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Abstract 

 This work focuses on the development of an original process based on a 2.45 GHz single-

mode microwave cavity equipped with a uniaxial press, to sinter transparent spinel MgAl2O4 ceramic 

in air. The samples were conventionally pre-sintered to a density of 90% TD before microwave 

sintering to the final stage of densification. The influence of thermomechanical cycle on the material 

properties was investigated. Transmittance, grain size distribution, hardness and fracture toughness 

of the samples were measured and correlated to the microstructure. This new sintering process has 

allowed obtaining transparent samples with sub micrometric grain size and high mechanical 

properties, with  relatively short times and low temperature. These first results can be compared to 

some obtained by SPS or HIP. The technical input of this method is that all the process is here 

conducted in air atmosphere. 
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1. Introduction 

 

Transparent polycrystalline ceramics have attracted much interest from the scientific community 

but also from industry due to their numerous potential applications in laser host, jewelry, spacecraft 

windows or IR windows and dome for military applications [1]. These ceramics are characterized by 

their attractive thermo-mechanical properties from room to high temperature (>1000°C), their 

intrinsic transparency in the visible-IR range, and the low cost of the raw materials [2]. However, the 

transparency can only be achieved for highly pure and fully dense materials. In the case of the 

magnesium aluminate spinel (MgAl2O4), hereafter termed spinel, this high density can only be 

achieved with high sintering temperature coupled with mechanical pressure. Techniques such as 

High Isostatic Pressure (HIP) and Spark Plasma Sintering (SPS) are the most effective in that way.  

In the literature, the best results obtained by HIP require the use of a pre-treatment such as 

conventional sintering or hot forging [3, 4]. For instance, with a conventional pre-sintering step 

followed by a HIP sintering at 1400°C, Krell et al. [3] obtained transparent spinel, exhibiting 81-85% 

RIT at 640 nm, with a grain size of 400-600 nm, hardness of 15 GPa and fracture toughness of 2 

MPa.m1/2. A similar grain size has been obtained by Goldstein et al. [5] on spinel sintered at 1320°C -

170MPa. They measured a transmittance value of 75% RIT at 550 nm with similar mechanical 

properties.  

Transparent spinel has been obtained using SPS at 1300°C-80 MPa by Morita et al. [6]. They 

reported a grain size of 450 nm, a RIT value of 47% at 550 nm, and a hardness of 15GPa. Bonnefont 

et al. [7] communicated the production of a transparent ceramic with a mean grain size of 275 nm, 
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exhibiting 74% RIT at 550 nm and 15 GPa hardness using SPS technique 1300 °C-72 MPa. Sokol et al. 

[8] obtained a nanosized grains transparent spinel, with a mean grain size of 50 nm, by HPSPS at 

1000 MPa and 1000°C, presenting >80% RIT at 550 nm, 18 GPa hardness, and 2.66 MPa.m1/2 fracture 

toughness. 

However, those methods involve specific atmosphere conditions during sintering (argon pressure 

or vacuum in contact with graphite, for respectively HIP and SPS). Otherwise, SPS samples may be 

contaminated by carbon, which is not favorable to obtain high transparency [9,10]. Therefore, both 

methods may lead to transparent ceramics with a slight coloration, due to partial reduction [11, 12]. 

Over the years, microwave energy has emerged as an efficient technology for the synthesis and 

sintering of oxide ceramics, such as spinel [13], BaTiO3 [14], CaCu3Ti4O12[15] etc. This process offers a 

greener alternative to conventional heating, with a faster heating rate and less energy consumption 

than infrared radiation heating, while working under air. Furthermore, since the penetration depth of 

the microwave electrical field is a few centimeters in a lot of dielectric materials, it allows a 

volumetric heating, resulting in an efficient heating technology with a homogenous temperature 

distribution within the sample [16]. However, as previously evoked, removing all the porosity not 

only requires the diffusion activation at high temperature (natural sintering) but also high pressure. 

This is the reason why an original dielectric microwave heating process equipped with a uniaxial 

press has been developed. This paper aims at presenting this process and the results obtained for the 

sintering of spinel under uniaxial pressure. A 2.45 GHz single-mode cavity was used and specifically 

designed to be able to apply a uniaxial pressure during sintering. The overall system will be described 

and the microstructure, the mechanical and optical properties of the final sintered products will be 

correlated to the processing conditions.  

2. Experimental procedure 

2.1. Hot press microwave furnace 

Microwaves are produced by a 2.45 GHz microwave generator (Sairem GMP 20KSM) and are 

transmitted to the resonant cavity through a normalized TE10 rectangular waveguide, ended by a 

TE10m cavity (m=3 or 4). The cavity is tuned to TE103 with the coupling iris, so that the heating is 

provided by the interactions of the material with the E-field (E-field mode). TE103 resonance 

conditions are achieved by using a coupling iris and a movable short circuit piston, while the 

impedance matching is tuned by a waveguide hybrid junction with two short circuit pistons (magic T). 

The microwave generator can deliver a maximum power of 2 kW. The overall system is shown on 

figure 1. 



 

Fig. 1.Scheme top view of the 2.45 GHz microwave furnace  

The temperature is measured by an infrared pyrometer (OPTRIS CTM-3SF75H3-C3) pointing on 

the center of the cavity from its backside, where the sample will be located. This heating system is 

coupled with a uniaxial press positioned above the cavity. The force is applied by the upper steel 

punch onto the sample placed between two alumina cylinders to avoid direct contact between the 

hot sintering parts and the water-cooled punches. This system can deliver a maximum load of 1.6 

tons. A minimum value of 8 MPa is necessary at the beginning of the cycle to assure punch and 

samples contact.  

The displacement of the punch, the applied pressure and the internal measured temperature are 

recorded as a function of time, allowing drawing in-situ dilatometric curves. The system can be 

controlled either manually (the operator chooses the delivered power and applied pressure), or in an 

automatic mode. In this case the thermo-mechanical cycle follows a pre-defined program of 

temperature-delivered power and applied pressure. In each case, tuning of resonance, by short-

circuit punch position, and adaptation of the impedance are done manually. 

To limit thermal losses, an aluminosilicate insulation box surrounds the sample. Two SiC plates 

(>99.9 % purity, from Umicore, Bagnolet, France), acting as susceptors, are disposed on each side of 

the sample and perpendicular to the microwaves propagation direction to initiate the heating. It is 

important to mention that the sintering is carried out in static air. Furthermore no mold was used in 

these experiments for two reasons (1) it is quite difficult to find a suitable material for molds, able to 

work in air, at high temperature and pressure in a microwave chamber, and presenting no (or slight) 

reactivity with the material. (2) It has been shown that spinel exhibits a pseudo-plastic behavior at 

high temperature [17] from which we can take advantage for the densification [18].  

Using the as-defined assembly, the sample heating is provided by both thermal flux coming from 

the susceptors and dielectric microwave heating. This is the so-called hybrid heating mode. Images 

are extracted from the thermal camera and are displayed on figure 2. Those images show that (at the 

early stage of the process) the two SiC plates are first heated by microwaves (Fig.2.a) and transfer 

the heat to the sample by thermal radiation. Above approximately 1000°C, the dielectric losses of the 

spinel increase and it starts to heat by itself. On the photography, it can be seen that the spinel 

compact preferentially glows (fig. 2b), showing that the latter is being subjected to a hybrid heating 

process. 



      

Fig. 2. Photography of a spinel sample showing radiative heating below 1000 °C from the SiC susceptors  (a) and hybrid 

microwave heating over 1000 °C (b) 

2.2. Sample Preparation 

 

The starting material used in this study is a spinel MgAl2O4 provided by Solcera (Evreux, France), 

slip casted according to a proprietary method with S30CR powder from Baikowski (Poissy, France) 

(>99% purity, impurities are S 700 ppm, Na 41 ppm, Ca 15 ppm, Si 12 ppm, and Fe 6 ppm). The green 

samples are shaped in the form of small discs of 10 mm in diameter and 5 mm in thickness. The 

density was measured in ethanol by Archimedes method. The green samples were found to be close 

to 60% of theoretical density.  

The green discs were polished in order to have two parallel faces. Then, a first heating is 

performed to sinter the material through the first stages of densification. The 8 MPa minimum 

starting value imposed by the hot press system, and the fact that no mold is used, imply that discs 

present initially a sufficient mechanical resistance for the upcoming microwave/press treatment. 

Samples were thus pre-sintered using a conventional furnace at 1400°C for 12 minutes, in air, with a 

heating rate of 10°C/min. This short heating cycle is sufficient to activate the densification 

mechanism, while limiting grain growth and avoiding intra-grain porosity entrapment. After this first 

densification step, the samples show density close to 90% TD, and their dimensions are about 8 mm 

of diameter, and 4 mm in thickness. Thereafter a final step of densification is carried out with 

microwave heating under a uniaxial pressure in order to remove all porosities and obtain 

transparency.  

2.3. Temperature Calibration 

 

As already mentioned, the temperature is measured by an infrared pyrometer pointing towards 

the sample surface, located in the center of the cavity. The low detection limit of this pyrometer is 

250°C. No detail is given upon the value(s) of the emissivity coefficient used by the system. Using in-

situ dilatometric curves, it has been experimentally observed that the shrinkage starts at a displayed 

temperature of ~1100°C, for an applied pressure of 25 MPa (Fig.4.a.). To evaluate the accuracy of the 

temperature measurement around that threshold point, a calibration test has been performed in the 

sintering conditions. Germanium oxide, which has a melting point of 1115°C, was chosen as a 

reference, following the procedure developed by Macaigne et al. [13]. This experiment was carried 

out by compacting GeO2 powder on the side of a spinel disc, notched to hold the powder in place. 

The sample was then positioned at the center of the cavity as described earlier, with GeO2 powder 

facing a CCD camera at the front side of the machine. This camera is used to record the time at which 

the melting occurs. At the same time, the infrared pyrometer measures the temperature at the back 

a b 



side surface of the MgAl2O4 sample. The transverse view of the cavity is represented in Fig. 3. with 

both the CCD camera, and the pyrometer. Assuming the sample heats homogeneously and that the 

germanium oxide at the front side is at the same temperature as the spinel (or very close), the 

measured temperature can be compared to the expected melting temperature of GeO2.  

 

The observed melting temperature was 1117°C. As the theoretical melting point of germanium oxide 

is 1115°C, this experiment confirms a good estimation of the temperature value, at least in the range 

which is relevant for this study.  

 

Fig. 3. Scheme of the experimental set-up for the temperature calibration test 

 

 

 

2.4. Characterizations 
 

The transmittance is measured using a Perkin Elmer lambda 1050 spectrophotometer, ranging 

from 1800 nm to 300 nm, with a detector change at 860 nm. This modification of detectors creates a 

measurement artifact, which is corrected using the visible detection as reference. The light is 

produced by a deuterium tungsten source. The measurement consists in comparing the intensity of 

two 3 mm wide square lasers, passing through two 2 mm wide circular holes. In a first time, an 

analysis with the sample support, but no sample is carried out to calibrate the machine. Then, the 

samples are placed on the side of the support, without moving it out of the machine. The 

measurement is performed within 5 to 6 minutes. 

Transmittance measurement has been normalized to the same thickness (2 mm) to allow a 

comparison between samples. The following relations were used Eq.1-2 [13]: 
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Where IT2 is in-line transmission for the corrected thickness (d2 = 2 mm), and IT1 is in-line 

transmission measured with real thickness d1. Refraction index n is given by Sellmeier relation: 



 

�² � 1 � 1,8939��

�� − 0,09942� � 3,0755��

�� − 15,826� 																																																																																																						�2� 

The determination of the grain size and the microstructures were obtained using a scanning 

electron microscope Zeiss supra 55, coupled with an EDAX EBSD detector. The sample surfaces were 

polished down to 1 µm with a diamond suspension, and 0.25 µm with colloidal silica. Since the spinel 

is insulating, the samples were glued to the support with a silver paint, which helped to evacuate the 

surface charges. Carbon coating was avoided in order to prevent pattern deterioration since EBSD 

characterization scans only the first 40 nm in depth [19]. The analysis was made with the sample 

tilted to 70° under the electron beam towards the EBSD detector, to maximize the data collection. 

The acquisition was made using the TSL OIM data Collection 6 software, and the results were 

interpreted using TSL OIM Analysis 6. The step between each measurement point was set to 50 nm, 

to have at least half a dozen points for each grain. The grain sizes were determined by an automatic 

intercept method from the software, using 40 horizontal lines. 

Hardness and fracture toughness were evaluated using a micro-hardness tester Matsuzawa 

MMT-X7. A first set of ten indentations was realized with a weight of 1 kgf during 13 seconds on the 

surface of each sample to compare with results from the literature. The hardness is calculated by the 

Clemex software and is given in Vickers Hardness (HV). The obtained values were then averaged to 

get a better precision on the global hardness of the sample. The uncertainties have been calculated 

using the maximum and the minimum measured values on each sample. 

For the fracture toughness, a similar protocol was followed. The half width of the indentation is 

then measured, as well as the length of the crack, with the same software that was used previously 

for the hardness. The crack pattern has been determined to be Palmqvist type by Sokol et al. [3]. The 

value of the tenacity has been calculated using the following equation (Eq.3. [3]) :	

�1c � 0.06 ∗ �!"#
4$ 
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Where Hv the hardness in GPa, P the load in Newton (here equal to 9.807 N), and L  the crack 

length in m. 

3. Results and discussion 

3.1. Sintering process 

Using Spark Plasma Sintering on spinel, it has been shown that intermediate values of pressure 

(60 MPa < P < 80 MPa) and temperatures (1300°C < T < 1600°C) must be used to get transparent 

materials [20]. By analogy with this sintering technique under uniaxial pressure, similar experimental 

parameters were chosen as starting conditions here. Tests with pressure of 50 MPa and temperature 

up to 1100°C-1150°C were conducted. However, samples had been broken under such pressure, 

probably because no mold was used. The pressure was then gradually decreased through different 

tests down to 30 MPa. Moreover, to avoid cracking formation in the sample, it was necessary to 

apply it step by step and at a high temperature, around 900°C, and to remove the pressure at a 

similar temperature. This method allows the production of crack-free sintered spinel.  

Through the observation of the dilatometric curves (Fig. 4.a), for pressure around 20 to 25 MPa, 

shrinkage starts at around 1100°C. This temperature corresponds to a 750 W delivered power for the 



assembly and sample size used in this experiment. It must be noticed that using those conditions of 

temperature and pressure, a creeping mechanism can take place, which does not contribute here to 

the densification of the ceramics and may induce crack formation, due to cavitation. Therefore, the 

dwell times were kept short enough to limit this side effect. An optimal dwell time has been 

empirically determined by calculating the theoretical shrinkage to obtain 100% TD (assuming only 

axial shrinkage and no radial deformation).  According to these criteria, we found an optimal protocol 

to get crack-free dense sample. The best chosen conditions are as follows: a dwell time of 8 min at 

750 W and 30 MPa (Fig. 4.b). 

  

Fig. 4. a) In-situ dilatometric curve b) Temperature and pressure cycle for a 5 min dwell experiment 

A thin white crown (less dense than in the center) can sometimes be visible on the periphery of 

the samples. The density gradient can be understood by two phenomena that are inherent to the 

technique. The first is the sample quite fast cooling from its surface by thermal radiation due to an 

imperfect thermal isolation. The second is the lack of radial constraints implying a pressure gradient 

from the center of the disk to its periphery. 

a) b) 



     

Fig. 5. Dilatometric curves as a function of time for corresponding dwell times, with corresponding samples in front of the 

CRISMAT logo. Samples are sorted from shorter to longer dwell time in descending order. 

The impact of the dwell time on the physical properties of the spinel has been studied through 

three experiments performed with dwell times of 5, 8, and 10 min. After the experiment, the density 

of each sample was measured and found to be 100% of theoretical density. However, for a similar 

starting density, the total shrinkage is slightly higher for samples with longer dwell times (Fig.5.). 

3.2. Characterization 

3.2.1. Transmittance 

  

During the measurement, two interfaces between spinel and air are crossed by the light 

beam. Those two interfaces, with abrupt change in refraction index, lead to a partial reflection of the 

laser (6-7% at each interface). This phenomenon implies a theoretical limit to the transmittance of 

87% of light intensity without anti-reflect coating [21]. 

 

Figure 6 shows the value of the transmittance as a function of wavelength for the different 

samples. An artifact of measurement can be seen around 900 nm, due to the detector change during 

the analysis. It appears that an increase of the dwell time first improves the quality of the optical 

properties, with a higher transmittance in the IR domain for the 8 minutes dwell samples. 

Transmittance as high as 60 % at 600 nm, 77% at 1000 nm and 83% at 1600 nm have been obtained 

with this new method. Those transmittance results are similar to spinel sintered by SPS, but are still 

inferior to the results obtained by HIP densification in the visible range [20]. 

 



 
Fig. 6.Transmittance as a function of wavelength normalized for 2 mm thick samples: Impact of the dwell time on the 

quality of the transparency 

It seems that there is an optimum sintering duration, since a dwell time of 10 min reduces 

the transmittance by 5 to 10 % for 2 mm thick samples, as can be seen on Fig.6. This optimum might 

be explained by the sintering method used in this experiment. Grains sliding mechanism takes place 

through the creeping phenomena, in resulting the pores formation by cavitation for longer dwell 

times [14]. 

Even if the measurement of density by Archimedes method in ethanol gave a density of ~ 

100%, there is still some residual porosity in the samples. This remaining porosity can explain the 

decrease of transmittance in the visible range. It has been shown that with 0.05% of pores 100 nm 

wide, transmittance is reduced by half at 600 nm [21]. Furthermore, with 0.05% of porosity, the 

diameter of the pores must be less than 20 nm to not affect the in-line transmittance [21]. However, 

it has not been possible to measures either the amount of porosity nor the sizes of the pores in this 

work. 

3.2.2 Grain size 

To control if the heating has been homogeneous, measurements were done at different 

areas from the middle of the discs to the edge. No significant difference in microstructure or in grain 

size has been observed in function of the position, confirming that the volume heating has occurred 

and that the samples are homogeneous. 

A typical result of EBSD analysis on the spinel samples studied here is shown in Fig. 7. with an 

auto grain and an IQ with a measurement done on the sample which was subject to a 5 min dwell 

time. The mean grain size measured for the samples with 5 and 8 min dwell time is 0.45 and 0.5 ± 

0.05 µm, and for the sample with 10 min, the mean grain size is 0.55 ± 0.05 µm. This process seems 

consistent for the production of transparent spinel with sub-micron grain size. The short stage at high 

temperature combined with pressure is likely responsible for this observed limited grain growth. 



   

Fig. 7. a) Auto grain image generated with EBSD data of a transparent spinel b) IQ image generated by OIM 

The submicron grain size obtained here should have a good impact on the mechanical 

properties of this material. Hence, the hardness and fracture toughness were characterized on these 

three samples. 

3.2.3 Hardness and fracture toughness 

Figure 8 shows the results of mechanical characterizations. For comparison, dash lines figuring 

the results from the literature in the same measurement conditions have been drawn [3, 5].  

Hardness values are ranging from 17 to 15 GPa depending on the dwell time (Fig.8.). Hardness 

decreases with longer dwell time, which is consistent with the greater grain sizes observed. Fracture 

toughness is almost constant whatever the dwell time, and remains close to values reported in the 

literature on HIPed samples [3, 5].  

 

b) a) 



 

Fig. 8. Hardness and fracture toughness depending on dwell time compared to HIPed references 

Overall, mechanical properties are similar to those measured for HIPed samples. However, long 

sintering time presents two major drawbacks. The first is obviously the grain growth, and the second 

is the creation of porosity due to grains sliding, which alters the optical properties. 

4. Conclusion 

Sub-micrometric transparent polycristalline spinel MgAl2O4 has been obtained in a short thermal 

process (8 minutes dwell time at the high temperature stage) using a new microwave pressure-

assisted system. Inspired from sinter-forging and adapted to the microwave furnace, this process was 

successfully used to produce samples with high transmittance values and high mechanical properties 

due to sub-micrometric grain size. This new technique allows the production of transparent spinel in 

air, with a transmittance up to 83 % in the IR range. 
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