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Abstract 

-eucryptite ceramics with low negative or near-zero coefficient of thermal expansion 

(CTE) with excellent mechanical properties, such as Young’s modulus  100 GPa, have 

attracted attention for many important industrial applications. The extremely anisotropic 

thermal expansion behaviour of this material leads to thermal residual stresses, and 

causes spontaneous microcracking. These microcracks cause large negative CTE with 

mechanical weaknesses. The appearance of microcracks is due to different factors. The 

most important are prolonged sintering time and heating source used. 
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The present work shows experimentally the evolution of grain microcracks and residual 

stresses of the sintered -eucryptite material going through many thermal fatigue cycles 

(3600). The effect of stresses applied on β-eucryptite crystals due to the thermal 

cycling could be considered for explaining the small change observed of β-eucryptite to 

β-spodumene phase, which is higher in the samples obtained by microwave sintering. 

Therefore, the study of residual stresses has suggested that the heating source employed, 

such as conventional or microwave, has a great influence on thermal fatigue life and the 

final mechanical and thermal properties. The microwave heating has a significant 

impact on β-eucryptite materials lifetime. 

 

Keywords: Microwave sintering; β-eucryptite; Mechanical properties; Thermal fatigue; 

Microcracking 

 

1. Introduction 

Microcracked ceramic materials possess superior thermal shock resistance, owing to 

their unique physical and thermo-mechanical properties [1]. Microcracking is often 

displayed in ceramics with anisotropic coefficients of thermal expansion, leading to 

grain-level internal stresses that cause bond rupture and spontaneous micro-fracture [2]. 

Thermal misfit strains in such ceramics materials, due to the high thermal expansion 

mismatch and anisotropy, may reach sufficiently high values to cause spontaneous 

microcracking. Such cracking associated with thermal misfit strains in ceramics, glasses 

and brittle composites has been observed to occur in a myriad of material systems [3-6].  
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Lithium aluminosilicate (LAS) ceramic shows extremely anisotropic thermal expansion 

due to its hexagonal crystal structure [7], resulting in a low or negative coefficient of 

thermal expansion (CTE) [8]. Accordingly, these ceramics are predominantly used to 

tailor materials with high resistance to thermal shock and good dimensional stability. β-

eucryptite (LiAlSiO4) and β-spodumene (LiAlSi2O6) [9,10] are the most studied LAS 

systems. However, it is noteworthy that the β-eucryptite has a more negative CTE in a 

wide range of temperatures and present higher mechanical properties. 

The microcracks have important effects like a very negative coefficient of thermal 

expansion (CTE), and also decreased mechanical properties, such as hardness and 

Young’s modulus [11]. Therefore, the development and new potential engineering 

applications of β-eucryptite materials, with null CTE and advanced mechanical 

properties, are very limited. 

Several authors have reported that the microcracking, and therefore thermal expansion, 

depend on the grain size of β-eucryptite [1,12]. Specifically, when the grain size is 

larger, the extent of microcracking is greater, leading to a large negative CTE, and vice 

versa. For example, it has been reported by Pelletant et al. [12] the critical grain size for 

inducing microcracking in pure β-eucryptite ceramics as a consequence of the thermal 

expansion anisotropy is less than 2.8 m. Our previous results show that the 

microcracking not only depends on the minimum or critical grain size, but also, the 

sintering methodology is an important factor in their formation [13-15]. 

Some studies have focused on dimensional stability behavior of these materials over 

time, with no loads or variable environmental conditions, but there are no previous 

literature results on the subject regarding mechanical and thermal properties over time 

in use. Hysteretic temperature effects can have a significant cumulative effect on the 
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structure due to the large number of thermal cycles that the material may experience in 

its operational lifetime. Microcracking also could be induced in the crystalline state by 

thermal treatments [11]. Therefore, the current study aims to know and follow the 

microcracks formation in β-eucryptite solid-state materials to fabricate cutting-edge 

materials with different multifunctional applications and, also, increase the service life. 

In this work, the samples were fabricated by two different methods, conventional and 

microwave sintering. Microwave technology of ceramic materials has gained new 

relevance in the field of sintering and consolidation due to its benefits compared with 

conventional heating techniques [16-19]. Some of the main advantages of this non-

conventional sintering method are, for example: rapid and volumetric heating, reduced 

processing times, energy efficiency and environmental benefits. This specific heating 

technique allows obtaining ceramic materials with a unique combination of structural 

and functional properties [20,21]. 

In the present investigation, microcracked structures of -eucryptite were produced via 

repeat thermal fatigue cycles, heating-cooling in an electric furnace. The formation of 

this microcracking and its relationship with the sintering method and the effect on the 

CTE and mechanical properties is the scope of our study. 

 

2. Materials and methods 

2.1. Starting materials 

β-eucryptite solid solution powders were synthesized for this study following the route 

proposed in a previous work (see [8] for details). The chemical compositions of the 

lithium aluminosilicate (LAS) powder correspond to a Li2O:Al2O3:SiO2 relation of 
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1:1.1:2.5 (Compositions LAS8 in [8]). Green samples were prepared 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

).  

2.2. Thermal cycling 

Green samples were sintered in air by pressureless conventional heating process in an 

electrical furnace (Thermolynetype 46100, Thermo Fisher Scientific, USA) at 1200 ºC 

with 10 ºC min
-1

 of heating rate and 2 h of holding time at the maximum temperature 

[13]. On the other hand, 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 [22]. The samples were sintered at 1200 ºC in air with a heating rate of 100 ºC 

min
-1

 with a short holding time of 10 min [15]. 

Thermal fatigue cycles were carried out in an electric furnace (Energon S.L., Spain). 

The oven has a platform that goes up and down allowing the rapid heating and cooling 

of the samples. Each cycle involves samples heating to 400 ºC for 10 minutes of holding 

time and cooling with cold air immediately. The cycles number chosen were 800, 1800 

and 3600. 

2.3. Material characterization 

The bulk density of the sintered samples was measured by Archimedes method in 

distilled water liquid (ASTM C373-88).  

The fracture surface sections of the samples have been observed using a field emission 

gun scanning electron microscope (FE-SEM, HITACHI S-4800, Japan). 
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Nanomechanical properties such as hardness and Young’s modulus of samples were 

obtained by nanoindentation technique (Model G200, MTS Company, USA). Tests 

were performed under maximum depth control, 2000 nm, using a Berkovich diamond 

tip previously calibrated with silica. The contact stiffness (S) was determined by 

Continuous Stiffness Measurement technique (CSM) to calculate the profiles of 

hardness (H) and elastic modulus (E) [23]. Amplitude was programmed to 2 nm with 45 

Hz of frequency. A matrix with 25 indentations was performed for each sample. In 

order to ensure the quality of the tip throughout the work, pre- and post- calibration 

procedures were performed for this indenter ensuring the correct calibration of its 

function area and correct machine compliance. Previous to the nanoindenter testing, the 

samples were prepared by metallographic techniques. After cutting (Secotom-15, 

Struers, Denmark), the surface was lapped and then polished (LaboPol, Struers, 

Denmark), with a final step with 0.25 µm diamond paste. 

The crystalline phases of the bulk ceramic composites were determined by X-ray 

diffraction. The obtained XRD patterns were indexed using the diffraction files of β-

eucryptite (PDF: 870602) and β-espodumene (PDF: 350797). Patterns were obtained 

from a diffractometer (XRD, BRUKER AXS D5005, Germany) using Cu Kα radiation. 

The measurements were performed in the 15º-75º range and the step size and time of 

reading were 0.01º and 2 s, respectively. 

Structural refinements were performed using the Rietveld method [24] in the Fullprof 

programme [25]. The crystallite size (domains over which diffraction is coherent) of the 

samples was obtained from the peak profile of the diffraction data. Profile fitting was 

performed using a Thompson-Cox-Hastings pseudo-Voigt function to extract the size 

broadening (βsize) and strain broadening (βstrain), which contribute to the integral breadth 
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(β) of the diffraction peaks. The integral breadth was corrected for instrumental 

broadening (βinstr) to determine the sample broadening (βsize, βstrain). The instrumental 

broadening was determined experimentally with diffraction standard, lanthanum 

hexaboride, LaB6. 

The crystallite sizes were calculated using the Scherrer equation [26], and the obtained 

strain (expressed in %% units, i.e. per 10.000) corresponds to 1/4 of the apparent strain, 

as defined by Stokes and Wilson [27]. The following equations relate the crystallite size 

and strain with the βsize and βstrain, respectively:  

                 ( )            

       (  )    ⁄                   

βsize and βstrain were obtained assuming a Lorentzian-Gaussian profile, and β was 

calculated using the De Keijser formula [28]. 

Furthermore, the theoretical density was calculated from molecular weight and crystal 

structure using the following equation. 

  
         

 
 

Where Z is number of asymmetric unit in unit cell, Pm is the molecular weight of the 

compound and V is the volume of unit cell. 

The coefficient of thermal expansion was checked in a Netzsch DIL-402-C between -

100 and +400 ºC. 
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3. Results and discussion 

3.1. Microcracking and grain size 

The relative densities of sintered samples obtained by conventional sintering at 1200 ºC 

with 2h of holding time (CS 1200-2h) and microwave sintered at 1200 ºC during 10 

minutes of holding time (MW 1200-10) were 90% and 99% approximately, 

respectively. The microwave-sintered samples show a relatively high value, close to 

theoretical density, and enhanced by 9% compared with the CS 1200-2h samples. 

To carry out this study, despite the different density values of both samples, we have 

chosen these materials (CS 1200-2h and MW 1200-10) based on previous study [13], 

where β-eucryptite material was obtained with glass-free and high mechanical 

properties by conventional and microwave methods, using the best sintering conditions. 

Figure 1 shows the FE-SEM fracture surface of β-eucryptite samples sintered by 

conventional and microwave technology at 1200 ºC, as-sintered and after undergoing 

different thermal fatigue cycles (0 to 3600). The difference in microcracks number 

between both samples before thermal cycling is remarkable. Before subjecting the 

samples to thermal fatigue cycles, a large number of microcracks was observed in the 

conventional samples (Figure 1a), but only a few microcracks are observed in samples 

obtained by microwave (Figure 1b). After thermal cycling process, the appearance of 

microcracks and their length increases with the number of cycles in all samples. It can 

be observed, that microcracks go through one grain, approximately, before thermal 

fatigue, nevertheless, after thermal process, microcracks cross several grains. 

As mentioned above, as-sintered microwave material is largely free of cracks. However, 

as can be seen in Figure 1d and 1f, thermal fatigue tests cause their appearance. It is 
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widely accepted in the literature that microcracks depend on the grain size of β-

eucryptite material, and there is a critical grain size below which microcracks do not 

occur [1,2,6,12]. Bruno et al. [1] found that different grain sizes induce microcracking at 

different temperatures (~500 ºC for large grains, 20-30 μm, and 300 ºC for medium 

grain sizes, 5-10 μm) on cooling, and microstress relaxation occurs at the same 

temperatures. Shyam et al. [6] demonstrated that grain sizes <4 μm of β-eucryptite 

material are nominally free of microcracks. Pelletant et al. [12] reported that the critical 

grain size for spontaneous microcracking is less than 2.8 μm. Other studies revealed that 

prolonged conventional sintering time (~25 h) introduced microcracks in the sintered 

samples [11]. However, there are no studies in the literature that show the relationship 

between grain size and microcracking of β-eucryptite materials obtained by non-

conventional sintering techniques, and how this fast heating affects the internal stresses. 

Grain size of CS and MW samples are presented in Table 1. It can be observed that the 

grain size of the β-eucryptite obtained by the conventional method is a little greater than 

that obtained by the microwave technique. This difference in grain size of the sintered 

materials by both techniques is maintained throughout thermal cycling, as expected. The 

final temperature of thermal fatigue tests, 400 ºC, is not enough to cause grain 

coarsening or an increase in densification. In any case, the grain size achieved in all 

samples is close to the critical value reported by different authors to begin spontaneous 

microcracking. Nevertheless, we found a remarkable difference in the amount of 

microcracks present in as-sintered conventional samples. The considerable difference of 

sintering time, heating source and heating/cooling rates used in the two sintering 

methods could drive to obtain samples with different residual internal stresses and, 

therefore, different microcracking levels.  
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In a conventional furnace the materials are heated by convection, the surface of particles 

receives the heat and, therefore, is more reactive. In contrast to convection heating, in a 

microwave the material absorbs the electromagnetic waves and the heating is 

volumetric. Due to the microwave energy, sintering occurs due to a "self-heating" of the 

material itself, reaching the maximum temperature in the core, where the greatest 

concentration of mass is located. The temperature gradient generated in the grains of β-

eucryptite is different depending on the sintering method used. This effect could be 

cause of the different residual internal stresses and, therefore, provoke different 

microcracking levels. 

 

3.2. Evolution of crystal structure 

The internal stresses generated by thermal fatigue to which the sample has been 

subjected, lead to the grain breaking. The high anisotropy in the crystal structure of the 

β-eucryptite causes the expansion of a and b axes, while the c axis is contracted. These 

internal stresses are released by spontaneous rupture of the grain [9]. The microcracks 

generated continuously open and close upon heating and cooling. Bruno et al. [1] 

reported that the microcracks reopen only when the thermal stresses exceed the grain 

strength of the material. 

In order to study the composition and the evolution of the crystal structure with thermal 

fatigue cycling, X-ray diffraction (XRD) measurements were performed. Rietveld 

method was used to refine the XRD of the CS and MW samples as-sintered and after 

3600 thermal fatigue cycles. Figure 2 shows the Rietveld refinement of X-ray 

diffraction patterns at room temperature. The lattice parameters, unit cell volume, 
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theoretical density, crystalline strain and the goodness-of-fit parameters obtained from 

X-ray full-profile refinement are summarized in Table 2. 

Furthermore the calculated residual stresses of as-sintered MW samples show a lower 

percentage of internal stresses than CS samples (CS: 25.34 %%, MW: 21.54 %%), 

despite being obtained with a higher heating and cooling rate. This could explain that 

samples with more residual stresses have higher content in microcracks, as can be seen 

in Figure 1. As-sintered CS samples showed more microcracks (Figure 1a) than MW 

samples (Figure 1b).  

After thermal fatigue, the effect caused by thermal cycling in the samples is different 

depending on the sintering method employed. MW samples have increased ~ 33% of 

internal stresses. In contrast, CS sample has decreased ~ 28% of internal stresses (CS: 

18.45 %%, MW: 27.98 %%). Therefore, this implies that part of the initial residual 

stresses is released after thermal cycling. 

Another important result is the increase of the β-spodumene phase in both samples, CS 

1200-2h and MW 1200-10, after 3600 thermal cycles. As can be observed in Table 2, 

the unique phase present in MW samples as-sintered, corresponds to a solid solution of 

β-eucryptite. However, the samples obtained by the conventional method contain a 

small amount of β-spodumene (0.36%). After thermal fatigue cycles, a low percentages 

of β-spodumene is observed in both samples (0.43% and 1.07%, conventional and 

microwave samples, respectively). Only the effect of stresses applied on β-eucryptite 

crystals due to the thermal cycling is here considered for explaining the change of β-

eucryptite to β-spodumene phase, which is higher in the MW samples. Nevertheless, 

further work is necessary to determine if the β-spodumene phase is present at the 

spontaneous microcracking boundary. 
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3.3. Mechanical properties 

Mechanical properties of CS 1200-2h and MW 1200-10 samples before and after 

thermal fatigue sequences are summarized in Figure 3 and Figure 4, respectively. 

Young's modulus (E) and hardness (H) values analyzed are averages from 250 nm to 

1500 nm of depth penetration of the Berkovich tip. 

Lower mechanical values obtained in CS 1200-2h as-sintered samples (68 GPa and 5.4 

GPa of Young’s modulus and hardness, respectively) than in the MW 1200-10 as-

sintered samples (110 GPa and 7.1 GPa of Young’s modulus and hardness, 

respectively), are due on the one hand, to the difference in density values and the other 

hand, the microcracks present after sintering. 

After thermal fatigue cycles, hardness values of both samples decrease. In the CS 1200-

2h samples, decrease is slightly until 3600 cycles (4.6 GPa), but this value is low (only 

15%) in comparison with the MW 1200-10 samples (18%). The weakening effect of 

heat-treatment can be explained on the basis of the occurrence of new microcracks [29]. 

An interesting data is the different evolution of the elastic properties depending on the 

sintering method used to obtain the samples. Young’s modulus value for CS 1200-2h 

samples increases with thermal cycles up to 3600 cycles (78 GPa). The lower 

temperature used in thermal fatigue cycles (400 ºC) may help to relieve the initial 

stresses, and may be the cause of the increase of the Young’s modulus value in this CS 

samples [29].  

The value of Young’s modulus of MW 1200-10 samples decreases more sharply in the 

first 800 cycles of thermal fatigue, from 110 GPa to 92 GPa, and then the value is 

stable. This decrease in elastic properties is closely related to the higher percentage of 
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stress that has resulted in an increase of microcracks in the grains of the MW material, 

provoked by thermal cycling. In the MW 1200-10 samples, which have been obtained 

by non-conventional heating, the fatigue life behavior carried out in a conventional 

furnace could lead to a completely different microstructural evolution. Moreover, the 

higher percentage of stress has resulted in an increase of microcracks in the grains of the 

MW material, resulting in turn a decrease of the mechanical properties. Therefore, the 

final properties after thermal fatigue test for the samples obtained by conventional and 

non-conventional methods are different.  

3.4. Dilatometric properties 

The effect of internal stresses on dilatometric properties of the samples obtained by 

conventional and microwave, as-sintered and after thermal cycles, has been 

investigated. The coefficient of thermal expansion (CTE referred to 25 ºC) of 

conventional and microwave samples before and after thermal fatigue is presented in 

Figure 5. The temperature range in this measurement, -100 to 400 ºC, includes 

cryogenic temperatures due to the spatial applications of β-eucryptite materials such as 

potential substrate in space satellites’ mirrors. 

Some authors affirm that the CTE decreases abruptly from a small positive to a large 

negative value with the existence of microcracking [9,12]. According to the results of 

dilatometric curves that are shown in Figure 5, average CTE values in the whole range 

of temperatures for materials as-sintered are: (0.1 ± 0.8) x 10
-6

 K
-1

 for CS and (-1.3 ± 

0.8) x 10
-6

 K
-1

 for MW samples. In spite of having more microcracks in as-sintered CS 

samples, the MW samples show more negative CTE values [13]. The presence of 

microcracks is not the only reason for the more negative CTE. It also depends on the 

sintering conditions employed. As proposed by Ramalingam et al. [2] this effect may be 
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attributed to stoichiometry/composition difference, variation in processing conditions 

(sintering/crystallization parameters) and Li-disorder process, in addition to the grain 

size (and thereby microcracking). Thus, the most negative CTE values for microwave 

sintered samples, may be due to Li positional disordering and flattening of the 

tetrahedral sheets in the structure via tetrahedral tilting [8]. 

In both cases, CS and MW samples, thermal fatigue cycling resulted in a decrease in the 

values of CTE to more negative values. CTE value of CS samples was initially positive, 

it decreased to a negative value abruptly after 3600 cycles (-7.2 ± 0.9) x 10
-6

 K
-1

. The 

decrease is more moderate in the case of microwave-sintered samples (-2.7 ± 0.3) x 10
-6

 

K
-1

. 

 

In summary, thermal fatigue cycles have caused an increase in the internal stresses of 

the material, leading to the breakdown of the grains in the microwave-sintered samples. 

The mechanical and thermal properties have decreased due to the emergence of 

microcracks. In the case of the samples obtained by the conventional method, thermal 

cycles have caused a release of internal residual stresses of the samples, resulting in a 

slightly improved Young’s modulus value. However, the thermal properties have been 

highly affected adversely. The main usefulness of β-eucryptite materials is due to their 

high dimensional stability with temperature. In this regard, microwave sintered samples 

exhibit more stable thermal behavior throughout their lifetime. 

This is the first time that the result of different thermal fatigue cycles on microcracking 

and residual stresses of samples obtained by different heating technologies is shown in 

the literature. Its practical consequence should be taken into account if this type of β-
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eucryptite material, is to be used in the development of applications, which combine 

both low thermal expansion and excellent mechanical properties. 

 

4. Conclusions 

The thermal and mechanical behavior of β-eucryptite materials obtained by different 

sintering techniques, conventional and microwave, has been studied before and after 

subjecting the samples to severe thermal fatigue cycles.  

Thermal fatigue cycles have resulted in an increase in the internal stresses of the 

microwave-sintered samples, leading to grain rupture. The mechanical properties have 

decreased due to the appearance of spontaneous microcracks. In the conventional 

samples, thermal cycles have caused a release of internal residual stresses, resulting in a 

slightly improved mechanical value (Young’s modulus).  

The appearance of microcracks in the structure of the microwave samples, and their 

increase in the conventional samples, has resulted in a more negative thermal expansion 

coefficient of both samples. However, the decrease has been more moderate in the 

samples sintered by microwave technology. Therefore, the microwave-sintered samples 

showed greater dimensional stability over time and throughout their lifetime than 

conventional sintering method. 
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Figure captions: 

Figure 1. FE-SEM images of fracture surface of samples sintered by CS 1200-2h and by 

MW 1200-10 with 0, 800 and 3600 thermal fatigue cycles. Microcracks are market with 

arrows. 

Figure 2. Observed (dotted) and calculated (solid) X-ray diffraction profiles for samples 

sintered by CS 1200-2h and by MW 1200-10 as sintered and with 3600 thermal fatigue 

cycles. Tic marks below the diffractograms represent the allowed Bragg reflections of 

β-eucryptite (blue) and β-espodumene (red). The residuals lines are located at the 

bottom of the figures. 

Figure 3. Young's modulus and hardness as a function of depth for the samples sintered 

by conventional, before and after thermal fatigue. 

Figure 4. Young's modulus and hardness a function of depth for the samples sintered by 

microwave, before and after thermal fatigue. 

Figure 5. Coefficient of thermal expansion of samples sintered by CS 1200-2h and by 

MW 1200-10 with 0, 800, 1800 and 3600 thermal fatigue cycles. 

Table 1. Grain size of CS 1200-2h and MW 1200-10 samples before and after thermal 

fatigue cycles. 

Thermal fatigue cycles 0 800 1800 3600 

Grain size (m) 

CS 1200-2h 3.4 ± 0.9 3.5 ± 0.7 3.4 ± 0.9 3.7 ± 0.9 

MW 1200-10 2.2 ± 0.9 2.3 ± 0.7 2.3 ± 0.6 2.2 ± 0.7 
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Table 2. Selected data from X-ray powder diffraction studies of samples sintered by CS 

1200-2h and by MW 1200-10, as-sintered and with 3600 thermal fatigue cycles. 

 
CS-1200-2h 

as-sintered 

CS-1200-2h 

3600 cycles 

MW-1200-10 

as-sintered 

MW-1200-10 

3600 cycles 

Symmetry Hexagonal Tetragonal Hexagonal Tetragonal Hexagonal Hexagonal Tetragonal 

Space group P 6422 P 43212 P 6422 P 43212 P 6422 P 6422 P 43212 

a=b (Å) 10.5229 7.5871 10.5068 7.6036 10.5101 10.5300 7.5661 

c (Å) 11.1102 7.5871 11.1586 9.1021 11.1399 11.0794 9.1132 

V (Å) 1065.44 523.73 1066.80 526.23 1065.67 1063.91 521.69 

theoretic 

(g/cm3)
2.3557 2.3527 2.3552 2.3591 

RBragg 4.8 43.8 12.3 44.9 5.6 7.8 37.3 

Rp; Rwp 11.7; 12.9 6.9; 9.0 14.0; 14.4 6.0; 8.4 

χ2 6.5 7.5 5.5 5.5 

wt. % 99.64 0.36 99.57 0.43 100 98.93 1.07 

Strain 

(%%) 
25.34 18.45 21.54 27.98 
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