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A B S T R A C T   

Dense Li2O–Al2O3–SiO2 (LAS) material was obtained in solid state by two sintering methods: conventional and 
microwave. The cyclical variation in temperature that these materials are subjected to during their useful life 
could cause changes in their crystalline structure and therefore changing their macroscopic properties. The role 
played by temperature in the diffraction patterns evolution was investigated through X-Ray thermodiffrac-
tometry measurements. Evolution of lattice parameters and crystal structure was determined and correlated with 
changes in the coefficient of thermal expansion. This work provides a comprehensive view of the thermal history 
of LAS materials according to the sintering technique used.   

1. Introduction 

The Li2O–Al2O3–SiO2 (LAS) system has attracted much attention 
over recent decades due to its hexagonal crystal structure [1], resulting 
in a low or negative coefficient of thermal expansion (CTE) [2–5]. 
Therefore, the usefulness of these thermal properties in the production 
of materials with excellent mechanical properties, good thermal shock 
resistance, high thermal stability, and high chemical durability, makes 
them suitable for potential engineering applications where high 
dimensional stability is required during several heating cycles. These 
properties are influenced by the nature, morphology and volume frac-
tion of the crystalline phases formed [6,7]. 

The thermal expansion behaviour of dense LAS materials over a wide 
temperature range, including cryogenic conditions has been well re-
ported. Some studies have focused on the dimensional stability behav-
iour of these materials over time, with no loads or variable 
environmental conditions, but there are no previous literature results on 
the evolution of crystallographic parameters with temperature and its 
relation to the coefficient of thermal expansion during several heating 
cycles [8–10]. Hysteretic temperature effects can have a significant in-
fluence on the thermal history of the material crystalline structure. 

García-Moreno et al. [11–14], reported very low or null thermal 
expansion materials from pure β-eucryptite phase with different com-
positions (Li2O:Al2O3:SiO2 as 1:1:2; and 1:1:3.11) in dense ceramic 

bodies in the solid state by sintering in conventional or spark plasma 
sintering. Benavente et al. [15], compared the influence of the sintering 
methodology (conventional and microwave sintering) on the thermal 
and mechanical properties of lithium aluminosilicate materials 
(β-eucryptite phase). These studies only focused on the heating modes 
and the most important characteristics associated with the sintering 
process that improve the final properties of the materials [16–18]. 

In this work, we carry out a novel study of the evolution of crystal-
lographic parameters on the crystal structure of β-Eucryptite phase in 
the lithium aluminosilicate system and its relation to the coefficient of 
thermal expansion during several heating cycles in the temperature 
range of 25 ◦C–400 ◦C. This material was produced by either conven-
tional or microwave sintering technology and characterised by ther-
modiffractometric analysis. The crystal structure of Li2O–Al2O3–SiO2 
was refined by the Rietveld method. Furthermore, we focused on the 
effect of temperature on the change in crystal structure, by evaluating 
the thermal history depending on the sintering technique. 

2. Materials and methods 

The synthesised LAS powder material was obtained by following the 
procedure described in a previous work [19]. The chemical composition 
of the powder in terms of Li2O–Al2O3–SiO2 relation is 1:1.1:2.5 and it 
relates to β-eucryptite crystalline phase. 
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LAS powders were compacted by cold isostatic pressing (CIP) at 200 
MPa of pressure (15 mm height, 10 mm diameter). The green density 
was approximately 1.2 g cm-3, i.e. 49% of theoretical density (2.39 g cm- 

3). Green samples were sintered using two different processing methods: 
conventional (CS) and microwave sintering (MW). Sintering conditions 
were fixed in accordance with the results of previous works [15,20], 
based on the coefficient of thermal expansion (CTE) behaviour, with the 
objective of obtaining samples with a near zero CTE. In the CS method, 
an electrical furnace (Thermolyne Type 46100, Thermo Fisher Scienti-
fic, USA) with 10 ◦C min-1 of heating rate was used. Samples were heated 
at 1300 ◦C in air with a dwell time of 2 and 12 h, and were then named 
CS-1300-2h and CS-1300-12h, respectively. Alternatively, a single mode 
cylindrical cavity operating in the TE111 mode with a resonant frequency 
of 2.45 GHz was selected as the heating cell for microwave sintering 
[21]. The samples were sintered at 1250 ◦C in air with a heating rate of 
100 ◦C min-1 with a short holding time of 5 min (MW-1250-5min) [15]. 

The bulk density of the sintered samples was measured by the 
Archimedes method in distilled water (ASTM C373-88). 

The thermodiffractometric (TDX) studies were performed on a 
Bruker D8 Advance Vantec diffractometer equipped with a HTK 2000 
variable temperature chamber (Germany). Patterns were obtained using 
Cu Kα radiation. The measurements were performed in the 15 ◦-80◦

range and the step size and time of reading were 15◦ and 0.03 s, 
respectively, at measurement intervals of 50 ◦C. The temperature range 
ranged from room temperature to 400 ◦C, with a heating rate of 
10 ◦C⋅min-1. Two cycles of heating and cooling were recorded for the 
starting powder and each sintered material. 

Structural refinements were performed using the Rietveld method 
(external standard method) [22] in the programme cyclic FULLPROF 
option [23], in order to follow the thermal evolution of the cell pa-
rameters of each material and observe if any structural variation 
occurred. The obtained XRD patterns were indexed using the diffraction 
files of β-eucryptite (PDF: 870602). 

The coefficient of thermal expansion was checked in a Netzsch DIL- 
402-C dilatometer (Germany) between 25 ◦C and 400 ◦C. 

Fig. 1. a) Elongation vs. temperature and b) thermal expansion coefficient, of three thermal cycles, of MW-1250-5min, CS-1300-2h and CS-1300-12h and samples.  

Fig. 2. Evolution of the crystallographic parameters a, c, c/a and V with temperature of the LAS starting powder and the sintered samples, CS-1300-2h, CS-1300-12h 
and MW-1250-5min. 
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3. Results and discussion 

The relative densities of sintered samples obtained by microwave 
sintering (MW-1250-5min) and conventional sintering at 1300 ◦C with 
2h and 12h holding times (CS-1300-2h and CS-1300-12h) were around 
99 %, 90 % and 96 %, respectively. The microwave-sintered samples 
show a relatively high density value, close to theoretical density, and 
enhanced by 9% compared with the CS-1300-2h samples. Despite the 
different density values of samples, we have chosen these materials 
based on previous study [15,20], where β-eucryptite material was ob-
tained with glass-free. 

The grain size of each sintered samples: MW-1250-5min, CS-1300-2h 
and CS-1300-12h is 2.1, 5.2 and 8.7 μm, respectively [19,20]. This 
confirms that a 12 h dwelling time caused a grain thickening of ~ 40% 
compared to the 2 h dwelling time sample, and ~ 75% compared to 
SM-1250 ◦C-5min. This grain growth caused more microcracks at 
granular level, leading to more negative CTE values, as seen below [9, 
10]. 

Dilatometric studies of the sintered samples were performed in the 
temperature range 25 to 400 ◦C. The dimensions of the tested samples 
were 12 x 10 x 3 mm. Three heating cycles were completed for each 
sample. Fig. 1a shows the dilatometry values of the samples, MW-1250- 
5min, CS-1300-2h and CS-1300-12h, vs. temperature. The microwave 
sintered sample showed more stable thermal behaviour with tempera-
ture in the three thermal cycles than conventional sintered samples. At 
macroscopic level, the thermal history of the material due to sintering 
process was noticeable in conventional sintering. That is, in both sam-
ples obtained by the conventional method, the second and third dila-
tometric cycles follow the same trend with temperature, while the first 
cycle differs from the other two. This difference between the first dila-
tometric cycle and the following ones is more noticeable as the sintering 
time increases. 

In Fig. 1b, the CTE values of the samples MW-1250-5min, CS-1300- 
2h and CS-1300-12h are presented vs. temperature, calculated from the 
dilatometric curves. Previous works established the relationship be-
tween microcrack content and grain size, as well as with the sintering 
method used to obtain LAS materials [24]. A greater presence of 
microcracks and residual porosity promotes the decrease of the CTE 

towards more negative values. The CS-1300-12h sample, with a longer 
sintering time, showed a more negative CTE than with a 2-h dwell time, 
which agrees with the presence of more microcracks. Moreover, thermal 
cycles promote this effect, especially in the case of conventional sintered 
samples. 

Fig. 1b shows the different progress of the CTE values during the 
different thermal tests. These differences are noticeable in conventional 
sintering samples, in the first thermal cycle, with the CTE values being 
higher than in the following two cycles. In turn, this difference is more 
pronounced with increasing sintering dwelling times. In both cases, the 
CTE values of the first cycle are less negative than in subsequent cycles, 
and this would indicate a lower anisotropy in thermal expansion, that is, 
a greater structural disorder. 

Another detail shown in Fig. 1b is the change in trend in the CTE 
values presented by all the samples tested. This change occurs at a 
higher temperature in the case of the sample sintered by microwave 
(~250 ◦C) compared to when obtained by conventional method 
(~200 ◦C). CS-1300-12h shows this change at lower temperature in the 
first cycle (~150 ◦C). The interpretation of this change in trend would be 
related to the variation in the crystallographic parameters a and c, and 
with the increase in temperature. 

Fig. 2 show the evolution of the crystallographic parameters a, c, c/a 
and V with temperature obtained by Rietveld structural refinement of 
the LAS starting powder and the sintered samples, CS-1300-2h, CS-1300- 
12h and MW-1250-5min. 

We can see the high anisotropy exhibited by β-eucryptite materials. 
Values of a crystallographic axis (axis equivalent to b) increase with 
temperature, while c-axis values decrease for all materials tested [25, 
26]. 

An important fact is the sintering process influence in these dimen-
sional variations. The samples obtained by conventional technique show 
a similar behaviour despite the difference in processing time between 
them (2 and 12 h). However, the microwave sintered sample shows 
higher values of a and lower values of c. This results in a lower c/a ratio 
than in conventional sintered samples. Therefore, a lower value in c/a 
indicate an increase in the disorder of the structure, which cause a lower 
anisotropy in the expansion [6] and therefore, less negative CTE value as 
it was previously observed. 

Fig. 3. Crystallographic parameters a and c evolution vs temperature during two heating cycles and two cooling cycles.  
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The volume of the crystalline domain remains practically constant 
for the samples obtained by conventional sintering. However, the sam-
ple obtained by microwave sintering presents an increase in the crys-
talline volume with temperature, which is noticeable up to ~ 250 ◦C. In 
Fig. 3, the evolution of the crystallographic parameters a and c as a 
function of temperature during two heating cycles and two cooling cy-
cles is represented for each of the samples tested. 

The sample sintered by microwave showed the highest thermal his-
tory. The values of the first heating were lower than those obtained in 
the first cooling cycle and in the following heating-cooling cycles down 
to ~ 250 ◦C. Rapid cooling carried out in microwave sintering could 
cause the structure to freeze with more disorder than it would have at 
room temperature. By heating the sample again, with lower heating 
rates (10 ◦C⋅min-1), the crystalline structure is freed from the greater 
disorder it presents, thus freeing the structure from the thermal history 
of the material. In the following cooling and heating cycles, the crys-
tallographic parameters evolve with the temperature following the same 
path. 

In samples obtained by the conventional method, the thermal history 
of the material due to the sintering cycle was hardly noticeable, since the 
heating and cooling rates carried out in the sintering and in this study 
with temperature were the same (10 ◦C min-1). 

Fig. 4 shows the crystalline domain volume evolution with temper-
ature (by Rietveld analysis) during two heating cycles and two cooling 
cycles. 

Crystallographic axes a and c show different behaviour in the first 
heating in the MW-1250-5min sample. As it could be expected, the 
volume increased considerably until it reached ~ 250 ◦C, the tempera-
ture at which it started to stabilise. In the following cycles the volume 
remained relatively stable, except for the inflection point that takes 
place at ~ 250 ◦C. As mentioned above, this inflection point may be due 
to the change in the ordered-disordered structure [6]. 

In the samples obtained by the conventional method, a slight dif-
ference was observed in the first heating cycle at low temperatures. The 
sintered sample with 2h dwell exhibited a more stable crystallographic 
behaviour with temperature than the 12h dwell sample, where a slight 

increase in volume values was observed with increasing temperature 
cycles, despite the fact that the trend of the values was the same. In both 
cases, the volume values had an inflection point of ~ 200 ◦C. This in-
flection point was not as pronounced as in the case of the sample ob-
tained by microwave, occurring at a lower temperature. 

4. Conclusions 

Summarising the above results, an important conclusion is that the 
order/disorder relationship in the structure of the β-eucryptite is 
dependent on the sintering method used. Consequently, the sample 
obtained by microwave needs a higher temperature to start to become 
disordered. In samples obtained by the conventional method, the larger 
the grain size, the lower the temperature needed to start observe 
changes. 

This phenomenon appears to play a key role in results regarding the 
evolution of the crystallographic parameters with temperature and its 
relation to the coefficient of thermal expansion during several heating/ 
cooling cycles. As an important result for future work, it has been 
demonstrated that the role of the electromagnetic field effect is very 
important for development materials for applications in which very 
controlled crystal structure and low thermal expansion behaviour are 
required at high temperatures. 
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Fig. 4. V evolution vs temperature during two heating cycles and two cooling cycles.  

R. Benavente et al.                                                                                                                                                                                                                              



Open Ceramics 7 (2021) 100169

5

References 

[1] T. Ogiwara, Y. Noda, K. Shoji, O. Kimura, Low-temperature sintering of high- 
strength β-eucryptite ceramics with low thermal expansion using Li2O-GeO2 as a 
sintering additive, J. Am. Ceram. Soc. 94 (2011) 1427–1433, https://doi.org/ 
10.1111/j.1551-2916.2010.04279.x. 

[2] M. Chen, F. He, J. Shi, J. Xie, H. Yang, P. Wan, Low Li2O content study in Li2O- 
Al2O3-SiO2 glass-ceramics, J. Eur. Ceram. Soc. 39 (2019) 4988–4995, https://doi. 
org/10.1016/j.jeurceramsoc.2019.07.032. 

[3] R.C. Cooper, G. Bruno, M.R. Wheeler, A. Pandey, T.R. Watkins, A. Shyam, Effect of 
microcracking on the uniaxial tensile response of β-eucryptite ceramics: 
experiments and constitutive model, Acta Mater. 135 (2017) 361–371, https://doi. 
org/10.1016/j.actamat.2017.06.033. 

[4] G. Li, R. Fu, S. Agathopoulos, X. Su, Q. He, Y. Ji, X. Liu, Ultra-low thermal 
expansion coefficient of PZB/β-eucryptite composite glass for MEMS packaging, 
Ceram. Int. 46 (2020) 8385–8390, https://doi.org/10.1016/j. 
ceramint.2019.12.071. 
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