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Magnesium aluminate spinel (MAS, MgAl2O4) is a unique ceramic material that is transparent over a 

wide range of the electro-magnetic spectrum (from UV to mid-IR) and presents enhanced toughness in 

polycrystalline form. This combination of properties makes MAS an optimal material for various 

applications such as spacecraft windows, armor domes and high-temperature furnace windows [1]. One 

of the requirements for obtaining such high transparency is achieving a high density near to the 

theoretical-limit level, for which sintering aids such as LiF have been conventionally used. However, Li 

segregation to the grain boundaries produces a detrimental effect on fracture toughness. One alternative 

is the utilization of rare-earth elements which have been reported to segregate to the grain boundaries 

and variously affect the microstructure evolution as well as mechanical properties. Nonetheless, the rare-

earth elements are expensive, scarce and undesirable for any large-scale applications. Therefore, in this 

study, more abundant Ca was used as an alternative sintering aid and the effect of Ca doping was 

evaluated focusing on the fracture toughness and grain boundary segregation behavior in MAS. 
 

High-purity MAS powder (Baikowski, S25CR) and Ca(NO3)2●4H2O (99.98%) were used to fabricate 

cylindrical samples of pure spinel and Ca-doped spinel (500 ppm). Samples with 25.4 mm in diameter 

and 10 mm in height were hot-pressed to near the theoretical density at 1250 °C and 40 MPa for 1 h. 

Subsequently, the samples were sectioned, leaving one pure spinel and one Ca-doped spinel sample in 

the as-hot-pressed condition, and other pieces of both pure and Ca-doped spinel samples were heat-

treated at 1400 °C for 48 h in an air atmosphere. The samples were then polished down to 50 nm and 

micro-indentation hardness measurements were performed following the ASTM-C1327-15 standard (an 

applied force of 1 kgf, a dwell time of 10 s and 30 indentations) [2] using a LECO LM 248AT 

microhardness tester. Fracture toughness of each sample hwas determined by the Vickers indentation 

fracture method. Microstructural observations before and after heat treatment, as well as crack 

propagation around the indentation area, were conducted using scanning electron microscopy (SEM) 

coupled with electron backscattered diffraction (EBSD) analysis. The SEM images were acquired at an 

acceleration voltage of 7 kV and a probe current of 0.8 nA with an in-lens backscattered electron 

detector. The EBSD analysis was performed at an acceleration voltage of 10 kV and a probe current of 

13 nA with a step size of 50 nm. Electron transparent thin specimens for transmission electron 

microscopy (TEM) were prepared by a focused-ion beam instrument FEI Scios operated at 30 kV. 

Bright-field (BF) and dark-field (DF) imaging as well as selected area electron diffraction (SAED) 

analysis were performed at an acceleration voltage of 200 kV. More detailed characterization at atomic-

scale will be performed to evaluate the segregation behavior of Ca to the grain boundaries using high-

angle annular dark-field scanning transmission electron microscopy imaging in an aberration-corrected 

scanning TEM JEOL JEM-ARM200CF instrument. 
 

 

The EBSD characterizations shown in Fig. 1 (a) and (b) revealed that the microstructure after hot 

pressing for pure and Ca-doped spinel samples consists of sub-micron size grains. The corresponding 

grain size distributions in the hot-pressed condition indicated that Ca doping had a negligible effect on 

the average grain size compared to pure spinel. After heat treatment, there was an increase in the grain 
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size in both samples as shown in Fig. 2 (a). However, evidence of abnormal grain growth was found as a 

consequence of the Ca addition. A similar abnormal grain-growth behavior was reported in Eu-doped 

spinel materials where Eu atoms preferentially segregate on the grain boundaries inducing abnormal 

grain growth [5, 6]. 
 

Fig. 2 (b) shows that, after hot-pressing, the microhardness values were lower in the pure spinel sample 

compared to the Ca-doped sample. Based on SEM observations, the lower microhardness in the pure 

spinel sample can be related to a high porosity of ~ 2.2%. Moreover, it was observed that the 

microhardness decreased after heat treatment in the pure spinel sample but slightly increased in the Ca-

doped sample. Therefore, the heat treatment also contributed to the decrease in microhardness in the 

pure spinel sample due to pore coarsening and grain growth. Fig. 2 (c) shows that both samples 

presented a decrease in fracture toughness after heat treatment, which can be associated with the 

increase in grain size. Additionally, Fig. 2 (d) shows that the fracture behavior after Vickers indentation 

was ~50 % transgranular for both pure and Ca-doped spinel after hot-pressing but, after heat treatment, 

this value increased to around 70 and 60 % for pure and Ca-doped spinel, respectively. 
 

These results indicate that Ca-doping and subsequent heat treatment produced samples with similar 

grain sizes but higher microhardness compared to pure spinel. Although the presence of abnormal grain 

growth in a few locations may suggest Ca segregation to the grain boundaries, the fracture toughness 

measurements indicate that Ca doping does not have a detrimental effect. The fracture behavior results 

also indicate that the cracks propagate predominantly through the grains after heat treatment in both 

samples which suggests that the grain boundary strength remains nearly unaltered even after Ca doping. 

Finally, atomic-level characterization will be crucial to determine the role of Ca, especially at grain 

boundaries where a tendency to segregate to preferential sites in certain boundary planes can occur. All 

these results when combined with micromechanical testing will provide a better understanding of the 

relationship between the Ca segregation behavior and the mechanical properties in spinel [7]. 

 

Figure 1. Electron Backscatter Diffraction (EBSD) maps of pure spinel after (a) hot pressing and (c) 
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heat treatment at 1400 ° C for 48 h as well as Ca-doped spinel after (c) hot pressing and (d) after heat 

treatment at 1400 ° C for 48 h. 

 

Figure 2. (a) grain size, (b) microhardness, (c) fracture toughness and (d) transgranular length fraction 

for pure spinel and Ca-doped spinel before and after heat treatment. 
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