% Li₂O, a viscosity of 0.688 GPa·s 
and 0.17% water absorption was obtained. This observation 
is consistent with other authors who also indicated that the 
introduction of lithium compounds reduces the viscosity of 
the fluid phase.

The study by [47] showed a trend of increased porosity 
and water absorption as the lithium oxide content increased. 
The authors attribute this to the role of lithium carbonate as a 
flux and pore-forming agent, lowering the sintering temper-
ature of the liquid phase, increasing the amount of vitreous 
phase, and acting as a binder for the ceramic grains, creating 
a self-glazing effect on the surface of ceramic products.

Fig. 7  Relationship between porosity and water absorption as a function of sintering temperature or lithium oxide content based on the reviewed 
articles
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The study by [47] individually evaluated the action of 
lithium carbonate in the composition of structural ceramic 
coatings: this carbonate showed interesting due to the more 
homogeneous distribution of the vitreous phase (due to the 
reduction of the viscosity of the liquid phase), as well as 
acting as a pore-forming agent (generating products with 
lower density and thermal conductivity); however, the 
amount of vitreous phase generated was small and there 
was a large reduction in flexural strength. The association 
of lithium carbonate with boric acid proved to be a bet-
ter option, since both act as fluxing agents, reducing the 
sintering temperature and increasing the amount of vitre-
ous phase. The decomposition of titanium dioxide formed 
compounds in both the vitreous phase and the crystalline 
phase, thus increasing the mechanical strength of the prod-
uct obtained.

In works directed to the production of glass-ceramics 
and special ceramics, mechanical strength is usually quanti-
fied from parameters such as Vickers hardness. The authors 
of [31] evaluated lithium oxide contents of up to 2.25% in 
the composition of aluminum titanate ceramics, reaching 
a maximum Vickers hardness value in the condition with 
0.19% lithium oxide (15 GPa). The authors attribute this 
improvement to the greater densification resulting from the 
introduction of the lithium compound. Higher oxide con-
tents resulted in a reduction in mechanical strength, but the 
authors consider that contents of up to 0.75% Li2O would 
provide considerable improvements in fracture resistance. 
The works of [41, 45] and [44] obtained glass-ceramics with 
Vickers hardness values of the order of 7.9 GPa (for compo-
sitions with 6% Li2O sintered in a single stage) to 8.7 GPa 
(for compositions with 8% Li2O sintered in a staged man-
ner). The authors attribute the success of the staged sintering 
process to the formation of a ceramized structure with the 
presence of β-spodumene under low-temperature heat treat-
ment. Thus, this material becomes promising for application 
in the military segment, directed to the production of armor 
plates.

Thermal expansion  Among the studies that evaluated the 
coefficient of thermal expansion, a certain unanimity was 
noted among the discussions raised: in all cases, higher lith-
ium oxide contents resulted in a reduction in the coefficient 
of thermal expansion. The work by [40] obtained values 
of the coefficient of thermal expansion between 5.79 and 
1 ppm/°C for compositions containing between 0 and 55% 
β-spodumene, respectively. In turn [38], also observed the 
same trend and related the reduction in the coefficient of 
thermal expansion to the dissolution of quartz in the vitre-
ous phase due to the presence of the lithium compound. In 
addition to evaluating the effect of lithium oxide content on 
thermal expansion [30], also observed that higher sintering 

Such a change in the modulus of elasticity can lead to an 
improvement in thermal shock behavior, indicating the 
potential of the application of this secondary fluxing agent 
in the production of these materials.

Among the compositions evaluated by [30], the authors 
observed that the highest flexural strength was obtained 
when the material was sintered at 1300 °C (204 MPa). The 
authors attribute this to the reduction in thermal expansion 
of the mixture with the incorporation of Li2O, with values 
on the order of 5.8 × 10⁻⁶ K⁻¹. When the firing temperature 
was raised to 1350 °C, a decrease in mechanical strength 
was observed (160 MPa). In this case, the authors associ-
ate this reduction with the linear shrinkage phenomenon and 
density variations at the analyzed temperature.

The studies by [30] and [39] evaluated the 950–1100 °C 
temperature range coincidentally. Although they aimed at 
producing high-alumina porcelain and triaxial ceramics, 
respectively, both studies identified an optimal Li2O content 
between 1 and 1.2%, achieving similar flexural strength val-
ues, as shown in Fig. 8.

The authors of [26] investigated lithium introduction 
from pegmatites. It was observed that mechanical strength 
values were not significantly different across temperatures, 
presenting average values of 86 and 81 MPa at 1250 and 
1350 °C, respectively. The authors also varied the Li2O con-
tents to 0.55% and 0.83%, achieving higher strength indices 
when sintered at 1250 °C: 93 and 80 MPa. This study differs 
from the others, as it was the only one to evaluate petalite 
as a lithium source, which resulted in higher mechanical 
strength indices compared to conditions where spodumene 
was used.

The authors of [38] evaluated mechanical strength as a 
function of Li2O content, achieving a maximum flexural 
strength of 66 MPa at an Li2O content of 0.15%. The authors 
attribute the increase in flexural strength to the fluxing action 
of lithium aluminosilicate, which acts by reducing the vis-
cosity of the liquid phase and enhancing the dissolution of 
quartz and albite. However, Li2O contents above 0.15% 
reduced the mechanical strength of the products obtained. 
Similar to [30], the authors associate this reduction with 
variations in the apparent density of the samples.

The authors of [40] observed an increase in flexural 
strength in compositions with higher β-spodumene contents. 
However, Li2O contents above 2.25% proved detrimental to 
mechanical strength. The authors attribute this fact to the 
low flexural strength (145 MPa) of the added mineral, and 
also associate the reduction of this parameter possibly to the 
existence of porous structures. This work presents substan-
tially higher mechanical strength values than the others pre-
sented in this topic. Possibly, such a discrepancy is due to 
the application: [40] was the only work directed to the pro-
duction of glass-ceramics that evaluated flexural strength.
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Fig. 8  Relationship between flexural strength and sintering temperature or lithium oxide content based on the reviewed articles
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indices resulting from the introduction of Li2O associated 
with yttrium and calcium (LiYO2-CaO), obtaining thermal 
conductivity values of up to 175 Wm-1K-1 for compositions 
sintered at 1600 °C (6 h). The authors related high thermal 
conductivity values to the removal of defects related to the 
presence of oxygen in the evolution of the precipitation of 
a large amount of grain boundary phases. Complementarily 
[47], observed that higher contents of lithium oxide are nor-
mally associated with lower thermal conductivities, obtain-
ing values between 0.87 and 0.62 Wm-1K-1 for products with 
Li2O contents between 1 and 5%, respectively. Once again, 
the authors attribute this fact to the pore-forming action of 
lithium carbonate, as well as acting as a modifier of the vit-
reous phase, reducing its viscosity during heat treatment.

Another fundamental physical index for quantifying the 
performance of special ceramics with electrical applications is 
dielectric impedance. The authors of [40] observed that higher 
β-spodumene contents and, consequently, lower alumina con-
tents reduced the dielectric constant of the obtained products. 
The authors attribute this fact to the higher dielectric constant 
of Al2O3 compared to the other raw materials used. This behav-
ior is coherent with the markedly high intrinsic permittivity of 
α-Al₂O₃ compared with lithium aluminosilicates, as discussed 
in the classical work of Kingery et al. [49]. Complementarily 
[46], pointed out that compositions sintered at higher tempera-
tures generated products with lower dielectric constant values 
- in line with studies on glass-ceramics conducted by Holland 
and Beall [50], which indicated that sintering at higher tem-
peratures promotes the crystallization of low-polarizability 
phases and reduces the residual glassy phase, both contribut-
ing to a decrease in the dielectric constant.

Still on electrical properties [33], pointed out that the 
condition free of titanium dioxide proved to be highly con-
ductive, confirming the impact of free Li+ ions on the elec-
trical characteristics of the material. The introduction of the 
nucleating agent made the structure heterogeneous, possibly 
this microstructural characteristic resulted in the reduction 
of electrical conductivity, making the glass-ceramic insulat-
ing. The addition of TiO₂ as a nucleating agent, however, 
promotes the formation of a heterogeneous microstructure 
with increased crystallinity, which restricts ion mobility. 
This mechanism is consistent with observations by Shelby 
[51] and Scholze [52], who report that crystallization 
decreases alkali diffusivity and consequently reduces elec-
trical conductivity, effectively shifting the material behavior 
from conductive toward insulating.

The works of [41, 46], and [44] evaluated the effect of 
lithium carbonate and sintering temperatures on the pro-
duction of glass-ceramics aimed at the military segment. 
For this reason, the three works evaluated the modulus of 
elasticity as a physical index due to its implication in the 
quality of ceramic-based armor elements. According to [41] 

temperatures generate products with a higher coefficient of 
thermal expansion.

In the composition with the presence of lithium [31], 
observed a negative thermal expansion during heating (20 to 
1000 °C) and, during cooling, some expansion was initially 
noted, followed by contraction possibly due to the presence 
of the vitreous phase, according to the authors. Once again, 
the authors compare the observations pointed out with the 
work of [48]: the same behavior was observed for mullite 
obtained from a composition containing 20% β-spodumene. 
From thermal shock resistance tests, it was possible to 
observe that ceramic bodies containing 5% lithium alumi-
nosilicate and sintered at 800 °C showed a 75% increase in 
the mechanical strength index (from 12 to 21 GPa), dem-
onstrating that the introduction of the lithium fluxing agent 
resulted in higher thermal shock resistances.

Other physical properties  The production of glass-ceram-
ics and special ceramics meets a variety of industrial needs, 
from the manufacture of microelectronic devices to the 
development of personal protective equipment in the mili-
tary segment. For this reason, the technological parameters 
indicative of the quality of the products generated differ 
according to the desired final product.

A physical index little explored by the selected articles is the 
pyrolastic deformation index, which refers to the bending 
caused by the action of gravity during sintering. From this 
index, it is possible to elucidate assumptions about the for-
mation of the vitreous phase and the viscosity of this phase. 
The work [28] observed an increase in pyrolastic deforma-
tion as a function of the increase in sintering temperature. 
From this analysis, it was noted that the temperature of 
liquid phase formation, where the viscosity is low enough 
to generate deformations, occurred from 1215 °C, reach-
ing the maximum pyrolastic deformation at 1200 °C (3.5 × 
10-3cm-1). The authors attribute this fact to the low eutectic 
temperature of the rock containing spodumene, possibly due 
to the reaction of fluxing oxides with silica and alumina, 
thus reducing the viscosity of the vitreous phase.

In parallel, the work of [38] pointed out that higher 
contents of lithium oxide generated products with lower 
pyrolastic deformations, reaching the optimal value in the 
composition with 2% Li2O (pyrolastic index equal to 5.6 × 
10-5cm-1). The authors attribute this fact to the greater dis-
solution of quartz, causing a higher viscosity of the vitreous 
phase and greater resistance to deformation in the presence 
of lithium aluminosilicate.

In an extraordinary way, there are works that quantify 
thermal conductivity as a physical index [25]. observed 
higher thermal conductivity and mechanical strength 
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at the feldspar/metakaolinite interface, promoting the for-
mation of a vitreous phase at this interface. The diffusion 
of lithium and early melting, together with the diffusion of 
potassium and sodium ions from feldspar and muscovite 
into kaolinite residues, should favor the densification and 
crystallization of primary mullite. Secondary mullite origi-
nates from the nucleation of primary mullite seeds and its 
crystals are generated on the surface of kaolinite and grow 
in the less viscous residues of feldspar [54].  

Additionally [30], pointed out that compositions with the 
addition of lithium presented lower coefficients of thermal 
expansion and more homogeneous porosity from a micro-
structural standpoint, however, contents close to 1.6% of this 
oxide generated products with excessive porosity. Figure 10 
shows the microstructure generated in products incorporat-
ing Li2O contents ranging from 1.02 to 1.56%. The authors 
pointed out that contents close to 1.6% of this oxide gen-
erated products with excessive porosity. In this case, the 
authors attribute the larger size and greater sphericity of the 
pores to the overheating process and excess lithium oxide.

In the work of [28], the authors observed smaller pores in 
the condition with the association of rock containing spodu-
mene, quartz, and kaolinite. Such porosity is justified based 
on the dissolution of quartz due to the high alumina content 
in the vitreous phase, resulting from the thermal decompo-
sition of kaolinite. From a microstructural standpoint, the 

and [44], the composition with 8% Li2O presented a better 
value for the modulus of elasticity (100 GPa) and the staged 
heat treatment generated products of better quality, due to 
the formation of a ceramized structure with the formation 
of β-spodumene at low temperatures. In addition, the work 
of [46] pointed out that, in addition to the Li2O content, 
the sintering temperature also interferes with the modulus 
of elasticity of the glass-ceramics, presenting higher val-
ues (350 GPa) for products sintered at higher temperatures 
(1150 °C).

Microstructure  Most of the analyzed works presented 
microstructural analysis information that, in turn, was used 
to justify data obtained for various physical indices. The 
authors of [26] and [30] related the formation of the vitreous 
phase to the reduction of porosity based on microstructural 
analyses. In the work of [26], the authors observed the crys-
tallization of mullite at 1250 °C (in compositions with the 
introduction of lithiferous pegmatite, presenting an acicular 
habit, as shown in Fig. 9) and at 1365 °C (in the composition 
without the introduction of lithium). Under all conditions, 
mullite and quartz phases were identified after firing, evi-
dencing that the lithium was dissolved in the vitreous phase. 
Due to its small ionic radius, lithium was diffused into the 
metakaolinite particles, which exhibit a high surface area 
and pore volume distribution after metakaolinization [53]. 
Possibly, the presence of lithium reduces the eutectic point 

Fig. 9  Microstructure of a triaxial porcelain sintered at 1250 °C containing 1.76% Li₂O obtained from natural pegmatite [26]
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dioxide formed compounds in both the vitreous and crystal-
line phases, thus increasing the mechanical strength of the 
obtained product.

Complementarily, the work of [33] evaluated the associa-
tion of the fluxing agent (Li2CO3) with a nucleating agent 
(TiO2). The authors observed the presence of spherules 
(between 40 and 100 nm) as shown in Fig. 11, possibly due 
to the introduction of titanium dioxide which, accompa-
nied by the presence of lithium oxide, favored the mobil-
ity of silicon oxide and the crystallization of lithium silicate 
compounds. The introduction of the nucleating agent made 
the structure heterogeneous, possibly this microstructural 
characteristic resulted in the reduction of electrical con-
ductivity, making the glass-ceramic insulating. Previously 
[32], had already studied the association between lithium 
carbonate and titanium dioxide, but directed to the produc-
tion of glass-ceramics. The authors pointed out that titanium 
dioxide influenced the morphology, quantity, and growth 
rate of the crystals, as well as increasing the proportion of 
slower-growing biconic crystals in compositions sintered 
from 580 °C. Despite this, no relationship was established 
between TiO2 and nucleation events, with this dioxide being 
pointed out only as a surfactant. In the composition with-
out TiO2 sintered up to 700 °C, the β-eucryptite and lithium 

quartz crystals presented a reduced size and rounded shape, 
confirming the hypothesis raised earlier. Cracks were also 
observed, possibly due to the difference between the coeffi-
cient of thermal expansion of quartz and the vitreous phase. 
The occurrence of cracks from the anisotropy between the 
coefficients of thermal expansion was previously pointed 
out in the work of [31]. In this work, the authors also attrib-
uted the formation of the vitreous phase to the thermal 
decomposition of lithium aluminosilicate.  

The formation of the vitreous phase is directly related to 
the good performance of the physical indices, acting as a 
binder between the ceramic particles, promoting the sinter-
ing of the liquid phase and reducing the number of ceramic 
particles that are in direct contact with each other, with the 
formation of agglomerates. Although it acts in the formation 
of the vitreous phase [47], point out that the introduction 
of lithium carbonate individually results in the formation of 
a very small amount of vitreous phase, being necessary to 
use it in combination with other additives that additionally 
increase the amount of the vitreous phase. The authors indi-
cate that the association of lithium carbonate with boric acid 
proved to be a better option, since both act as fluxing agents, 
reducing the sintering temperature and increasing the 
amount of vitreous phase. The decomposition of titanium 

Fig. 10  Microstructure of porcelains sintered at 1300 °C containing 1.02%, 1.18%, and 1.56% Li₂O [30]

 

Fig. 11  Microstructure of glass-ceramic samples sintered at 650 °C for 2 h with compositions A (80% SiO₂ + 20% Li₂O) and B (60% SiO₂ + 20% 
TiO₂ + 20% Li₂O), adapted from [33]
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sintered from 600 °C (Fig. 13) due to the crystallization of 
glass powder, triggering chemical reactions such as the for-
mation of P-O and Si-O bonds, based on results from scan-
ning electron microscopy, thermogravimetric analysis, and 
Fourier transform infrared spectroscopy. In study by [44], 
also associated scanning electron microscopy and infrared 
spectroscopy results, evidencing some relevant microstruc-
tural events such as the fine crystallization of glass in the 
form of spherulites due to the nucleation of lithium metasili-
cate (550 °C), crystallization of β-eucryptite (650 °C), and 
its recrystallization into β-spodumene (850 °C). The authors 
also pointed out that the presence of β-eucryptite negatively 
affects the mechanical properties of glass-ceramics, and it 
is possible to produce materials with mechanical properties 
satisfactory for the military industry from 850 °C. 

4  Conclusions

A literature review revealed that the application of lithium 
compounds is a widely discussed topic from an academic-
scientific perspective in various countries. Regarding 
the number of publications, a significant increase in the 

metasilicate phases were identified. When titanium dioxide 
was added to the composition, lithium metasilicate was only 
identified in conditions sintered above 700 °C.  

Aimed at the production of special ceramics constituted 
of aluminum nitride, the work of [25] also evaluated the 
association of lithium with other sintering aids, CaO and 
LiYO2. From microstructural analysis, the authors observed 
that the generated product was homogeneous and had finer 
grains than the conventional one (less than 2 μm). Accord-
ing to the authors, smaller particle sizes are related to bet-
ter mechanical strength indices, evidencing the potential of 
using the association of sintering aids.

On the other hand, the works of [29, 40], and [44] associ-
ated mechanical strength indices with the development of 
microstructural structures. In study by [40], was observed an 
increase in flexural strength as the content of β-spodumene 
increased up to 30%, with a decrease in mechanical strength 
being noted with higher contents of the aluminosilicate. In 
this case, the authors indicated that better flexural strength 
indices were associated with lower porosity of the ceramic 
product (Fig. 12).  

While [29] justified the increase in mechanical strength 
associated with the reduction in porosity for samples 

Fig. 12  Correlation between flex-
ural strength, thermal expansion 
coefficient, and microstructure 
of glass-ceramics containing up 
to 55% β-spodumene, sintered at 
875 °C. (Adapted from [40]).
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