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Abstract
 

Polycrystalline transparent ceramics have been investigated for optical 

materials to replace expensive single crystal materials of manufacturing 

difficulty. Spinel is one of the most promising polycrystalline transparent 

ceramics. The mechanical and optical properties of spinel have been 

drastically improved with the advance of ceramic processing technology. 

Transparent spinel ceramics have been applied to the various window and lens 

materials in the military industry and are expected to be expanded to public 

domains. With increasing demand for high-end of optical material, tight 

control of the defects in the transparent ceramics is prerequisite. Therefore, 

the research on the processing technology to minimize the defects in sintered 

spinel materials, design of optimum chemical composition of the materials 

and understanding of the relationship between defects and optical properties is 

necessary.  

 

In this Ph.D. study, various spinel powders were synthesized using co-

precipitation method in aqueous solution, and their sintering properties were 

studied in order to improve the light transmittance of polycrystalline spinel 

ceramics. Spark plasma sintering (SPS) process is a relatively recent 

technology which enables low-temperature and fast sintering, and this 

technology was exclusively used in the present study. Therefore, the 

optimization of the SPS process as well as optimum starting powder materials 

were investigated in the course of this study.  

(i) A morphology controlled nanopowder with excellent sinterability for 

SPS was developed, and the resultant sinterability of powder and light 

transmittance were studied.  

(ii) A novel solid solution composition for spinel was designed and post-

annealing process was employed to fabricate a highly transparent spinel 

ceramics.  

(iii) An optimum SPS processing technology to minimize carbon 

penetration and precipitation to spinel ceramics was developed through 

thermodynamic analysis.  

(iv) Finally, the theoretical calculation model using the Mie theory was 

developed to predict the size and amount of defects such as micropores, 

carbon, and secondary phases from measured transmittance data.  
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Chapter 1. Introduction 
 

1.1. Research background 
 

Transparent materials widely used in industry and daily life are mainly glass, 

polymer, and alkali hydride [1]. The demand for transparent materials with outstanding 

properties, including stability at high temperatures and harsh environments, is increasing 

[2-4]. With the advance of industry, single-crystalline ceramics have been developed and 

already matured in terms of their properties [5]. However, sophisticated control and 

management in the manufacturing process are required for producing a single crystal, 

which is also time-taking for the growth of the crystal, resulting in low productivity. 

Another problem is in scale-up and machining of single crystal, which limits mass 

production. These difficulties in the production of a single crystal can be overcome using 

the process of polycrystalline ceramics [6]. 

Polycrystalline ceramics show quite equivalent properties as the single crystal except 

for light transmittance. The inherent defects associated with polycrystalline ceramics, 

such as pores, secondary phases, and grain interfaces inside polycrystalline ceramics, 

cause reflection, absorption, and scattering [7-11]. Therefore, pores should be minimized 

by enhancing sinterability, and high-purity powder need to be used to avoid secondary 

phases and contaminants. At the same time, materials having an isotropic cubic structure 

should be employed for polycrystalline transparent ceramics because anisotropic 

structured ceramics cause additional scattering at the boundary, which is called 

birefringence [12-18]. 

In recent decades, polycrystalline MgAl2O4 (Mg aluminate) with spinel structure has 
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attracted much interest in military and public domains. It is applied in bulletproof 

windows, armors, scratch-resistant windows, infrared domes for missile seekers, solid-

state laser media, optical lenses, biomedical applications (Figure 1.1) [19-28]. Mg-

aluminate has a unique combination of several important properties, including a broad 

wavelength (0.2 – 5.5 μm) for transparency, relatively low density (3.58 g/cm3), high 

hardness (16 – 20 GPa), high strength (150 – 315 MPa), high melting point (2135 °C), 

and relatively low coefficient of thermal expansion (9×10-6 /°C, room temperature and up 

to 1400 °C) [29-31]. Transparent Mg aluminate was fabricated firstly in the 1960s by 

General electric company in the United States, which had an infrared transmittance > 

60% at a thickness of 3 mm approximately [32, 33].  

Among the various methods for producing powder, the solid-state reaction is not 

suitable for fabricating nano-sized grains, and the gas-phase reaction has a high cost due 

to insufficient yield [34]. Therefore, many wet-chemical methods for nano-MgAl2O4 

powder, such as combustion [35, 36], co-precipitation [37-40], hydrothermal [41], sol-gel 

[42-45], and Pechini methods [46, 47] are used, which is favorable for achieving high 

purity, low synthesis temperature, homogeneous particles, and high green density. The 

powder can be densified by pressureless sintering [31, 48, 49], but it is usually 

translucent rather than transparent, and transparency can be obtained by numerous 

pressure sintering such as Hot press (HP) [50-54], Hot isostatic pressing (HIP) [55-59], 

and spark plasma sintering (SPS) [60-66]. However, HP and HIP require a long heating 

time of several hours for complete densification. In SPS, electromagnetic field and 

physical pressure are simultaneously applied in a vacuum atmosphere to enable low-

temperature and fast sintering, and SPS can produce completely high-density products 
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directly from powder in a single process without fabricating a green body such as casting 

[63, 67]. Therefore, SPS is one of the most promising sintering methods to produce 

nanograin-sized ceramics exhibiting excellent mechanical properties. However, there are 

still challenges to improving optical performances associated with the fabrication of 

transparent spinel via SPS.  

In the Ph.D. study, the composition of transparent spinel material was designed, and 

the overall manufacturing processes, including wet-chemical powder synthesis, SPS, and 

post-annealing, were developed in order to produce transparent spinel ceramics. In 

addition, a theoretical approach was taken to analyze the main reason for property 

improvement, and the relationship between material-process-property was investigated. 
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(a) (b) (c) 

 
(d) 

 

Figure.1.1. Photo images of polycrystalline transparent MgAl2O4 products using three 

commercial powders, ((a) Baikowski, (b) Nanocerox, and (c) Taimei) [68], and (d) 

applications of spinel ceramics depending on wavelength [3]. 
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1.2. Organization of the thesis 
 

In Chapter 2, the material characteristics, processing technology, and optical and 

mechanical properties of transparent spinel ceramics are reviewed.  

In Chapter 3, the detail of experimental and characterization techniques used in this 

study are described.  

In Chapter 4, the novel synthesis method for a spherical granulated nanopowder, 

which is suitable for fabricating transparent ceramics by SPS, is prepared. The influence 

of processing parameters of co-precipitation synthesis on the morphology and size of 

aggregates is evaluated. The sinterability of synthesized powder with various 

morphologies is analyzed and also compared with that of other commercial powders. 

Then, the effect of these differences in sinterability on optical properties is investigated. 

In Chapter 5, I focus on carbon contamination in spinel during the SPS process. This 

is a chronic problem of spinel fabrication by SPS. To minimize their contamination, I 

propose a spinel solid solution using two materials with the same crystal structure, such 

as MgAl2O4-ZnAl2O4. The optical properties of a novel transparent Mg1-X,ZnXAl2O4 (X = 

0 – 1.0) spinel are investigated. The effect of this solid solution spinel on the optical 

properties during the SPS process and post-annealing is analyzed. 

In Chapter 6, a novel theoretical approach to relate transmittance and defects in 

spinel is proposed. The defects such as carbon contamination and pores in the different 

specimens are analyzed. Then, the Mie theory is extended to the absorption and 

scattering of carbon as well as the scattering of pores. As an amorphous carbon does not 

have a clear structure, four types of carbon with different optical properties are selected 
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and applied to the model. The effect of each defect on transmittance is analyzed. The 

optical properties of appropriate amorphous carbon are selected, and the number of 

defects inside the specimen is quantitatively discussed. 

Based on the same model, the post-annealing specimens of the solid solution spinel 

are also analyzed. The only defects that reduce transmittance are the secondary phase and 

pores from the microstructure. The scattering centers are applied to the model 

considering their size distribution following a zero-order lognormal distribution (ZOLD). 

In the end, the size and volume of defects from measured transmittance are calculated. 

Finally, I propose a novel model that can quantify and predict defects through 

transmittance curves in polycrystalline transparent ceramics was established. 
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Chapter 2. Literature review 
 

2.1. Materials 
 

2.1.1. Spinel 

Magnesium aluminate (MAS, MgAl2O4) is a mineral whose structure was first 

reported by Bragg and Nishikawa in 1915 [1]. This spinel structure designates a whole 

family of compounds with the general formula AB2X4, where A is a divalent cation 

(Mg2+), and B is a trivalent cation (Al3+). X could be O, S, or F to make oxides, sulfides, 

or fluorides. O2- anions form a face-centered cubic lattice within the spinel oxide, and 

cations A and B partially occupy octahedral and tetrahedral interstitial sites. For MgAl2O4, 

Mg2+ cations occupy one-eighth of the tetrahedral sites, and Al3+ cations occupy half of 

the octahedral sites, as shown in Figure 2.1. The lattice parameter defined by the face-

centered cubic arrangement of the O2- ions is 8.08 Å , and the spatial group of the spinel 

structure is Fd3m. 

The spinel targets’ main applications require an excellent combination of thermal, 

optical, and mechanical properties. Therefore, the main properties of spinel were 

compared with those of ceramics already used or competing for these applications (Table 

2.1). MgAl2O4 spinel is a refractory material with a relatively low density (ρ = 3.56 

g/cm3) and suitable mechanical properties. The hardness of spinel is lower than alumina 

(~ 20 GPa) but close to 16 GPa, which is still high compared to that of other cubic 

ceramics such as Y2O3 and YAG. These mechanical properties of spinel have excellent 

processability to be produced in various shapes such as domes. The spinel can also be 

manufactured at low sintering temperatures due to its superb manufacturability and is 
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economical compared to competing materials. In optical properties, spinel has several 

advantages over AlON and sapphire. First, this material has an isotropic cubic structure 

with outstanding in-line transmittance. Its transparency range is wider than those of 

aluminum oxynitride and single-crystal alumina, extending from ultraviolet to mid-

infrared (Figure 2.2). Therefore, spinel is the most appropriate material for IR 

applications such as sensors and imaging windows. 
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Figure 2.1. (a) Unite cell of MgAl2O4 representing symmetry and tetrahedral and 

octahedral interstitial sites and (b) overview of the close-packed lattice structure [2, 3]. 
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Table 2.1. Characteristics of transparent ceramics as candidate materials for bulletproof 

and windows applications. 

 

Al
2
O

3
[4, 5] 

ALON 

[6, 7] 

Spinel 

(MgAl
2
O

4
)  

[1, 8] Polycrystalline  
Single 

crystal 

Density (g/cm
3

) 3.98 3.71 3.58 

Crystal structure Rhombohedral Cubic Cubic 

Melting 

temperature (℃) 
2050 2150 2135 

Thermal 

conductivity 

(W/mK) 

32 at 20 ℃ 

4 at 1000 ℃ 
40 at 25 ℃ 13 

24.7 at 25 ℃ 

5.4 at 

1200 ℃ 

Resistivity (Ωcm) 
5.1 at 25 ℃ 

5.1 at 400 ℃ 

10 at 25 ℃ 

10 at 400 ℃ 
- 

10 at 25 ℃ 

4.1 at 700 ℃ 

Dielectric 

constant  

(at 10
6 

Hz) 

10 8.8 8.2 

Optical gap (eV) 9.5 10.0 6 – 7 3.54 

Vicker’s hardness 

(GPa) 
19 – 21 16 16 – 19 15 – 16 

Knoop hardness 

(kg/mm
2

) 
1600 – 2200 2200 - 1400 

Young modulus 

(GPa) 
390 390 323 260 

Toughness 

(MPam
0.5

) 
3 2 2 – 2.9 1.8 – 2.2 

Poisson 

coefficient 
0.26 0.29 0.25 0.29 

Refractive index 

(at 590 nm) 
1.76/1.768 1.77 1.727 
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Figure 2.2. Transmission curves according to wevelengths of various transparent 

ceramics [9].  

 

 

Figure 2.3. Phase diagram of the MgO-Al2O3 for system MgAl2O4 [10]. 



 20 

2.1.2. Stoichiometry and defect 

MgAl2O4 spinel is a solid solution formed by a chemical reaction in the solid state of 

two oxides, Al2O3 and MgO, in a molar ratio of 1:1. Spinel is the only intermediate 

compound in this system [11]. The formation of spinel from constituents is exothermic 

and is accompanied by 5-8 vol.% expansion [12]. The phase diagram (Figure 2.3) shows 

that only the stoichiometric spinel is stable at relatively low temperatures. However, the 

range of stoichiometry associated with the spinel phase broadens with temperature, 

especially in alumina-rich systems. At its maximum temperature, i.e., around 2000 ℃, 

the phase extends over a compositional range ranging from 40 % to 80 % of alumina. 

Alumina-rich spinel compounds have already been obtained at room temperature by the 

quenching performed at the temperature at which the compounds are stable [13].  

The stoichiometry-off spinel produces different types of defects at the interface 

compared to the stoichiometry spinel, and thus the material behavior is different. The 

sintering properties of spinel are influenced by their intrinsic defect structure. There are 

three types of intrinsic defects: inversed cation atoms, Schottky, and Frenkel defects. 

Defect reactions of inversed cation atoms (equation (1)) are described by the Kroger–

Vink notation (Figure 2.4): 

 

 
 

(1) 
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Figure 2.4. Schematic diagram of the point defects in spinel by Korger-Vink notation 

[14]. 



 22 

The calculated formation energies of the Frenkel-type cation defects are 7 eV, and 

the Schottky-type energies are 4.5 eV for the spinel [15]. Schottky defects are more 

energetically favorable in spinel, and the formation of these defects is the dominant 

defect type in most oxide ceramics. The Schottky defect response is expressed as  

 

 Null  (2) 

 

Considering the intrinsic defects by the disorder of the cations in the stoichiometric 

spinel, the intrinsic defect reaction of each cation is described along with the vacancies as 

follows. 

 

   (3) 

 
 

(4) 
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A spinel with excess MgO can accommodate the following defects, such as 

, maintaining overall charge neutrality by placing magnesium ions at 

the aluminum sites. A spinel with excess Al2O3, on the other hand, places the aluminum 

in the magnesium position, and then charge compensation is generated by 

 

 

 Al2O3–rich composition →  compensated by  (5) 

 MgO–rich composition →  compensated by  (6) 
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Figure 2.5. (a) Brouwer diagram of MgAl2O4 and (b) grain boundary mobility versus 

stoichiometry of spinel [16, 17]. 
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Ting et al. [15] calculated the Brower diagram for MgAl2O4 according to the 

chemical composition, taking into account the Schottky defect as shown in Figure 2.5(a). 

Equilibrium calculations agree with the dominance of oxygen vacancies in the excess 

MgO region and the proposed defect structure.  

Chiang et al. reported that studies on grain boundary mobility were performed with 

stoichiometric and non-stoichiometric spinel samples [18]. In the temperature range of 

1200 – 1800 °C, the grain boundary mobility of MgO excess spinel solid solution was 

102–103 times greater than that of stoichiometric and alumina excess solid solution 

(Figure 2.5(b)) [19]. This increased mobility phenomenon can be explained by the 

inherent defects present in the spinel solid solution. When various cation species diffuse 

between grains, the rate-dominant species will be the slowest diffusing species, where the 

slowest species in spinel compounds is the oxygen ion [20, 21]. Therefore, grain 

boundary mobility increases when the intrinsic defects are Mg-rich compositions. By 

Murata et al., the mobility rapidly increased and then decreased again as the Mg-rich 

composition increased for the MgO-rich composition. The mobility continued to increase 

for the Al2O3-rich composition [17]. Chiang reported a decrease in mobility as aluminum 

is rich and stated that the discrepancy with the previous results was due to different 

experimental atmospheres [19, 22].  

The vapor pressure of Mg or MgO on spinel is higher than that of Al2O3, resulting in 

aluminum-rich stoichiometry by loss of Mg/MgO during sintering (Figure 2.6). The 

Mg/MgO loss is greater at low oxygen partial pressure (pO2) and high temperature, and 

the reducing atmosphere favors the decomposition of MgO(g) into Mg(g) and O2(g). 

Different stoichiometry affects almost all properties and is critical to understanding 



 26 

spinel. Stoichiometry has a strong influence on densification. The pressureless sintered 

MgO-rich composition densifies faster than the Al2O3-rich composition [16, 23], which is 

due to higher oxygen vacancy concentration (Figure 2.7) [15]. 
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Figure 2.6. Volatility diagram of MgAl2O4, partial pressures (px) of species formed 

during reduction [24]. 

 

Figure 2.7. Density versus time curves for pressureless sintered samples with various 

stoichiometry of MgO-xAl2O3 [15]. 
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2.2. Optical and mechanical properties 
 

2.2.1 Optical property  

In the field of optics, transmittance is a physical property that characterizes the 

ability to pass an incident beam straight through without diffusing it and is a physical 

quantity by which transparency can be measured and compared to other materials. The 

measurement method is as follows. A light source sends a beam of light to the sample, 

and a detector placed behind it measures the intensity of the light. Then, depending on 

the irradiated wavelength, this quantity is measured using a spectrophotometer that 

determines the ratio between the intensity of the incident beam and the transmitted beam.  

Transmittance is of two types depending on the measurement conditions, specifically 

the aperture of the spectrophotometer. The first is the total forward transmission (TFT) 

measured using a spectrophotometer equipped with an integrating sphere. With this type 

of instrument, all light (transmitted and scattered) passing through the sample is detected 

except those absorbed and reflected. Second, the real in-line transmittance (RIT) was 

measured using a conventional spectrophotometer with an aperture not exceeding 0.5°. A 

light that is directly transmitted (not scattered) by the material is detected during these 

measurements. Therefore, measuring the RIT allows very accurate characterization of the 

transparency of a material. Since the translucent sample has high TFT but low RIT, the 

text behind the specimen is clearly visible in the photo on the left, as shown in the figure, 

but the text is unclear when the specimen is far from the text (Figure 2.8). 
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Figure 2.8. Comparison of light transmittance according to distance. (a) Samples are at a 

distance from the text, and (b) located directly behind it: translucent polymer (left), 

transparent Al2O3 (center), and highly transparent MgAl2O4 (right) [25]. 
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Figure 2.9. Light transmission path through a polycrystalline spinel compact [26].
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The presence of defects in the microstructure leads to a change in the refractive index, 

causing a deflection of light. In addition, the incident beam has a reduced transmittance 

due to reflection, absorption, and scattering (Figure 2.9) [27, 28]. The measured 

transmission is compared to the theoretical value Tth of the sample. It is defined 

according to its refractive index n, depending on the wavelength (equation (7)): 

 

   (7) 

 

When the refractive indices of air and MgAl2O4 for n1 and n2 in the visible range are 

1 and 1.72, respectively, the theoretical transmittance of this ceramic is equal to 87% [29]. 

The transmission T with a sample of thickness t is expressed according to the Beer-

Lambert law (equation (8)). It depends on the coefficients of total reflection R and total 

scattering coefficient γ. The reflection coefficient R depends on n and is expressed 

according to equation (9) [27]. 

 

  (8) 

 

 

(9) 

 

The total scattering coefficient γ breaks down according to the light scattering 

sources, pores, secondary phases, and grain boundaries (equation (10)): 
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(10) 

 

Porosity can be considered as the main source of light scattering of cubic 

polycrystalline ceramics, the grain boundaries not influencing the diffraction of the light 

beam. By considering the pores of spherical shape, of the same size and distributed 

homogeneously, the contribution of the porosity is expressed according to equation (11): 

 

 

 

(11) 

 

where, Vpore, the pore volume; r, the mean radius of a pore; Cpore, the scattering 

coefficient of a pore. 

Assuming that the porosity only causes the optical loss, the transmission depends on 

the thickness of the ceramic, the number, and the radius of the residual pores [30]. A 

theoretical example of the effect of pore diameter on the transmittance of MgAl2O4 spinel 

is shown in Figure 2.10. For each case presented, as the pore diameter increases, the 

transmittance tends to decrease and then rise again. The transmittance is greatly reduced 

in the region where the pore diameter is close to the wavelength [31]. For example, even 

0.01% of pores with 400 nm size reduce transmittance by 90% at 200 nm wavelength 

and 50% at 600 nm wavelength [32]. 
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Figure 2.10. Calculated transmittance by numerical Mie theory versus pore diameter for 

spinel with a 1 mm thickness and 0.01% porosity [32]. 
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2.2.2. Mechanical property 

To improve the mechanical properties of ceramics, the microstructure, including 

grain size and pores, is important. The empirical Hall-Petch law states that the 

mechanical properties of a material improve when the average particle size decreases [33, 

34]. It is written according to equation (12), where the limit elastic stress depends on the 

size of the grains: 

 

   (12) 

 

where, σy, the limit elastic stress; σ0, the friction stress; k, a Hall-Petch constant; and d, 

grain size. 

Figure 2.11 shows the variation of Vickers and Knoop hardness values of MgAl2O4 

spinel with grain size [35]. The hardness curve as a function of grain size shows that 

ultrafine grains can achieve hardness greater than 15 GPa for Vickers hardness. As the 

microstructure coarsens, the hardness value decreases. After SPS sintering at high load 

and low temperature, very high hardness values were obtained, especially in spinel 

compared to sapphire, which resulted in a Vickers hardness of 28 GPa at a grain size of 

about 7 nm [36]. 

Similar observations have been reported on alumina, whose Vickers hardness 

increases from 15 to 22 GPa by decreasing the grain size from 4 to 0.4 μm [37]. Very 

high hardness values, higher than that of sapphire (~25 GPa), have notably been obtained 

on spinel following SPS sintering at high load and low temperature. A Vickers hardness 

of around 28 GPa is mentioned, associated with grains of 7 nm [36]. Sokol et al. [38] 
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also highlighted a critical grain size, from which the inverse Hall-Petch phenomenon is 

observed. Following a very high load SPS sintering (1 GPa), spinels showed an increase 

in hardness of 12 to 20 GPa for grain sizes ranging from 1 μm to 30 nm. Below this size, 

the number of grain boundaries, areas more fragile than the grains, becomes excessive, 

which causes a reduction in hardness. 
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Figure 2.11. Hardness of spinel as a function of grain size. HV and HK indicate Vickers 

and Knoop hardness, respectively, and the number indicates the load in kg [35]. 
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The hardness is therefore influenced by the size of the grains, but also the porosity. 

Figure 2.12 shows the evolution of Vickers hardness as a function of grain size and 

relative density of alumina samples obtained under different sintering conditions [39]. 

Alumina with the finest microstructure (0.5 μm) does not have the highest hardness due 

to the high porosity rate of the sample. An increase in the relative density gradually 

improves the hardness to reach 21 GPa, associated with a grain size of approximately 1 

μm and a density of 99.5%. For the other sintering conditions, a density greater than 

99.9% is obtained and the grain size increases, leading to a decrease in hardness: the 

Hall-Petch effect is observed. During sintering, there is a compromise to be found to 

have optimal densification while maintaining limited grain growth. Although the general 

case obeys the above the law, we have highlighted the critical particle size at which the 

inverse Hall-Petch phenomenon is observed [38]. After very high load spark plasma 

sintering with 1 GPa, the spinel showed a hardness increase of 12 to 20 GPa for grain 

sizes ranging from 1 μm to 30 nm. Below this size, the number of grain boundaries, 

which are regions more brittle than crystal grains, becomes excessive, and the hardness 

decreases. In addition, since hardness is affected by porosity as well as particle size, the 

process of fabricating fine microstructures sometimes has high porosity, thus 

counteracting the Hall-Petch effect. 

The K1c toughness refers to a resistance to crack propagation or the amount of 

energy absorbed before failure. This property is also highly dependent on porosity. MgO-

MgAl2O4 has a toughness of 2.2 MPa∙m0.5 at a density of 94% and a toughness of 0.6 

MPa∙m0.5 at a density of 75% [40]. Some articles report that toughness does not effect on 

grain size, Mroz et al. [41] reported a similar toughness of 1.4 MPa∙m0.5 for spinel with 
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grains of 0.34 μm or 2.1 μm. Tokariev et al. [42] show relatively close toughness values 

of 1.9 MPa∙m0.5 and 1.2 MPa∙m0.5 for spinel with different grain sizes of 5 μm and 60 μm. 

When cracking occurs in transgranular mode, toughness is considered independent of 

grain size [43, 44]. 
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Figure 2.12. Porosity effect on the Vickers hardness in alumina [39].  
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2.3. Powder Synthesis and sintering process 
 

2.3.1 Powder synthesis 

A powder is an accumulation of particulate matter with a macroscopic consistency. 

It is made up of small units called particles, and the structure of particles can be quite 

complex. Most commonly, particles fall into two subgroups: primary particles and 

aggregates. A primary particle is the smallest unit of a powder with a clearly defined 

surface, also called a crystallite. Agglomerates may contain pores, which, if held together 

by van der Waals-type forces, will collapse when pressure is applied, but covalently or 

ionic bonds will dissociate the agglomerates to form rigid agglomerates. Figure 2.13 

shows the structure of a mass consisting of dense polycrystalline primary particles [45, 

46]. Hard agglomerates delay the compaction of the powder and cause pore non-

uniformity of the green compact, which could form microstructural defects such as large 

inter-clump pores and non-uniform particle size distribution within the sintered body [47, 

48]. Therefore, hard agglomerates are undesirable for the production of high-density and 

fine-grained ceramics.  

The particle size distribution is also an important parameter influencing the 

competition between coalescence and pore removal during sintering. Removal of pores is 

facilitated when the coordination between particles is high [49]. Therefore, monodisperse 

powders that limit the coordination to 12 should be avoided in favor of powders with 

different particle sizes that can achieve higher coordination. In addition, the shaping step, 

more specifically the compression step, could also make it possible to increase the 
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number of contacts between the particles. Nevertheless, it is vital to ensure that this 

particle size distribution is not too broad to avoid excessive particle growth.  
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Figure 2.13. Schematic of an agglomerate consisting of polycrystalline primary particles 

[46].  
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As shown in Figure 2.14(a), as the sinterability increases as the particles become 

smaller, it seems practical to first find a usable nanopowder with the finest particles. 

However, in reality, the performance of one individual nanoparticle and the collective 

behavior of a very large number of particles are different in sintering properties, which is 

a fundamental mistake for problems of different scales [50, 51]. The sinterability of 

single particles increases with smaller size D due to increased surface curvature and 

shorter distances. On the other hand, the sinterability of the macroscopic scale of all 

particles decreases when the homogeneity H is lowered (Figure 2.14(a)) [52]. Thus, the 

community of nanoparticles does not exhibit high sintering activity at all. The surface 

curvature of fine particles results in stronger agglomeration. Therefore, the two 

influences, D and H, are not independent of each other, and the homogeneity deteriorates 

with smaller particle sizes. Therefore, the sintering activity S must be dealt with in 

relation to this trajectory H/D (Figure 2.14(b)).  

Other physical properties of the powder, including particle shape and particle size 

distribution, have a significant impact on the powder packing, which affects the powder’s 

sinterability. Therefore, the following main characteristics must be observed when 

manufacturing powders. Hard agglomerates should be avoided in order to produce high 

density and fine grains and should consist of soft agglomerates by van der Waals forces. 

Nanoparticles are composed of primary particles and their aggregates. The distribution of 

particle size is that monodisperse spherical particles have 12 coordination, which 

positively affects pore removal and packing through the flow properties of the powder. 

When the coordination becomes larger than 12, the distribution becomes broad, and 

excessive grain growth may occur. Preferably, development should be made in this 
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direction, as spherical or equiaxed particles produce better packing uniformity in powder 

compacts [46]. Therefore, the smaller the size, the stronger the cohesive force, thus it is 

preferable to obtain a uniform aggregate and improve the sinterability. 
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Figure 2.14. Effect of particle size (D) and homogeneity (H) on the sintering activity (S) 

[26]. 
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2.3.2 Spark plasma sintering process 

Spark Plasma Sintering (SPS), also called Field assisted sintering (FAST), is a 

relatively recent integrated technology in which a single axial pressure is simultaneously 

applied with a high current flow through a compacted powder, where this equipment 

allows fast heating and cooling rates up to 600 ℃/min or more [53-59]. The technology 

was developed in the early 1960s based on the invention by Inoue [60, 61], the original 

idea patented in 1933, describing how a current is passed via a metal powder compact to 

aid in the sintering process [62]. SPS systems offer many advantages over other sintering 

systems using hot press (HP), hot isostatic pressing (HIP), or air sintering. Some of the 

advantages are high process speed, high reproducibility, safety, and reliability, as well as 

simple operation and precise control of the sintering energy. The Joule energy raises the 

temperature of the graphite die surrounding the sample or within the sample, which 

exhibits some electrical conductivity. When a pulsed current is applied, spark plasma 

generation of the powder sample could involve some surface activation and promote 

strengthening and densification. Since SPS achieves a high density at lower temperatures, 

the resulting smaller grain size has a positive effect on almost all properties. Therefore, 

various improved properties such as mechanical properties, oxidation and corrosion 

resistance, light transmittance, microstructure, and electrical properties are reported. 

However, when transparent ceramics are manufactured using tools such as graphite 

sheets and molds with a reducing atmosphere of vacuum, it is common for samples to 

show discoloration after sintering [63, 64]. Many studies related to carbon contamination 

in SPS [57, 59, 65-68] or HP sintering [69, 70] exist. Although this material has suitable 

properties (thermal and electrical conductivity and mechanical resistance) for this 
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purpose, in optics, carbon contamination causes light absorption and discoloration. The 

example presented in Figure 2.15 shows a spinel sample obtained by HIP sintering and 

SPS. The sample sintered by the two-step process of primary sintering and HIP can 

obtain a colorless and transparent sample with high transmittance in visible light, but the 

transmittance of the sample produced by SPS is low. This problem can be minimized by 

applying various protective measures, optimizing post-annealing temperature, heating 

rate, sintering temperature, pressure application temperature, two-step pressure, etc. Still. 

It cannot be completely avoided (Figure 2.16). When the spinel, 3Y-ZrO2, and α-Al2O3 

were sintered under the same SPS condition, the degree and distribution of carbon 

contamination were significantly different depending on the material (Figure 2.17) [67]. 

Carbon contamination is all present, but compared to spinel, 3Y-ZrO2 and α-Al2O3 are 

limited to the surface area in direct contact with the carbon die/paper. SPS densification 

occurs at 1000 – 1300 ℃ for spinel, whereas α-Al2O3 and ZrO2 complete densification at 

lower temperatures [56, 71]. 
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Figure 2.15. Influence of graphite on the transmission of MgAl2O4 spinel: comparison 

between the combination of pre-sintering + HIP and SPS sintering [59]. 
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Figure 2.16. Optimization of process conditions to reduce absorption centers: (a) post 

annealing temperature [63], (b) heating rate [71], (c) sintering temperature [55], (d) 

pressure application temperature [72], and (e) two-step pressure [54]. 
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Figure 2.17. Carbon mapping images by Raman analysis using D-, G-, and 2D- bands. 

(a) spinel, (b) 3 mol% Y2O3 stabilized ZrO2, and (c) α-Al2O3 [67]. 
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2.3.3 Post annealing process 

Post annealing (PA) in air commonly used to eliminate this coloration is to carry out 

annealing in air, generally at a temperature lower ~200°C than the sintering temperature, 

to make up for the oxygen deficit [63, 65, 73-79]. The supply of oxygen thus makes it 

possible to reduce the light scattering centers and improve the optical quality. A study 

focusing on the SPS sintering of yttrium oxide Y2O3 presented an improvement in the 

transmission, where the values increased from 40% to 70% in the IR after annealing at 

1250 °C for 6h [79]. On spinel sintered by SPS, annealing at 900°C improved the 

transmittance from 58 % after SPS to 75 % after PA at 550 nm [65].  

During post-annealing, as the absorption centers decrease while the scattering 

centers increase, it is necessary to control the annealing conditions to avoid degradation 

of optical quality. Figure 2.16(a) mentioned earlier shows an example of spinel sintered 

with SPS at 1300 °C and then annealed in air at different temperatures [63]. An increase 

in temperature slightly reduces the discoloration, but the discoloration does not fully 

recover, and it becomes opaque and white, where the whitening is related to the growth 

of pores. This is related to the coalescence of voids and the formation of porosity [80], 

and oxidation of carbon contamination. Oxidized carbon, such as CO or CO2, forms an 

absorption peak with a decrease in transmittance after PA (Figure 2.18). Below 800°C, an 

absorption peak by CO gas appears. Above 1000°C, a peak related to the carboxyl group 

occurs, and above 1400 °C, a CO2 absorption peak appears [81].  
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Figure 2.18. Transmittance spectrum of Y2O3-MgO composites post-annealed at various 

temperatures [81]. 
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Chapter 3. Experimental 
 

3.1. Materials 
 

3.1.1. Chemical composition  

Element analysis was performed with X-ray fluorescence spectroscopy (XRF-1800, 

Shimadzu) and analyzed for metal elements except for non-metallic elements such as 

oxygen. The Mg/Al molar ratio and Mg loss were measured by inductively coupled 

plasma-atomic emission spectrometry (ICP-AES; Optima-4300 DV, PerkinElmer). 

Quantitative analysis of carbon was carried out using carbon/sulfur analyzer (CS-

600, LECO) by oxidative melting in a ceramic crucible in an induction furnace with a 

flux consisting of a mixture of tungsten, iron and tin. The specimens were pretreated at 

200 °C to remove organic residue on the surface. The measurements were taken 5 times 

and then averaged, and about 100 mg of specimen pieces were used at a time. 

 

3.1.2. Microstructure 

A field emission scanning electron microscope (FE-SEM; Merlin Compact, Zeiss) 

was used to measure the morphology of the powder and grain size of the cross-section of 

the specimens. The grain size was calculated by the line intercept method and averaged 

using 5 images at 50,000 magnification per sample. The microstructure for μm-sized 

defects such as secondary phases, carbon contamination, and pores were investigated 

using the backscattered electron (BSE) mode of a field emission scanning electron 

microscope (FE-SEM; Quanta 200 FEG). Since ceramics are electrically non-conductive 

materials, a platinum deposition is performed to make the sample conductive. 

Nanometer-scale microstructures were observed with a field emission transmission 
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electron microscope (FE-TEM, TECNAI20F, Thermo Fisher) to observe the morphology 

of powder and the nm-sized defects in the sintered specimen. TEM specimens were 

prepared with a double-beam focused ion beam (DB-FIB, Helios NanoLab, FEI). In 

addition, grain interfaces and grain interiors were investigated using Cs-corrected STEM 

(CS-STEM, JEM-ARM200F, JEOL). 

 

3.1.3. Phase analysis 

Powders and specimens are analyzed through XRD (D8- Advance, Bruker), and 

following operation are performed. First, the types of phases are identified: crystalline or 

amorphous, compounds, secondary phases, contaminants, etc. Next, the deformation of 

the lattice is investigated by analyzing the pick shift, and the crystallite size is analyzed 

using the Scherrer’s equation through the shape of the pick. A monochromatic copper 

source with Kα radiation = 1.5406 Å and a LynxEye detector were used. The 

measurements are carried out with a step of 0.02° and a time of 2 s per step. The 

diffractograms were processed with the EVA software by removing the background and 

the Kα line. Phases were indexed using the JCPDS database and Match software. The 

crystallite size, d (nm), in each powder was calculated from the three major peaks when 

2θ was 36.7°, 44.7° and 65.1° using Scherer’s as follow. 

 

 

 

(1) 

 

where k is the Scherrer’s constant equal to 0.89; λ is the radiation wavelength of the 

copper Kα line; β is the width at half height of the peak (rad); θ, the position of the peak 

(rad). 
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3.1.4. Raman analysis 

Raman microscope systems have the advantage of obtaining outstanding spatial 

resolution by focusing to a spot size on the order of only a few micrometers using a 

focusing objective lens. The SPSed spinels were characterized by Raman spectroscopy 

(Horiba-Jobin-Yvon T64000, Horiba Co. Ltd.) using an Ar laser with 514.5 nm of 

wavelength. The Raman measurement was carried out at room temperature, operating 

power of 100 mW, the recording time of 40 s and the number of accumulations was 5. 

Although the Raman peaks relating to the D- and G-bands in spinel are very weak for the 

lower operating power and the shorter recording time, they become clear with the 

increasing operating power and recording time. A 50x objective lens was used for data 

collection. An experiment was performed to determine the focused spot size of the laser 

on the sample. The collected spectral range was from 250 to 1700 cm−1. A silicon wafer 

was used to calibrate the Raman shift, and the resolution is 1.5 cm-1. Results from one of 

the trials can be seen in Figure 3.1. 

Two main regions could be investigated in the spinel samples. The first region is 

related to the spinel structure formed in the Raman shift of 300 - 800 cm-1, and second 

region is related to the carbon contamination corresponding in the Raman shift of 1200 – 

1700 cm-1, the enlarged area in the Figure. The Raman bands observed at 311, 407, 667 

and 767 cm−1 corresponds to T2g(1), Eg, T2g(2) and A1g modes, respectively[1]. The origin 

of 727 cm−1 mode is related to the Al–O stretching vibration of AlO4 groups created by 

cation disorder of Al ions from octahedral to tetrahedral sites. As the degree of 

graphitization increases, the intensity of disorder band (D band, 1346 cm-1) becomes 
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weaker and the peak of graphite band (G band, 1572 cm-1) in the Raman spectra becomes 

sharper [2]. The intensity ratio of D/G is a measure of the bonding ratio of sp3/sp2 

carbons. 
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Figure 3.1. Representative Raman analysis result. 
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3.1.5. Surface area analysis (Brunauer-Emmett-Teller, BET) 

The BET equation is used to determine the surface area of a solid from the nitrogen 

adsorption isotherm at liquid nitrogen temperature. The BET analysis (Belsorp mini 

instrument, BEL) was performed using nitrogen adsorption isotherms for the 

measurement of surface area at 77 K. The specific surface area (SSA, m2/g) was 

determined from P/P0 range between 0.01 atm to 0.15 atm. Before gas adsorption 

measurement, degassing under vacuum and pre-heating at 200 ℃ for 12 hours to 

eliminate traces of humidity and physically absorbed organic residues. 

 

3.1.6. Thermal analysis 

Thermogravimetric analysis (TGA) and Differential scanning calorimetry (DSC) are 

thermal analysis techniques to investigate the thermal properties of materials. DSC is 

used to measure the thermal energy flow as a function of temperature, whereas TGA is 

used to measure weight change as a function of temperature. DSC can obtain temperature 

information such as crystallization and phase transition temperature and energy flow 

such as exothermic and endothermic reactions. Simultaneous measurements of TGA and 

DSC of powder were performed on an Labsys EVO (SETARAM Instrumentation). The 

sample was heated to 1000°C in air at a heating rate of 10°C/min.  
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3.2. Optical and mechanical property measurement 
 

3.2.1. Transmittance  

For measurement of optical properties, the sintered body was carefully mirror-

polished on both sides using a 1 micrometer diamond slurry. Real in-line transmittance 

and total forward transmittance were measured in the wavelength range 240 – 1600 nm 

using a dual beam spectrophotometer (SolidSpec-3700DUV, Shimadzu) equipped with 

an integrating sphere. Transmittance measurement was performed by inserting a mask 

with a diameter of 2 mm in the front of the detector so that only the transmitted portion 

of the incident light beam having a diameter of 4 mm could be detected. Because the 

aperture diameter of the mask of 2 mm is smaller than the beam diameter of 4 mm, only 

light with a scattering angle of less than 0.5° is detected. Transmittance in the infrared 

wavelength region of 3.8 – 10.0 μm was also measured using a Fourier transform 

infrared spectrometer (FT-IR, Nicolet6700, Thermo Scientific). The transmittance 

measured by both instruments was extended and integrated. 

The line transmission of a transparent ceramic is expressed according to the Beer-

Lambert law and depends on the thickness of the ceramic. In order to be able to compare 

our results with those of the literature, it is necessary to express the transmissions for the 

same sample thickness. From the experimental data measured on a sample of any 

thickness, it is therefore necessary to estimate the optical quality at another thickness, 

called converted thickness. For this, the following Equation (2) can be applied: 

 

 = [ t2/t1 (2) 
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where T1, the experimental transmission (%); T2, the normalized transmission (%); Tth, 

the theoretical spinel transmission (%); t1, the experimental thickness of the sample 

(mm); t2, the converted thickness of the sample (mm). This formula was used to 

normalize the transmittance by applying the experimental thickness of the sample and t2 

= 1 mm. 

 

3.2.2. Hardness and fracture toughness 

The hardness of the material is an important mechanical characteristic for the 

targeted ballistic application. It is determined by measuring the penetration of an indenter 

into the material under a given load. The hardness indentation tester (HV-100, Mitutoyo) 

was used with a 3 kg load and 15 s loading time. Diamond-shaped imprint has pyramidal 

with a square base with an apex angle of 136° between opposite faces. After applying the 

force, the indenter leaves a diamond-shaped imprint on the surface, the measurement of 

the long diagonal L of which is used to calculate the hardness HV using Equation (3). 

This indentation mark is the response to the stress imposed by the indenter by plastic 

deformation of the ceramic. 

 

 

 

(3) 

 

where P, pressing force (kgf); and L, the average length of the indent diagonal (mm). The 

indentation measurements of the Vickers point also make it possible to estimate the 

toughness of the material which corresponds to its capacity to resist the propagation of a 

crack. The toughness (KIC) can be calculated from the length of the cracks formed during 

the indentation, from different models. Niihara et al. showed that during indentation two 
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types of crack can form: Palmqvist cracks and median cracks [3]. Each of the cracks has 

its own calculation model to determine the KIC. It is therefore necessary to know the type 

of crack encountered for its determination. The Palmqvist cracks are located only on the 

surface on either side of the indentation, while the median cracks entirely encompass the 

indentation. When the sample showed Palmqvist cracks with 0.25 ≤ c/a ≤ 2.5, 

Equation (4) was used, whereas K1C was calculated according to Equation (5) when the 

ratio c/a was superior to 2.5 for median cracks.  

 

 
 (Palmqvist cracks) 

(4) 

  (Median cracks) (5) 

 

where KIC, toughness (MPa∙m0.5); HV, Vickers hardness (GPa); E, Young's modulus 

(GPa); a, the average length of the diagonals of the indentation (mm); c, cracks length of 

the indentation (mm); l, the average Palmqvist crack length (mm). 

 

3.2.3. Density 

Density is the most basic physical property of a ceramic sintered product. The 

Archimedes’s principle is used as follows to determine the density of a sample (Equation 

(6)), which states that when a solid is placed in a liquid, the weight of the solid is equal to 

the weight of the liquid removed. 

 

 

 

(6) 

 

https://www.sciencedirect.com/science/article/pii/S0272884222008525#fd4
https://www.sciencedirect.com/science/article/pii/S0272884222008525#fd5
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where Wd, the dry mass (g); Wi, the immersed mass (g); Wh, the wet mass (g); and, ρwater, 

the density of water (g/cm3). The dry mass Wd is obtained after drying in a vacuum oven 

at 110°C for 2 hours. The sample is then placed in a desiccator and immersed in distilled 

water. The enclosure is placed under vacuum for 3 hours to allow good insertion of the 

water into the open porosity. The sample is then weighed in distilled water to obtain the 

immersed mass Wi. Then, the excess water present on the surface of the sample is 

removed with a wet paper and the sample is weighed again to obtain the wet mass Wh. 

The density is measured three times on each sample and is then expressed as a relative 

value. 
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3.3. Material synthesis and processing 
 

3.3.1. Co-precipitation method 

In the co-precipitation method, the precursor is first dissolved in a solvent. Then a 

precipitating agent is added and the cations form a compound and precipitate. As the 

precursor must be dissolved and the precipitate must not be dissolved in the solvent, both 

the precipitate and the precursor must be checked for solubility in the solvent before 

starting the procedure. Using this technique, smaller particle sizes can be achieved 

compared to other methods, and the morphology control is very good (Table 3.1). In 

addition, a uniform distribution of metal ions can be achieved. Particle size and 

morphology depend on pH, precursor and solvent, precipitating agent, stirring rate, and 

sequence of addition of precursor. The main disadvantage of this method is that the 

composition can vary somewhat depending on the solubility of the precipitate. In 

addition, in order to produce oxide, the precipitate needs to be washed and then 

crystallized through a calcination step at high temperature. The detailed process is as 

follows. 
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Table 3.1. Comparison of synthesis methods [4]. 

 

Solid 

State 
Sol-Gel 

Co- 

Precipitation 

Hydro 

thermal 
Combustion 

Particle Size > 5 um 
10 nm –  

2 um 

10 nm –  

1 um 

10 nm –  

1 um 

500 nm –  

2 um 

Size 

Distribution 

Narrow – 

Broad 
Narrow Narrow Narrow Medium 

Morphological 

Control 

Poor – 

Good 
Medium Very Good Good Poor 

Purity 
Poor – 

Good 
Good Medium 

Medium – 

Good 

Medium – 

Good 

Cost Low Medium Medium 
Medium – 

High 

Low – 

Medium 

Synthesis time 
Short – 

Long 
Medium Medium Very long Short 

Limitation 
Extensive 

grinding 

Soluble 

precursor 

carbon  

contamination 

Soluble 

precursor 

Soluble 

precursor 

Special 

equipment 

Soluble 

precursor, 

Carbon 

contamination 
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Figure 3.2. Schematic diagram of the experimental setup of the co-precipitation method. 



 75 

Spinel is manufactured through three steps: a precursor preparation step by co-

precipitation, washing and drying steps, and a calcination step. Aluminum nitrate 

nonahydrate (Al(NO3)3∙9H2O, > 98% purity, Sigma-Aldrich), magnesium nitrate 

hexahydrate (Mg(NO3)2∙6H2O > 98% purity, Sigma-Aldrich), ammonium bicarbonate 

(NH4HCO3, > 99.5%, Sigma-Aldrich), and ammonia water (NH4OH, 28% - 30 %, 

Sigma-Aldrich, analytical grade) were used as starting materials. The reverse co-

precipitation method was used, and the detailed schematic is shown in the Figure 3.2. 

The initial step of the synthesis is to dissolve a 15 mmol of Mg(NO3)2∙6H2O and 30 

mmol of Al(NO3)3∙9H2O in 200 ml of deionized water. Also, 45 mmol of Al(NO3)3∙9H2O 

for preparing alumina or 45 mmol of Mg(NO3)2∙6H2O for preparing magnesia may be 

used alone. Next, another solution is prepared by dissolving 15.8 g or 23.7 g of 

NH4HCO3 and 0.2 – 0.4 M of ammonium solution with 400 ml of deionized water in 

jacketed beaker. To mix the two solutions together, the metal nitrate solution is added 

drop by drop into the jacketed beaker, where the temperature is maintained at 50 ℃ with 

water bath. The temperature is controlled to prevent precipitation of the gel-like metal 

hydroxide, and ammonium bicarbonate is added to precipitate the carbonate-containing 

phases, such as AACH (NH4Al(OH)2CO3·H2O) and HT (Mg6Al2CO3(OH)16·4(H2O)). 

When metal nitrate is added to a basic solution, a precipitate forms and the solution 

becomes opaque. The pH of the solution in the jacketed beaker just before the mixing 

shows a value of 9 – 10, and the pH is maintained after being slightly lowered by the 

mixing of metal nitrate solution and then maintained above 9. The solution in the beaker 

is sealed with a wrap and aged with stirring for 24 hours. Then, the precipitated solution 

was filtered, washed 5 times with ethanol and acetone, and then washed with 200 ml of 
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distilled water. The wet precipitates were dried using freeze dryer for 24 hours, which 

prevents agglomeration during dewatering process. After drying, the soft agglomerated 

powder was crushed with a mortar and pestle to obtain a fine powder. The as-synthezied 

powders were then calcined at 900, 1000, 1100 and 1150 ℃ for 2 hours to transform it 

into oxide. 
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3.2.2. Spark plasma sintering 

The powder was sintered using a spark-plasma-sintering (SPS) machine (SPS-1050, 

Fuji Electronic Industrial Co., Ltd., Saitama) under a vacuum of 15 Pa or less. The 

powder was placed in a cylindrical graphite die with an inner diameter of 10 mm or 20 

mm as shown in Figure 3.2. Carbon paper is used for the graphite die/punch and powder 

contacts, which facilitates the flow of current without resistance. In addition, the graphite 

die was covered with an insulating graphite wool felt to improve thermal insulation on 

the die surface and reduce temperature variations on the specimen. For SPS, a uniaxial 

pressure of 80 MPa was applied, 6.5 kN for 10 mm diameter specimens and 25.1 kN for 

20 mm diameter specimens. The heating rate was set at a rapid heating rate of 50 °C/min 

up to 900 °C, where the powder is not densified, and the heating rate was set at 

10 °C/min from 900 °C to the final sintering temperature (Figure 3.3(a)). The final 

sintering temperature was 1250 °C for the synthesized spinel nanopowder, 1230 °C for 

ZnAl2O4, and 1330 °C for the sub-micron spinel powder, and the holding time was the 

same for 20 minutes. A fast heating rate at the densification temperature of spinel 

increases carbon contamination, thus a heating rate of 10 °C/min, which has no 

significant effect on the heating rate, was employed. The SPS temperature was measured 

with a pyrometer of the surface temperature of the carbon die. During the sintering 

process, monitoring values such as vacuum level, load, current, voltage, punch 

displacement, and temperature were measured in real time. This information was utilized 

for thermodynamic calculations, and the displacement of the punch was used to evaluate 

the densification of the specimen. Figure 3.4(a) shows the temperature and displacement 

values of the punch, and Figure 3.4(b) is a graph represented to the change in 
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displacement, i.e. the densification rate, versus temperature using the two monitoring 

values. A positive value indicates expansion, a negative number indicates contraction, 

and when this value reaches 0 near the final temperature, it indicates that densification is 

complete. 
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Figure 3.3. Schematic diagram of the experimental setup of the SPS [5]. 
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Figure 3.4. (a) Representative sintering schedule and displacement monitoring signal, (b) 

densification rate versus temperature graph. 
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Chapter 4. Morphology controlled co-precipitation 

method for nano structured transparent MgAl2O4 

 

4.1. Research highlight 
 

MgAl2O4 spinel nanopowders with various morphologies were synthesized with 

ammonium aluminum carbonate hydroxide by carbonate precipitation. The powders with 

rod, corn, and spherical morphologies were synthesized, varying the concentration of 

ammonium ions by growth and aggregation of nano precipitates. The powders with 

spherical morphology formed a spinel phase at a lower calcination temperature than 

those with other shapes. In addition, the morphology provided superb sinterability due to 

improved particle packing. Although the synthetic conditions resulted in a composition 

slightly off the stoichiometric composition with Mg loss, this provided a proper condition 

for inhibiting grain growth. Finally, Mg-spinel, which was obtained from spherical 

particles and fabricated by spark plasma sintering, showed improved transparency with 

an average grain size of ~200 nm (RIT and TFT are 55.92% and 63.75% at 550 nm, 

75.35% and 78.91% at 1500 nm, respectively) than those from other shaped particles. 

Part of the content of this chapter was already published: 

Sangwoo Nam, Munkeun Lee, Byungnam Kim, Younghwan Lee, Shinhoo Kang*, 

Morphology controlled Co-precipitation method for nano structured transparent 

MgAl2O4, Ceramics International 43(17), 15352-15359 (2017). 

Author Contributions: Conceptualization, S.N. and S.K.; Investigation, S.N. and M.L.; 

methodology, S.N. and Y.L.; supervision, B.K. and S.K.; original draft preparation, S.N.; 

review and editing, S.K.  
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4.2. Introduction 
 

MgAl2O4 ceramics show low dielectric constant, high melting point, and chemical 

resistance, as well as outstanding mechanical strength and optical properties. These 

ceramics are often used in applications such as refractories, fusion reactor components, 

electronic ceramics, and transparent ceramics [1]. In particular, transparent ceramics are 

used for transparent armor, infrared (IR) windows for missiles, high temperature 

windows and lenses, night vision equipment, watches, and laser ignitors [1, 2].  

Typical transparent ceramics are from single-crystal sapphire (Al2O3) and 

polycrystalline ceramics such as yttrium oxide (Y2O3), aluminum oxynitride (ALON), 

and magnesium aluminate (MgAl2O4). Al2O3, which has a rhombohedral structure, shows 

birefringence due to different refractive indices in direction [2]. Thus, a single crystal is 

preferred to obtain high transmittance. Y2O3 provides good transmittance in a broad IR 

wavelength range, which is suitable for IR windows. However, its low mechanical 

properties for armor are a drawback. The mechanical properties of ALON are excellent, 

while it requires a high sintering temperature and is thus expensive. In contrast, MgAl2O4 

has the advantage of a lower sintering temperature than ALON and shows outstanding 

mechanical properties, which could be improved further by reducing the grain size [3]. 

Thus, nanopowders are desirable for obtaining nanograins. 

Many wet-chemical methods for nano MgAl2O4 have been developed, such as 

combustion [4, 5], co-precipitation [6-8], hydrothermal [9], sol-gel [10], and Pechini [11] 

methods, to achieve high purity, low synthesis temperature, and homogeneous particles. 

Among them, the co-precipitation method is known to narrow the particle size 

distribution and to control powder morphology [12], and also it is cost-effective for mass 
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production [13]. 

Li et al. [7] have reported MgAl2O4 nanopowders synthesized by carbonate co-

precipitation from a mixture of hydrotalcite (HT; Mg6Al2CO3(OH)16·4(H2O)) and 

ammonium aluminum carbonate hydroxide (AACH; NH4Al(OH)2CO3·H2O). However, 

the raw materials like hydroxide precursors, which do not contain carbonate anions 

(CO3
2-), tend to form a gel or hard agglomeration, resulting in low sinterability [14]. In 

contrast, MgAl2O4 nanopowders synthesized from HT and AACH with carbonate ions 

form soft aggregated particles, which increases the dispersion and sinterability of 

powders [7]. 

Despite the advantages of carbonate ions in the method, the synthesis of MgAl2O4 

showed a rod shape which leads to poor sinterability. In general, spherical particles are 

well known for achieving good densification at low temperatures [2]. A few methods 

were reported to obtain a sphere-like morphology: crushing rod-shaped particles under 

high calcination temperatures [7] or using as-precipitated particles under a solution 

process. But as-precipitated particles tend to grow into a homogeneous rod shape during 

the aging process [13]. These are incomplete or limited methods in providing a desirable 

spherical morphology for sintering. 

In this study, we report MgAl2O4 precursor powders with various morphologies such 

as spherical, corn, and rod shapes obtained during precipitation process by using AACH 

aggregates. Especially, powders in a spherical shape were pursued to show high green 

density and sinterability after calcination. Further, we discussed the mechanism of the 

morphology change during the powder synthesis and the resulting properties of our 

sintered specimens. Also, the transparency of the samples sintered by spark plasma 
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sintering (SPS) was also evaluated. 
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4.3. Experimental 
 

I modified the carbonate-precipitation method reported by Li et al. [7, 15] to obtain 

various morphologies by adjusting pH with ammonium hydroxide (NH4OH) and 

ammonium bicarbonate (NH4HCO3). Figure 4.1 is a schematic diagram to explain the 

experimental procedure. Aluminum nitrate nonahydrate (Al(NO3)3·9H2O, Sigma-Aldrich, 

> 98% purity), magnesium nitrate hexahydrate (Mg(NO3)2·6H2O, Sigma-Aldrich, > 98% 

purity) were used as raw materials without additional purification. Then, a metal nitrate 

solution, which contains 30 mmol of Al3+ and 15 mmol of Mg2+, respectively, was 

prepared by dissolving the raw nitrates to deionized water (200 ml). Next, 0.25~0.4 M 

NH4OH solutions of 400 ml were prepared as a precipitation agent with NH4OH (Sigma-

Aldrich, analytical grade) and deionized water. After this, we dissolved a proper amount 

(23.7g) of NH4HCO3 (Sigma-Aldrich, > 99.5% purity) in the NH4OH solutions of 400 

mL to suppress the formation of AlOOH. Then, the metal nitrate solution was added drop 

by drop at the rate of 0.2 ml/s~0.25 ml/s to the mixed solution of NH4HCO3 and NH4OH 

(reverse strike method) to minimize the variation in pH.  

The solution was maintained at 50°C for 20 h with a water bath circulator. The 

precipitates were filtered using vacuum filtration with distilled water and ethanol, which 

were followed by freeze-drying for 20 h. The powders were calcined at 1100 °C for 2 h 

at a heating rate of 10 °C/min. In order to understand the morphology changes of co-

precipitated powders, the AACH (NH4Al(OH)2CO3·H2O) and HT 

(Mg6Al2CO3(OH)16·4(H2O)) phases were also synthesized separately from the metal 

nitrate solutions of 45 mmol of Al3+and 11.25/33.75 mmol of Al3+/Mg2+, respectively, 
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using the same method as described above.  

To evaluate sinterability, the powders were pressed into a compact (10mm in dia. x 

4mm in thickness) by cold isostatic pressing (CIP-L1.5-100-200, SUFLUX) at 200 MPa 

and sintered at 1550 °C for 2 h in the air at a heating rate of 10 °C/min. The Mg/Al molar 

ratio and Mg loss were measured by inductively coupled plasma-atomic emission 

spectrometry (ICP-AES; Optima-4300 DV, PerkinElmer). The BET analysis (Belsorp 

mini instrument, BEL) was performed using nitrogen adsorption isotherms for the 

measurement of surface area. The mean particle size, d, was estimated using the 

following equation,[16] 

 

 d (nm) = 6000/(BET surface area in m2/g)∙(density in g/cm3) (1) 

   

whereas the aggregated particle sizes were determined using FE-SEM images. Phases 

were identified by XRD (D8-Advance, Bruker) with Cu-Kα radiation. The zeta potential 

(ζ) was measured with a zeta potential analyzer (Nano-ZS, Malvern). Thermal analysis 

(TG/DSC, Labsys EVO, SETARAM Instrumentation, France) of the as-precipitated 

powder were carried out in air with a heating rate of 5°C/min. 

 

The relative density was calculated by dividing bulk density measured by Archimedes’ 

principle with theoretical density, which was calculated based on the crystal structure of 

the spinel unit cell. The powder morphology and microstructures of the specimens were 

examined by field-emission scanning electron microscopy (FE-SEM; Merlin Compact, 

Zeiss) in conjunction with an in-lens detector. The transmittance was converted for 
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comparison with 1-mm-thick samples using the equation [17].  

 

 T2 = (1 – R)[T1/(1 – R)]d
2
/d

1 (2) 

 

Transparent specimens (10mm in dia. x 2mm in thickness) were fabricated using SPS 

(SPS-1050, Sumitomo) at 1250 °C and 80 MPa at a heating rate of 10 °C/min. The total 

forward transmittance (TFT) and real in-line transmittance (RIT) were measured with a 

spectrophotometer (SolidSpec-3700DUV, Shimadzu).  
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Figure 4.1. A flow chart for the synthesis of spinel precursors and bulk. 
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4.4. Results and Discussion 
 

4.4.1 Powder synthesis and Characterization 

Table 4.1 shows the concentration of NH4OH solution and Mg to Al ratio for the 

synthesis of various morphologies of AACH and MgAl2O4. AACH contains only Al3+ as 

the metal ion, whereas spinel contains Mg2+ and Al3+ ions. The AACH phase samples are 

denoted as Short-AACH and Long-AACH to differentiate the particle shape (Table 4.1). 

The other spinel precursor samples are named Spherical-Spinel, Corn-Spinel, and Rod-

Spinel. The aspect ratio or overall shape of particles was related to the NH4OH 

concentration in the solution. Morphology of MgAl2O4 are shown to resemble much of 

those of AACH 

FE-SEM images of as-precipitated AACHs are shown in Figure 4.2. Short-AACH is 

like a bundle of short wires and was obtained from 0.25 M NH4OH, whereas Long-

AACH resembles a bundle of long wires which was obtained from 0.4 M NH4OH 

concentrations. The edges of Short-AACH were ~120 nm long, whereas those of Long-

AACH were ~250 nm long. Generally, the AACH phase of an orthorhombic structure 

grows in a favorable direction, namely one-dimensional (1-D) growth, which is 

explained by the crystal properties and preferential growth [18]. Zhu et al. [19] 

synthesized AACH using polyethylene glycol as a surfactant and showed that it grew 

along the c-axis. It was also reported that the cations in the system could be easily 

adsorbed at the O2–-terminated surface by electrostatic force, forming hydrogen bonds 

with surface oxygen atoms. This hinders the growth normal to the surface, and AACH 

grows in the form of 1-D rods along the c-axis [18]. 

In this study, we have obtained different sizes of AACH as a bundle of rods, as 
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shown by varying the concentration of NH4OH. Followings are the chemical reactions 

for the precipitation of AACH [18]. 

 

 NH4HCO3 ⇔ NH4
+ + HCO3

-  (3) 

 NH4OH ⇔ NH4
+ + OH-   (4) 

 Al3+
 + 3OH- ⇔ AlO(OH)2

- + H+  (5) 

 NH4
+ + AlO(OH)2

- + HCO3
- ⇔ NH4Al(OH)2CO3 + OH-   (6) 

 

Higher concentrations of NH4OH increase the concentrations of OH– and NH4
+ according 

to Equation (4), which helps to form more AACH according to Equations (5) and (6). In 

Equation (6), NH4
+, AlO(OH)2

–, and HCO3
– react together and form AACH rods.  
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Table 4.1. Characteristics of the samples.  

 

Sample 
NH4OH solution 

(M) 
Mg/Al ratio 

Short-AACH 0.25 - 

Long-AACH 0.4 - 

Spherical-Spinel 0.25 0.42 

Corn-Spinel 0.3 0.47 

Rod-Spinel 0.4 0.49 

 

 

 

 

Figure 4.2. FE-SEM images of AACH powders with different NH4OH concentrations: (a) 

Short-AACH and (b) Long-AACH. 
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Gehrke et al. [20] reported NH4
+ sticks on negatively charged surfaces. Stoica et al. 

[21] examined the formation of AACH with various compounds, such as (NH4)2CO3, 

K2CO3, and Na2CO3, of which only (NH4)2CO3 formed AACH. Therefore, NH4
+ is 

responsible for the formation of the AACH phase, and further, it coats the negatively 

charged surfaces of AACH afterward. An excess amount of NH4
+ after forming the 

AACH phase would attach to an oxygen-terminated surface, suppressing perpendicular 

growth to the surface. The synthesis of Long-AACH involves a large amount of NH4
+, 

resulting in 1-D growth as in Figure 4.2(b). 

However, for a low concentration of NH4
+, the small surplus of NH4

+ makes AACH 

nanoparticles aggregate via van der Waals forces to lower the total surface energy. Short-

AACH was obtained by prohibiting 1-D growth (Figure 4.2(a)). Hence, the final 

morphology of AACH was determined by the growth and aggregation of particles based 

on the concentration of NH4
+. Thus, NH4

+ is a crucial ion in AACH synthesis and its 

shape. This precipitation method, using NH4
+ without extra surfactant or template, could 

be used to control the morphology of Al-containing precipitates such as those of 

MgAl2O4 by the co-precipitation method. 

Thus, in our study, the mixture precursors consisting of AACH and HT at 10:1 ratio 

were prepared from the solutions of different ammonia concentrations, and those were 

calcined to form MgAl2O4. The pH values of the solutions were monitored during 

precipitation as shown in Figure 4.3. Initial pH values were 9.35, 9.50, and 9.80 for the 

solutions with 0.25, 0.3, and 0.4 M NH4OH, respectively, at 50 °C. Since no additional 

ammonia was added to the solutions in our study, the values decreased to 9.05, 9.23, and 

9.48, respectively, after 900s (transition stage). But the decreases in pH were limited to 
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0.03 after 20 h (aging stage). The decrease in the pH values is largely due to the 

formation of precipitates, diluting NH4
+ concentrations. This contrasts with the approach 

taken by Wajler et al. [13]. They maintained initial pH (9.8) throughout the co-

precipitation process by adding NH4OH to the same system as ours and reported 

continuous co-precipitation with morphology change from spherical to rod shape 

throughout the process. However, in our system, the morphology of the powder was 

determined during the initial and transition stages. No further precipitation and 

morphology changes were noted during the aging stage except particle coarsening. 
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Figure 4.3. pH variation of (NH4OH + NH4HCO3) solutions at 50 °C during co-

precipitation of AACH and HT. 
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Figure 4.4. XRD patterns of as-precipitated samples: (a) HT, (b) Short-AACH and (c) 

Spherical-Spinel precursor, and the patterns of precursors calcined at different 

temperatures: (d) Rod-Spinel-500, (e) Spherical-Spinel-500, (f) Rod-Spinel-700, (g) 

Spherical-Spinel-700, (h) Rod-Spinel-1100, (i) Corn-Spinel-1100, and (j) Spherical-

Spinel-1100. H: hydrotalcite (HT), D: NH4-dawsonite (AACH), P: periclase (MgO), S: 

spinel (MgAl2O4). 
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Figure 4.4 shows the XRD results of various powders prepared as a function of 

ammonia concentration and calcination temperature according to Table 1. Figure 4.4(a)–

(c) shows the XRD patterns of as-precipitated HT, Short-AACH, and Spherical-Spinel 

precursor powders, respectively. Figure 4.4(c) reveals that HT (JCPDS 89-0460) and 

AACH (JCPDS 76-1923) are the major phases formed in-situ during the precipitation 

stage due to the presence of the Mg source. Figure 4.4(d)–(g) and (h)-(j) shows the 

patterns of precursor powders and fully crystallized powder, respectively, obtained at 

calcination temperatures of 500, 700, and 1100 °C. The calcination temperature is shown 

at the end of its designation. The XRD profiles of Rod-Spinel-500 and Spherical-Spinel-

500 obtained at 500 °C did not show a notable difference in crystallinity (Figure 4.4(d) 

and (e)). In contrast, the profile of Spherical-Spinel-700 showed the crystallization of the 

spinel phase, whereas Rod-Spinel-700 still did not (Figure 4.4(f) and (g)). According to 

previous reports, the spinel phase was generally observed at 800 °C, which is consistent 

with Rod-Spinel. [7, 15] However, Spherical-Spinel started forming MgAl2O4 phase 

(Spinel, JCPDS 21-1152) at 700 °C due to the spherical morphology, which enhances the 

in-situ mixing of AACH and HT. As the calcination temperature increases, it appears that 

the mixture of HT and AACH was first converted to a mixture of MgO (Periclase, 

JCPDS 45-0946) and amorphous Al2O3, which eventually becomes MgAl2O4 as shown in 

XRD data (Figure 4.4(d)-(g)). 
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Figure 4.5. TGA/DSC plot of the as-precipitated powders.  
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The sharp endothermic peak located between 150 – 250 °C in Figure 4.5 is a 

reaction in which AACH and HT are decomposed to release H2O, NH3, and CO2, which 

is accompanied by severe weight loss in TGA Data. In addition, a broad endothermic 

peak is formed in the region of 300 to 400 °C with a slight weight loss. This is due to the 

dehydroxylation reaction of the residual hydroxides mixed with the oxide [7]. The total 

weight loss to form spinel is 61 – 62 %, which is close to the theoretical value for the 

formation of MgAl2O4 from AACH and HT. In AACH, the total mass loss is 64.5 %, 

which is similar to the theoretical value of forming alumina from AACH. Another 

distinctive feature is the endothermic peak located at 800 – 900 °C in the DSC data, 

which is not accompanied by weight loss. The exothermic peak in the sample for the 

spinel is located at 838 °C. This peak is related to the spinel formation from MgO and 

Al2O3, and the exothermic peak at 871 °C in the AACH curve corresponds to the phase 

transformation of alumina. The AACH phase changes to amorphous Al2O3, γ-Al2O3, θ-

Al2O3, and finally to α-Al2O3 as the calcination temperature increases [22]. 



 100 

 

 

 

 
 

Figure 4.6. Zeta-potentials of AACH and HT obtained with as-precipitated powder. 
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The zeta potentials of AACH (Short-AACH) and HT were determined as a function 

of solution pH (Figure 4.6). The as-precipitated powders (0.5 wt %) synthesized with 

0.25 M NH4OH were suspended, and the pH was controlled with NaOH, HCl, and 

deionized water. Particles with a high zeta potential show a strong repulsion, whereas 

those with a zeta potential near the isoelectric point (IEP) tend to flocculate [23]. In 

multiple reactions, the preferred reaction can be regulated by controlling the zeta 

potential [24]. The zeta potentials of AACH and HT decreased with increasing pH, 

although the values for AACH decreased rapidly above pH 6. However, the zeta potential 

of HT had an IEP value near pH 11, which is consistent with previous reports [25,26]. 

HT has layered double-hydroxides used for adsorption and catalytic materials. The main 

phase of AACH has a large negative zeta value of over -40 mV (pH ≥ 9). We focused on 

the charge difference between HT and AACH because the opposite charges led to the 

materials attracting each other, as shown in Figure 4.6 (9 ≤ pH ≤ 10.5). In particular, the 

conditions for synthesizing Spherical-Spinel maximized the charge difference between 

HT and AACH with a high affinity near pH 9.5. As the pH increased above 9.5 for the 

conditions for Rod-Spinel, the attraction between the two materials was lower. Above pH 

11, the two materials showed high negative charges and repelled each other. 

In order to form AACH (NH4Al(OH)2CO3), NH4
+ and OH- are supplied from 

ammonium hydroxide, and NH4
+ and CO3

2- are supplied from ammonium bicarbonate. 

Figure 4.7 shows the effect of different amounts of NH4HCO3 and NH4OH on particle 

morphology. When CO3
2- ions are insufficient, a gel-like AlOOH phase can be formed 

instead of AACH. Therefore, through the supply of CO3
2- ions, the formation of hard 

aggregates can be suppressed, and a uniform morphology can be synthesized. In addition, 
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NH4
+ is induced to the AACH surface to act as a surfactant and disperse particles. A large 

amount of ammonium hydroxide promotes the one-dimensional growth of the AACH 

phase. Therefore, in order to synthesize a spherical morphology that improves to sinter, 

as shown in Figure 4.7(d), nanorods inhibit 1-D growth and require aggregation, which is 

possible by controlling the balance of the ions in the solution. 
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Figure 4.7. Morphologies of various powders according to the amount of NH4HCO3 and 

NH4OH added. 
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Figure 4.8. FE-SEM images of as-precipitated precursors and spinel calcined at 1100 °C: 

(a) Spherical-Spinel, (b) Spherical-Spinel-1100, (c) Corn-Spinel, (d) Corn-Spinel-1100, 

(e) Rod-Spinel, and (f) Rod-Spinel-1100. 
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Figure 4.8 shows the FE-SEM images of as-precipitated samples (left column) and 

spinel calcined at 1100 °C (right column). The morphologies of the spherical, corn-

shaped, and rod-shaped powders that contain both AACH and HT (Figure 4.8(a), (c), and 

(e)) are more distinctive each other than those from AACH alone (Figure 4.2(a) and (b)). 

This implies that the HT phase interacts with the AACH, making the morphology much 

round compared to AACH alone. Also, the morphologies of AACH/HT mixtures (Spinel 

system) were found to be more sensitive to the NH4OH concentration than those obtained 

from the AACH system. This is because the Spinel system containing 30 mmol Al3+ 

consumes a relatively small amount of NH4
+ compared to the AACH system containing 

45 mmol Al3+, so this system has a large presence of surplus NH4
+. The surplus NH4

+ 

surrounds negatively charged surfaces and promotes the 1-D growth of particles. When 

the equivalent amount of NH4
+ was added, the change of surplus NH4

+ affected the 

Spinel system more than the AACH system. 

The change in morphology in the spinel system can be explained by the growth and 

aggregation of nanoparticles similar to the AACH system. For Spherical-Spinel, van der 

Waals forces were dominant in forming aggregates (Figure 4.8(a)). However, the 

formation of Rod-Spinel was controlled by 1-D particle growth as a result of the strong 

electrostatic force induced by NH4
+ (Figure 4.8(e)). For Corn-Spinel, particle aggregation 

and 1-D growth both contribute simultaneously (Figure 4.8(c)). The length of aggregates 

was about 141 nm ± 30.8, 299 nm ± 36.8, and 477 nm ± 46.0 for Spherical-Spinel-1100, 

Corn-Spinel-1100, and Rod-Spinel-1100, respectively. Especially, the width of 

aggregates varied from 122 nm ± 16.4 in Corn-Spinel-1100 to 28.8 nm ± 4.9 in Rod-

Spinel-1100. All lengths and widths were determined by FE-SEM. In carbonate 
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precipitation of MgAl2O4, the morphology of particles is primarily controlled by only 1-

D growth [7, 13]. However, when we varied the NH4
+ concentration, the final 

morphology was determined by the 3-D growth of AACH aggregates, i.e., growth in 

width as well as in length. A schematic diagram related to the amount of NH4OH and the 

morphology of the particles synthesized in this study is shown in Figure 4.9. 
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Figure 4.9. Schematic diagram showing the relationship between the amount of NH4OH 

and the morphology of as-precipitated powder. 
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Figure 4.10. TEM images of spinel powders calcined at 1100 °C: (a) Spherical-Spinel-

1100, (b) Corn-Spinel-1100, (c) Rod-Spinel-1100, (d) enlarged image for crystallite size 

(inset is its SAED pattern). 
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Figure 4.8(b), (d), and (f) in FE-SEM images are shown in Figure 4.10(a), (b) and 

(c) in TEM images. As the calcination temperature increases, it appears that the mixture 

of HT and AACH was first converted to a mixture of MgO (Periclase, JCPDS 45-0946) 

and amorphous Al2O3, which eventually becomes MgAl2O4 as shown in XRD data 

(Figure 4.4(d)-(g)). During calcination, the morphology was maintained even if the 

particle surface was roughened by the growth of individual particles. The surface area of 

powders was decreased by increasing calcination temperature. The area of calcined 

powder at 1100 °C was measured as 61.0, 62.7, and 67.6 m2/g for Rod-Spinel-1100, 

Corn-Spinel-1100, and Spherical-Spinel-1100, respectively. The mean crystallite sizes 

calculated from a surface area are similar to each other, i.e., 27.5, 26.7, and 24.8 nm for 

Rod-Spinel-1100, Corn-Spinel-1100 and Spherical-Spinel-1100, respectively. This size is 

consistent with the range of crystallite size calculated by the Scherrer’s equation and with 

the size confirmed in the TEM image in Figure 4.10(d). In addition, the inset image 

shows that the SAED pattern in this region is a spinel structure.  
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4.4.2. Sintering and Performance 

4.4.2.1. Pressureless sintering 

The Spherical-Spinel-1100, Corn-Spinel-1100, and Rod-Spinel-1100 powders were 

pressed at 200 MPa by CIP. Figure 4.11 shows FE-SEM images of powder compacts 

obtained by CIP. The Spherical-Spinel-1100 showed the highest packing density (Figure 

4.11(a)) with the green density of 50.7%, whereas Corn-Spinel-1100 and Rod-Spinel-

1100 were 40.6% and 45.3%, respectively. The rod-shaped particles are reported to 

collapse into rounded particles [7]. Rod-Spinel-1100 can be easily deformed compared to 

the Corn-Spinel-1100 under the CIP pressure, which exhibited the lowest green density 

(Figure 4.11(b)). White arrows indicate that large voids are present in the compacts, and 

they are mainly found in the compacts obtained from Corn-Spinel-1100 powder. In the 

system of this study, the morphology and size of the aggregates influence more 

densification than crystallite size.  
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Figure 4.11. FE-SEM images of powder compacts obtained, after CIP, from: (a) 

Spherical-Spinel-1100, (b) Corn-Spinel-1100, and (c) Rod-Spinel-1100. 
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Figure 4.12. Change in relative density and grain size of air-sintered spinel specimen 

along with powder morphology (inserts) as a function of NH4OH concentration. 
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Figure 4.12 shows the results of sintered spinel powders at 1550 °C for 2 h in air. 

The inserts in the figure represent the morphologies of the particles with respect to the 

synthetic conditions, i.e., NH4OH concentration. Specimens made from the Spherical-

Spinel-1100 and Rod-Spinel-1100 powders exhibited relative densities of 97.3% and 

97.4%, respectively, which were higher than the density of Corn-Spinel-1100 of 96.4%. 

When the concentration of NH4OH was less than 0.2 M during the powder synthesis, the 

microstructure was inhomogeneous, resulting in a low relative density. The grain size 

increased from 0.84 to 3.60 m when the concentration of NH4OH increases over 0.25 M. 

Figure 4.13(a)-(c) shows FE-SEM images of the thermally etched surfaces of the air-

sintered samples fabricated with Spherical-Spinel-1100, Corn-Spinel-1100, and Rod-

Spinel-1100, respectively. The sample from Corn-Spinel-1100 contains more pores 

indicating black arrows, as expected, in the microstructure than the other two samples, 

while there is no obvious difference in the grain shape except the size. 

The main cause of this result might be related to the stoichiometry of the 

composition. The Al-rich compositions in MgAl2O4 are known to have a 102 – 103 times 

lower grain boundary mobility than the Mg-rich compositions and often result in low 

densities [27]. The lower concentration of NH4OH increases Mg solubility in the solution, 

decreasing the molar ratio of Mg/Al in the precipitates. In line with these findings, the 

molar ratios of Mg/Al were 0.42, 0.47, and 0.49 for Spherical-Spinel, Corn-Spinel, and 

Rod-Spinel, respectively (Table 4.1). The synthetic condition for Spherical-Spinel 

provides a composition slightly off the stoichiometric composition with Mg loss owing to 

low grain mobility, which is undesirable in achieving high densities. However, the 

spherical morphology compensates for the compositional disadvantage, resulting in a 
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high green density and subsequently high density of 97.3% with fine grain size (0.84 m). 

Also, it is reported that the spinel structure is maintained in spite of its highly defected 

cubic structure of an Al-rich composition [2]. It would be more advantageous in the 

densification of spherical MgAl2O4 to have stoichiometric or Mg-rich composition. 
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Figure 4.13. FE-SEM images of thermally etched surfaces of air-sintered samples using 

the powders of (a) Spherical-Spinel-1100, (b) Corn-Spinel-1100, and (c) Rod-Spinel-

1100. 
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Figure 4.14. Schematic showing the energy change during the transformation from 

powder to ceramic: (a) spherical powder, (b) rod-shaped powder. 
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We suggest an ideal model in order to fabricate mechanically enhanced and optically 

transparent MgAl2O4, which has a small grain size and full density at low sintering 

temperatures. In the wet-chemical step, controlling the barrier of particle aggregation and 

growth of rod nanocrystals means that various morphology can be synthesized. As shown 

in Figure 4.14(a), spherical particles are formed dominantly when the aggregation barrier 

is lower than the growth barrier. On the contrary, when the growth barrier is lower than 

the aggregation barrier, the rod-like particle is developed (Figure 4.14(b)). Also, spherical 

powder is preferred to have a low densification barrier with high green density under 

mechanical energy. Rod-shaped particles showed lower green density than spherical 

powder. The rod-shaped particles need to collapse or rearrange for high density. In the 

thermal sintering step, it is necessary to suppress grain growth which aggravates 

mechanical properties, by increasing the energy barrier for grain growth. Therefore, the 

proposed model can control the stoichiometry composition and powder morphology to 

achieve a fully densified sample with little grain growth. 
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4.4.2.2. Spark plasma sintering 

4.4.2.2.1. Influence of calcination temperature 

The Spinel-Spherical powder was calcined at various temperatures in the range of 

900 – 1150 °C and sintered according to the same schedule as in Figure 4.15(a). When 

SPS was used for a highly densified sample, the optimum condition was 80 MPa at 

1250 °C for 20 min with a heating rate of 10 °C/min between 900 and 1250 °C. Because 

the powder experienced in the calcination process up to 900 °C, 50 °C/min of heating 

rate was employed up to the temperature. To achieve high transparency, a relatively low 

heating rate is preferred. The heating rate of 10 °C/min is considered to be the most 

effective because grain growth could be promoted if the heating rate is too low [28]. The 

powder calcined at 900 – 1100 °C has almost 0 mm/min of densification rate when the 

temperature reaches 1250°C. However, in the powder calcined at 1150 °C, The 

densification rate at 1250 °C is a vertical line. The powder calcined at 1150 continues to 

densify even after the heating is over and during the holding time. The calcination 

temperature of 1150 °C or more is limited because it decreases sinterability. Another 

point of interest is the amount of densification that occurs around 900 °C. Samples 

calcined at 900 and 1000 °C show most of the shrinkage in the high temperature region 

after 900 °C, whereas the samples calcined at 1100 °C have relatively large shrinkage 

near 900 °C. In the SPS process, open pores at high temperatures can become sites for 

carbon to penetrate, so it is advantageous to obtain high density at low temperatures to 

prevent carbon contamination. 
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Figure 4.15. Effect of calcination temperature on densification behavior: (a) sintering 

schedule, (b) densification rate. 
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Figure 4.16. (a) Photo image of samples fabricated with SPS using various calcination 

temperature of Spherical-Spinel and (b) their real in-line transmittance. 
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Fig. 4.16 shows the effect of the calcination temperature of Spherical-Spinel powder 

on the transmittance. The lower the calcination temperature at 900 – 1100 °C, the darker 

the color of the samples, which is caused by absorption centers such as carbon and 

oxygen defects. The low calcination temperature may, firstly, cause residues to remain 

inside, and secondly, a lot of densification is required at the high temperature region 

where carbon penetrates. The calcination temperature of 1100 °C shows the highest real 

in-line transmittance. On the other hand, samples calcined at 1150°C have the lowest 

transmittance. The text on the backside of the sample is not visible because the sintering 

conditions were insufficient to complete the densification. Therefore, 1100 °C of 

calcination temperature is suitable to limit carbon contamination and complete 

densification at a low temperature. 

 

4.4.2.2.2. Influence of powder morphology 

The powders calcined at 1100 °C were sintered using the same SPS schedule (Figure 

4.15(a)). Figure 4.17 shows the change in densification rate with increasing sintering 

temperature to evaluate the effect of powders of various morphology. The spherical 

powder was fully densified at the same time as the temperature increase was completed. 

Samples fabricated using other shaped powders continue to be densified during holding 

time at 1250 °C. Therefore, the spherical powder has superior sinterability compared to 

other shaped powders. The densification rate near 900 °C is higher in spherical and rod 

morphology than corn morphology. This is because the rod-shaped particles can be more 

easily collapsed than the corn-shaped particles by pressure. On the other hand, at high 

temperatures, the spherical morphology exhibits a significantly higher densification rate 
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than the other two morphologies, probably due to the homogeneity. Since particles 

randomly collapsing and rearranging by pressure do not densify uniformly, more energy 

is required for densification.  
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Figure 4.17. Effect of powder morphology on densification behavior. 
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Figure 4.18. Photo images of samples fabricated with SPS using various shaped powders 

such as (a) Spherical-Spinel-1100, (b) Corn-Spinel-1100, and (c) Rod-Spinel-1100, and 

(d) their transmittance. 
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Figure 4.18 shows the transmittance of samples sintered with SPS with powders of 

various morphologies. The sample fabricated with corn-shaped powder were the darkest 

and had the lowest transmittance. The rod-shaped powder is higher transmittance than 

the corn-shaped powder and is lower than the spherical powder. Since the sintering 

mechanism and densification rate are different depending on the powder morphology, 

there could be a difference in the number of absorption centers after sintering.  

The specimen fabricated from Spherical-Spinel-1100 powder showed a real in-line 

transmittance (RIT) of 55.92% and a total forward transmittance (TFT) of 63.75% at 550 

nm in the visible region. In the near-IR region, the transparency of the sample fabricated 

from Spherical-Spinel-1100 was saturated at RIT of 75.35% and TFT of 78.91% at 1500 

nm. Theoretical transparency of single crystal spinel is 87%, where only surface 

reflection loss exists. The difference between TFT and theoretical transparency is 

affected by absorption centers such as carbon or oxygen defects. Carbon contamination is 

formed from the use of carbon molds and sheets, inherent carbon residue in the powder, 

and a reducing atmosphere during SPS [29,30]. Thus, it is strongly related to the 

experimental environment and conditions. Even if we have achieved a high density 

through applying high pressure during SPS, fine residual pores, which are hardly 

observed from FE-SEM images, could still remain, causing the difference between TFT 

and RIT.  

It is important to have a small grain structure and high density at low sintering 

temperatures to fabricate mechanically robust and optically transparent MgAl2O4. 

Spherical shaped spinel with other morphologies was synthesized effectively by 

changing the level of particle aggregation and growth through wet-chemical precipitation. 
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If the aggregation rate is faster than the 1-D growth rate, spherical particles are formed. 

Otherwise, rod-shaped particles are formed. Our Spherical-Spinel-1100 powder has 

desired properties for excellent transparency, and it is promising to fabricate nano-

structured ceramics with powders of spherical morphology. 
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4.4.2.2.3. Comparison with commercial powder 

In order to compare the developed powder with the commercial powder, two 

commercial powders were prepared: S30CR (Baikowski), which is a nano-sized powder, 

and TSP-20 (Taimei), which is a sub-micron powder. For S30CR, the sintered sample 

was fabricated according to the same schedule as the developed powder (Figure 4.19(a)). 

TSP-20 requires a lot of energy due to the large particle size. Thus the sample was 

prepared with reference to the optimized schedule of other papers [29,31]. Interestingly, 

the developed spinel powder can be sintered at a lower temperature and in a shorter time 

than commercial powders. The powders synthesized by the carbonate precipitation 

method consist of soft agglomerates that can be easily rearranged by pressure, and are 

uniformly aggregated into a spherical shape smaller than grain size.  

A commercial nano MgAl2O4 powder (S30CR, Baikowski) was reported to provide 

transparent specimens with an average grain size of ~250 nm when sintered at 1320 °C 

with no holding time. They used a low heating rate of 1 °C/min in the temperature range 

of 1250 – 1320 °C [32]. Another commercial powder (TSP-15, Taimei) achieved 

optimized properties with a grain size of 400 nm after sintering at 1300 °C for 20 min 

[29]. The sample fabricated from Spherical-Spinel-1100 had a Vickers hardness of 16.3 

HV3 and a fracture toughness of 3.0 MPa·m1/2, which is superior to other reported spinels 

(Table 4.2) [33]. The hardness must be high to obtain a high ballistic strength because 

hardness and ballistic performance are related to the shielding effect for a compact 

window [34]. The grain size is regarded as an important index in the evaluation of 

sinterability. The apparent grain size and true grain size were measured as 160 and 196 

nm, respectively. Figure 4.21 shows the transmittance value of each sample, and the 
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synthesized powder showed relatively high transmittance. The S30CR (Baikowski) 

sample prepared according to the same schedule had slightly low transmittance due to the 

presence of scattering and absorption centers. 
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Figure 4.19. Comparison between developed powder and commercial powder: (a) 

sintering schedule, (b) densification rate. 
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Figure 4.20. Microstructure of samples fabricated with SPS using various powders: (a) 

Spherical-Spinel-1100, (b) S30CR (Baikowski), and (c) TSP-20 (Taimei). 
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Table 4.2. Grain size and mechanical properties prepared from developed Spherical-

Spinel-1100 powder and commercial powder. 

Powder 
Mean grain 
size (nm) 

HV
3
 

(GPa) 

K
IC

 

(MPa∙m0.5) 

Spherical-Spinel-1100 196 16.3  3.0  

S30CR 
(Baikowski) 

230  15.8 3.0  

TSP-20 
(Taimei) 

290  15.5  2.9  

 

 

 

Figure 4.21. Real in-line transmittance of the specimens sintered with SPS using 

Spherical-Spinel-1100, S30CR, and TSP-20. 
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4.5. Conclusions 
 

In this study, the morphology change of MgAl2O4 powders was researched using 

AACH aggregates obtained by a carbonate precipitation method. The size of aggregated 

particles was determined by two factors: width by van der Waals force and length by 1-D 

growth. The results of this work demonstrated that the morphologies of AACH and 

MgAl2O4 powders could be controlled effectively with NH4
+ concentration in the solution. 

The Spherical-Spinel powder obtained from low NH4
+ concentration enabled the spinel 

phase to form at 700 °C, which was lower than the spinel formation temperature of Rod-

Spinel powder, due to intimate contact between HT and AACH. Also, the Spherical-

Spinel powder is suitable for high densification and smaller grain size. Powder calcined 

at 1100 °C and spherical morphology improve sinterability, and rapid densification could 

reduce carbon contamination. Transparency and desirable grain structure were obtained 

from polycrystalline spinel when Spherical-Spinel-1100 powder was sintered by SPS. 
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Chapter 5. Post-Annealing effect on transparent Mg-Zn 

aluminate solid solutions fabricated by spark plasma 

sintering 

 

 

5.1. Research highlight 
 

In MgAl2O4 (Mg aluminate) fabricated by pressure sintering, carbon contamination, 

oxygen vacancy, and other defects exist and cannot be removed entirely even after post-

annealing. ZnAl2O4 (Zn aluminate) has the same crystallographic structure as Mg 

aluminate and excellent light transmission by post-annealing. In this study, the 

transmission of (Mg1-XZnX)Al2O4 spinel, which is a solid solution between Mg aluminate 

and Zn aluminate, was investigated. After post-annealing, the transmission of (Mg1-

XZnX)Al2O4 spinel was higher than Zn aluminate and Mg aluminate, which means that 

the absorption center disappeared. Besides, the real in-line transmission is improved by 

up to 30% by post-annealing, which is related to the driving force to increase the 

configurational entropy and form a more stable solid solution phase. In solid solution 

spinel, as the Zn content increases, the optical properties can be improved by post-

annealing, but the mechanical properties are slightly decreased. (Mg0.7Zn0.3)Al2O4 

specimens have higher real in-line transmission (60 % at 550 nm) after post-annealing 

than Mg aluminate and have micro-hardness and fracture toughness of 14.6 GPa and 2.7 

MPa∙m0.5, respectively. 
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5.2. Introduction 
 

Transparent polycrystalline ceramics having good mechanical properties and 

thermo-chemical resistance are spotlighted as opto-structural materials. The ceramics can 

be applied to the missile seeker, transparent dome, bullet-proof windows, and laser 

medium in the military field [1, 2]. Also, it can be extended to the private sector, such as 

cover for watches, cell phones, building exterior, and dental materials, etc. In particular, 

the cubic-structured material like MgAl2O4 (Mg aluminate) is excellent in real in-line 

transmission (RIT) in spite of a polycrystalline [3]. To achieve complete densification, 

pressure sintering methods such as hot isostatic press (HIP), hot-press (HP), and spark 

plasma sintering (SPS) were generally applied to the production of the transparent 

polycrystalline ceramics [4]. Among them, SPS is advantageous for preparing a dense 

specimen with a relatively short process time and low temperature, which could 

manufacture enhanced mechanical properties with a small grain size [5]. 

In the SPS, carbon sheet and mold required for the process lead to contamination. In 

addition, intrinsic impurity of the powder itself, residual organics remaining in the 

synthesis process, and Mg/MgO volatilization in the reducing atmosphere, are also the 

causes of lowering transmission [6, 7]. All factors act as the center of light scattering and 

absorption. Alternatively, additives such as LiF, CaCO3, AgCl3, and MgF2 [8-10], which 

have a low melting point, are used to accelerate densification. However, the grain size 

increases easily by the liquid phase, and the residues of additives also degrade light 

transmission. 
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There were a variety of reports on designing novel processes and materials to 

increase light transmission. For example, using a metal sheet which is stable at a high 

temperature, such as Ta [11] and Mo [12], can block carbon penetration. Removing 

interior impurity through the pre-heating of the powder also helps to increase 

transmission [13]. The effect of sintering parameters such as sintering temperature and 

heating rate on carbon contamination levels was analyzed [14, 15]. There is a last useful 

chance as post-annealing (PA) in addition to adjusting the pre-treatment or sintering 

procedure. In general, carbon contamination and oxygen vacancies are oxidized through 

PA in the air. Thus, it contributes to the increase of transmission in several ceramic 

materials such as ZrO2 [16, 17], Y2O3 [18, 19], and ZnAl2O4 (Zn aluminate) [20]. Mg 

aluminate was a few reported papers about the PA effect because post-annealed Mg 

aluminate showed the limited recovery of absorption center remaining darkening [14, 21]. 

On the other hand, Zn aluminate, which has the same spinel structure as Mg aluminate, 

has a remarkably improved transmission by PA. 

Fu et al. reported Mg aluminate doped with 0–0.03 mol% Zn [22]. 0.015 mol% Zn 

doped Mg aluminate has the highest transmission, and it is decreased when more than 

0.015 mol% of Zn is added. Zn doping in MgAl2O4 does not form an additional energy 

level in the bandgap, whereas other transition metal elements such as Ti [23, 24], Mn 

[25], and Co [26] usually make energy level in the bandgap resulting in discontinuous 

transmission by absorption with color [27]. Also, both Mg aluminate and Zn aluminate 

belong to the #227 space group (Fd_3m) and are capable of the formation of a complete 

solid solution without secondary phases [28]. Therefore, in this paper, the transmission of 

the solid solution Mg-Zn aluminate from Mg aluminate to Zn aluminate (Mg1-XZnXAl2O4, 
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X = 0, 0.3, 0.5, 0.7, 1.0) was analyzed. Especially the effect of PA on various scattering 

and absorption centers is discussed. 
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5.3. Experimental 
 

Mg1-XZnXAl2O4 (X=0, 0.01, 0.3, 0.5, 0.7, 1.0) was manufactured by mixing 

commercial MgAl2O4 (Taimei Chemicals, TSP-15, 99.97%), ZnO (Sigma-Aldrich, 

205532, 99.9%), and α-Al2O3 (Taimei Chemicals, TM-DAR, 99.99%). Specimen names 

were listed in Table 5.1 in consideration of the composition. Mg099 is a Zn doping 

system, and Mg070, Mg050, and Mg030 are named solid solution spinel. The planetary 

centrifugal mixer (ARE-310, Thinky) was used to mix powders in the form of a slurry 

with ethanol. After drying at 80 °C in a dry oven, mixed powder for SPS was prepared 

after the granulation step using a sieve. SPS (SPS-1050, Sumitomo) conditions were at 

1330 °C for 20 min except for Zn aluminate. A sintering temperature of 1330 °C was 

employed because temperatures higher than 1330 °C led to a noticeable deposition in the 

SPS chamber window, and temperatures lower than 1330 °C required a long holding time. 

Zn aluminate was sintered at 1230 °C for 20 min. PA was carried out for 5 h at two 

temperatures, which are 50 °C lower than the sintering temperature. In the case of Zn 

aluminate, the PA conditions of 1100 °C for 5 h are employed, referring to the reported 

paper [20].  

 

 B (1) 

 n(Mg1-XZnXAl2O4) = (1-X)∙n(MgAl2O4) + X∙n(ZnAl2O4) (2) 

  = [ t2/t1 (3) 
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The refractive index (n) according to a wavelength ( ) was calculated by substituting 

A: 56 (10-16 m2) and B: 0.5311 for Mg aluminate, A: 56 (10-16 m2), and B: 0.4667 for Zn 

aluminate according to the Equation (1) [29]. The refractive index of the solid solution 

spinel was calculated by linear approximation (Equation (2)). All transmission value (T) 

was normalized by substituting the index of refraction, initial thickness (t1), and the 

normalized thickness of t2 = 1 mm (Equation (3)) [30]. In XRD measurement, to correct 

the peak shift according to the height of the specimen, Si powder was placed on the 

surface of the specimen. Element analysis was performed with X-ray fluorescence 

spectroscopy (XRF-1800, Shimadzu) and analyzed for metal elements except for non-

metallic elements such as oxygen. A field-emission scanning electron microscopy (FE-

SEM; Merlin Compact, Zeiss) was employed to calculate the grain size as a line intercept 

method and averaged using 5 images at 50,000 magnifications per sample. Cs-corrected 

STEM (CS-STEM, JEM-ARM200F, Jeol) was employed to confirm the difference in 

composition between grains. The hardness was measured by a Vickers hardness 

indentation tester (HV-100, Mitutoyo) with a 3 kg load and loading time of 15 s. The 

fracture toughness was also calculated using the crack length extended from the 

indentation traces, which is derived by Shetty et al. [31]. Raman spectra (LabRam 

Aramis, Horiba Jobin Yvon) were taken with an Ar-ion laser beam at the exciting 

radiation wavelength of 514.5 nm and with a resolution of 1.5 cm-1. The Raman scattered 

light signal was collected in a backscattering geometry with a spot size of 1.25 m.
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5.4. Results and Discussion 
 

5.4.1. Characteristics of Mg1-XZnXAl2O4 

In the Mg1-XZnXAl2O4 spinel structure, Mg2+ ions and Zn2+ ions occupy 8a Wyckoff 

sites of the tetrahedral site, and Al3+ ions occupy 16d Wyckoff sites of the octahedral site. 

The composition between Mg aluminate and Zn aluminate forms a continuously 

complete solid solution phase without the formation of a secondary phase, which means 

that the solid solution is the most thermodynamically stable state in the composition [28]. 

However, in the results of element analysis (Table 5.1), the ratio of Mg/Zn is almost the 

same as that of the designed Mg/Zn. The theoretical (Mg+Zn)/Al ratio in the spinel 

structure of Mg1-XZnXAl2O4 is 0.5. The values of Mg100 and Mg099 were 0.32 – 0.33, 

and the other specimens showed 0.45 – 0.47. The mass transfer in the Al excess 

composition of the MgAl2O4 system is 102–103 times slower than that in the Mg excess 

composition [32]. These all systems belonged to the Al excess system. MgO is more 

thermodynamically stable than ZnO [33]. In solid solution spinel, volatilization of 

Mg/MgO could be restrained by Zn addition. The ratio of Mg/Zn is almost the same as 

that of the designed Mg/Zn; thus, the volatilization by Zn at 1300 °C of sintering 

temperature could be negligible. 
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Table 5.1. Design composition and elemental analysis and their nomenclature. 

Design 

composition 

Element (at %) (Mg+Zn)/Al 

 ratio 

 Specimen 

name Mg Zn Al Impurity 

MgAl
2
O

4 24.33 0.00 75.53 0.13 0.32 Mg100 

(Mg
0.99

Zn
0.01

)Al
2
O

4 24.16 0.53 75.12 0.19 0.33 Mg099 

(Mg
0.7

Zn
0.3

)Al
2
O

4 20.75 10.04 68.08 0.13 0.45 
Solid 

solution 

spinel 

Mg070 

(Mg
0.5

Zn
0.5

)Al
2
O

4 15.93 16.20 67.69 0.19 0.47 Mg050 

(Mg
0.3

Zn
0.7

)Al
2
O

4 9.97 21.83 68.08 0.11 0.47 Mg030 

ZnAl
2
O

4 0.00 30.75 69.09 0.15 0.45 Zn100 

 

 
(a) (b) 

 

Figure 5.1. (a) XRD pattern of as-SPSed specimens and mixed powder; (b) Comparison 

of XRD pattern for as-SPSed and post-annealed specimens. 
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Figure 5.1(a) shows the XRD of the mixed powder and as-SPSed specimens, and 

Figure 5.1(b) shows the XRD of the as-SPSed and their PA specimens. PA specimens are 

marked with PA character at the end of the name. In mixed powders, there were 

precursors such as ZnO(z) and Al2O3(a) in addition to MgAl2O4(s), but during SPS 

sintering, they disappeared and only the spinel peak remained. Mg aluminate can detect 

peaks such as (111), (220), (311), (222), and (400) in which h, k, and l of (hkl) are not 

mixed with even and odd numbers. The peaks of (111), (222), and (400) decrease with 

increasing substitution amount of Zn, but peaks such as (220) and (331) gradually 

increase as compared with the main peak (311). Therefore, the XRD peak ratio indirectly 

could represent the composition of the solid solution spinel. In particular, the (331) plane 

is a peak not observed in MgAl2O4(s) and is found only in ZnAl2O4(g). The peak of (331) 

plane should be detected in the face-centered-cubic based structure, because h, k, and l 

are all odd numbers. In the case of Mg aluminate, the intensity is eliminated due to the 

specific relationship of the atomic structure factors. Also, Zn2+ is larger than Mg2+, so a 

low angle shift may occur on the side having higher Zn contents. However, Mg 

aluminate and Zn aluminate have a similar lattice parameter of 8.0831 Å  and 8.0848 Å , 

respectively, which corresponds to a shift of less than 0.01o by the Bragg’s law. Therefore, 

despite the correction with Si, there was almost no shift in the composition change. In 

Figure 5.1(b), the PA specimens showed only slightly increased crystallinity as compared 

to the as-SPSed specimens in XRD. 

 

5.4.2. Raman spectrum analysis and PA effect on carbon contamination 

Figure 5.2 is the Raman spectrum measured at various depths from the surface of the 
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Mg100-PA. The Raman shift associated with the spinel crystal structure (~1000 cm-1) 

showed little change with depth, but the difference in the carbon-related bands, d-band 

and g-band (1200–1700 cm-1), was observed. The intensity of carbon-related region 

increased as the depth increased. In particular, the intensity remained at a similar level 

with no increase at over 200 μm, which means that Mg-100 PA is difficult to oxidize 

trapped carbon at a depth greater than 200 μm during PA.  
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Figure 5.2. Raman spectrum of Mg100-PA with varying depth from the surface. 
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Figures 5.3(a) show the images of as-SPSed specimens on the left side of each image 

and PA specimens at the right side. All specimens were annealed on a temperature of 

50 °C below the sintering temperature for 5 h. As-SPSed specimens showed dark 

discoloration, but the discoloration was decreased or disappeared in the PA specimens. 

Above them, Mg050 is clear and transparent after PA. In the case of Mg100-PA (Figure 

5.3(a)), the darkening remains apparent, which is consistent with the Raman spectrum. 

Mg050-PA showed no darkening in the naked eye, and whitening occurred by PA in 

Zn100. The whitening phenomenon is attributed to scattering by the growth of pores 

during PA [20]. Based on Mie scattering theory, as-SPSed specimens have fine pores of 

several nanometers that have little influence on the transmission, but PA specimens have 

larger pore volume and size due to the coalescence of oxygen vacancies increasing light 

scattering [16, 19].  

Figure 5.3(b) and (c) show the results of measuring Raman shift at a depth of 300 μm 

from the surface. Although Mg100 and solid solution spinel were sintered at the same 

process, Mg100 had distinct carbon-related bands than solid solution spinel. Therefore, 

the solid solution spinel could reduce carbon contamination when only SPS alone is 

carried out without PA. Figure 5.4 shows the changes in the maximum peak values of the 

d-band and g-band of the samples in Figure 5.3 Mg100-PA showed no significant change 

in carbon-related bands as compared to Mg100. However, in solid solution spinel, the 

carbon-related bands are completely disappeared by PA, which improves the 

transmission by decreasing the absorption coefficient [16]. 
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Figure 5.3. (a) Photograph of as-SPSed specimens (left of each specimen) and PA 

specimens (right of each specimen). Raman profile of (b) as-SPSed and (c) PA specimens 

measured at 300 μm depth from the surface. 
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Figure 5.4. Maximum intensity value of d-band and g-band, varying with composition 

and post-annealing. 

 

 

Table 5.2. Comparison of reported vibrational frequencies of Mg aluminate and Zn 

aluminate [34, 35]. 

Composition T
2g(1)

 E
g
 T

2g(2)
 T

2g(3)
 A

1g
 

MgAl
2
O

4
 311 410 492 671 772 

ZnAl
2
O

4
 197 417 509 658 758 
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Table 5.2 summarizes the peaks representing the Raman shift of 300–800 cm-1, which 

are peaks related to the crystal structure [34]. The vibration mode is divided into infrared 

radiation (IR) detection modes and the Raman detection modes like Eg, T2g, and A1g. 

Unlike XRD, peak shifts were observed at the Raman peak with the change of 

composition. The peak value of T2g(1) and A1g become closer to the composition of Zn 

aluminate, and the peaks become weaker and broader, making it difficult to measure the 

value. Therefore, the peak position (y) of the vibration mode of T2g(3) and Eg was 

analyzed (Figure 5.5). It was almost linearly increased or decreased between the peak 

positions of Mg aluminate and Zn aluminate at both ends. Since there was no significant 

difference in the Raman spectrum between as-SPSed and PA specimens, the solid 

solution phase can easily be generated by the SPS process alone. Linear regression 

analysis was performed with all points, and the value of the determination factor (R2) 

was close to 1, which means that the composition of solid solution spinel can be analyzed 

through the Raman spectrum. When the composition is measured through T2g(3) and Eg 

peaks of Raman spectrum, y(T2g(3)) = -7.5X + 666.4 and y(Eg) = 9.9X + 408.2 equations 

could be used, respectively. On the other hand, the peak at 727 cm-1 denoted AlO4 in 

Figure 5.3(b)-(c) is well known as an antisite defect from cation disorder [36, 37]. The 

antisite of Mg and Al has formation energy of 0.8 eV, and that of the antisite of Zn and Al 

is reported as 1.7 eV [38], which means that ZnAl
' is more difficult than MgAl

' [39]. All 

defect-related notations are based on standard Kroger-Vick notation [40]. As composition 

becomes closer to the Zn100, the 727 cm-1 peaks are reduced. 
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Figure 5.5. Peak position analysis of the vibrational frequency of (a) T2g(3) and (b) Eg. 
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5.4.3. Optical and mechanical properties 

5.4.3.1. Optical property 

The total forward transmission (TFT) values of the solid solution spinel specimen 

show a higher transmittance than that of Mg-100 even in the as-SPSed state, which is 

obtained by changing the volatilization phenomenon by using Zn substitution (Figure 

5.6(a)). Comparing TFT values of as-SPSed and PA specimens, the transmission of PA 

specimens was quite increased (Figure 5.6(b)). In particular, in the composition 

containing Zn, the improvement of the transmission is significant in the visible region 

and could be attributed to the recovery of discoloration from carbon contamination [41]. 

The TFT values at 1500 nm of the PA solid solution spinel such as Mg030-PA, Mg050-

PA, and Mg070-PA were measured as 85.4%, 85.7%, and 85.8%, respectively. On the 

other hand, the TFT of Mg100-PA and Mg099-PA show relatively low values of 78.7% 

and 82.6%, respectively. Some absorption centers, such as antisite defects and carbon 

contamination, are present in Mg100-PA and Mg099-PA, which is consistent with the 

Raman results. 
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Figure 5.6. TFT for (a) as-SPSed specimens and (b) PA specimens; and (c) the amount of 

TFT drop at 4.27 μm wavelength. (d) Transmission value of as-SPSed and PA specimens 

at 550 nm of visible region and 1500 nm of IR region. 
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The common characteristic of PA specimens is an absorption peak at 4.27 μm. The 

cause of the absorption is trapped CO2 [14], which is attributed to C=O stretching 

vibrations [42]. Figure 5.6(c) shows the decrease in transmission of the PA specimens 

near 4.27 μm. In Mg100-PA and Zn100-PA, the drop of transmission was less than 10%, 

while the solid solution spinel showed a drop of more than 30 %. In particular, Mg050-

PA showed the largest amount of drop, followed by Mg030-PA and Mg070-PA. It is 

thought to be due to the configurational entropy of Smix, which has the highest value 

when mixed with the same molar ratio contributing to the stabilization of the solid 

solution phase. The tendency of the drop amount at 4.27 μm is similar to that of the 

increase of RIT at 550 nm during PA. This means that the mass transfer of the solid 

solution spinel has affected the recovery of light transmission. The recovery amount of 

RIT of solid solution spinel during PA was significantly higher than that of Mg aluminate 

and Zn aluminate. In particular, the recovered transmission was 29 % in Mg050-PA, 

whereas Mg100-PA and Zn100-PA were 6 % and 7 %, respectively. The driving force to 

make this difference could be mass transfer to form a more stable solid solution by 

increasing configurational entropy. The RIT of Mg030-PA has a higher value of 60 % 

than the RIT of Mg100-PA of 50 %, which means that Mg aluminate can achieve high 

transmission via Zn substitution and PA. 

 

 RIT = TFT∙exp(-γtotal·t) (4) 

 

The scattering coefficients of as-SPSed and PA specimens are calculated from the 

Lambert-Beer law of Equation (4) (Figure 5.7). γtotal represents the scattering coefficient, 
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and t represents the thickness. In the as-SPSed specimen, the scattering coefficient 

decreases linearly with increasing wavelength. In contrast, the PA specimen has a curved 

graph with a high value at the low wavelength region near the ultraviolet (UV) region. 

The scattering coefficient of Mg070 remained at similar levels after PA, whereas Mg050 

and Mg030 decreased the coefficient. In Zn100, the absorption centers disappear by PA, 

but the scattering coefficient is rather increased. Mg050 showed the highest scattering 

coefficient among specimens, and Mg050-PA showed a significant decrease in the 

scattering coefficient by over 4 cm-1 in the whole range. The black line in Figure 5.6(d) 

shows real in-line transmission at 550 nm. TFT measures the total amount of beam 

transmitted through the specimen while, the RIT measures the amount of beam 

transmitted only on a straight line. Thus, a difference between TFT and RIT is caused by 

scattering centers (Equation (4)).  

 



 159 

 

 

Figure 5.7. Scattering coefficient of (a) as-SPSed specimens and (b) PA specimens. 
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5.4.3.2. Mechanical property and microstructure 

Figure 5.8 shows the PA specimens' hardness, fracture toughness, and grain size. Zn 

aluminate reported a hardness value of 10.5 GPa (HV0.3) with 1.1 μm of average grain 

size [43]. The left column in Figure 5.9 shows the surface that was polished after SPS 

and thermal etching by PA. The grain boundaries are thermally etched during PA, and the 

grain size is calculated. In this work, Zn100-PA has 14.0 GPa of Vickers hardness, which 

is due to a small grain size of 0.3 μm. The others were relatively uniform, about 0.45 – 

0.5 μm of average grain size. Vickers hardness is gradually decreasing with increasing Zn 

content. In applications with high mechanical property requirements, the Zn content is 

expected to be somewhat limited. Mg070-PA is expected to be a significant improvement 

in light transmission without degradation in mechanical properties compared to Mg 

aluminate. The right side of Figure 5.9 shows the fracture surfaces of the specimens. The 

more Zn is contained, the more grain interfaces are observed, and fracture mode is 

intergranular fracture relatively. On the other hand, the higher the Mg content, the closer 

a trans-granular fracture, which could be the cause of the high hardness values. 
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Figure 5.8. Vicker’s hardness, fracture toughness and grain size for PA specimens. 
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Figure 5.9. Thermally etched microstructure of various specimen: (a) Mg100-PA, (b) 

Mg070-PA, (c) Mg050-PA, (d) Mg030-PA, and (e) Zn100-PA. And fracture surface 

images of various specimen: (f) Mg100-PA, (g) Mg070-PA, (h) Mg050-PA, (i) Mg030-

PA, and (j) Zn100-PA.  
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5.4.4. Defect analysis 

The above equations describe the mechanism by which carbon and oxygen defects 

are recovered by oxygen. Carbon near the surface is directly recovered from the O2 gas, 

and generated CO2 gas molecules can easily escape via the gas channel of O2 (Equation 

(5)). In this case, the conduction of oxygen ions recovers carbon contamination at high 

temperatures such as O2-. The generated CO2 can be trapped in the specimen (Equation 

(6)). The recovery of Mg100-PA is mainly limited to the surface by O2 gas, and the 

recovery inside the specimen is slow because the oxygen ion diffusion rate is slow. On 

the other hand, in the solid solution spinel, recovery by O2- as shown in Equation (6) also 

occurs a lot. As the raw material is mixed, a stable solid solution spinel phase is formed. 

Thus, mass transfer is promoted, which provides an opportunity for an internal defect to 

recover. Oxygen defects within the specimen can disappear by mechanisms such as 

Equation (7)–(9) [17]. As shown in Equation (7), during PA, electrons are freed from the 

F center, where they interact with external oxygen to act as an oxygen ion. O2- can be 

recovered by finally meeting the Vo
∙. Therefore, to enhance the PA effect, materials with 

high oxygen ion conductivity at the PA temperature must be designed. 

 

 C + O2(g) → CO2 (g) (5) 

 C + 2O2- → CO2 (trapped) + 4e- (6) 

 VO (F center) → VO
∙ (F+ center) + e- → VO

∙∙ + 2e- (7) 

 2e- + 1/2O2 → e- + O- → O2- (8) 

 VO
∙∙ + O2- → OO

X (9) 
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Absorption centers in the post-annealed samples in the solid solution system were 

mostly removed in the previous analysis results. However, as shown in Figure 5.7, some 

scattering centers still remain after PA. The factors affecting the scattering coefficient are 

considered to be influenced by the grain boundary, pore, and secondary phase (Equation 

(10)) [27]. 

 

 γtotal = γgrain boundary + γpore + γsecondary phase (10) 

 

By, Apetz et al. [44], the difference in the refractive index (Δn) term greatly affects 

the scattering coefficient. The composition difference of the grain boundary and the 

interface with the secondary phase are causes of Δn.. As a result of investigating near 

grain interfaces of PA samples, there was no difference in composition between the 

grains or the accumulation or deficiency of specific elements located at the boundaries 

(Figure 5.10). Figure 5.11 is a STEM image of the grain interface and inside the grain 

before and after PA. No amorphous layer was observed at the interface, and there was no 

significant difference in defects overall. Figure 5.12 shows the microstructure before and 

after PA. The pores were challenging to find before PA, but some pores at the grain 

interface were observed after PA. It is responsible for increasing the scattering coefficient 

at the low wavelength in PA specimens [16, 19].  
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Figure 5.10. Analysis of the composition difference of the grain boundary in Mg050-PA 

(a) CS-STEM image and (b) EDS line scan between two grains indicated by red arrow in 

the (a) image. 
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Figure 5.11. STEM images for grain boundary analysis for (a) Mg050, and (b) Mg050-

PA specimen, and High magnified STEM images of inside grain for (c) Mg050, and (d) 

Mg050-PA. 
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Figure 5.12. STEM microstructure images for pore observation for (a) Mg050 and (b) 

Mg050-PA specimen. 
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The microstructure was observed in FE-SEM, which can observe micrometer-sized 

defects, to find other causes of Δn. When Ca is added as a sintering aid to Mg aluminate, 

Ca is segregated between particles, and a secondary phase such as CaAl4O7 is formed, 

thereby reducing light transmittance [45]. In our system, grain boundaries appeared 

soundly without precipitation of other elements. However, as shown in Figure 5.13, 

secondary phases with different colors in BSE mode were observed in the samples before 

and after PA. In order to analyze the secondary phase, EDS mapping and point element 

analysis were performed, as shown in Figure 5.14. This phase was identified as an 

alumina phase containing Al and O.  

Therefore, the main scattering centers in the system are pores and secondary phases. 

During PA, the area of the secondary phase due to mass transfer decreases, resulting in a 

decrease in the scattering coefficient. However, during PA, pores grow and increase the 

scattering coefficient in the low-wavelength region. Therefore, PA conditions such as 

temperature and holding time can also be important parameters controlling the 

penetration of solid solution transparent ceramics. 
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Figure 5.13. FE-SEM microstructure images for secondary phase observation of (a) 

Mg050 and (b) Mg050-PA specimens. 

 

 

Figure 5.14. (a) EDS mapping and point element analysis for secondary phase (b) 

position 1 (c) position 2. 
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5.5. Conclusions 
 

This work showed the feasibility of the potential of a solid solution ceramic to 

achieve high transparency. After SPS, PA was performed at a temperature lower than the 

sintering temperature by 50 °C for 5 h. After post-annealing, Mg aluminate was still 

observed to have residual carbon at depths greater than 200 μm from the surface. On the 

other hand, in the solid solution spinel, most of the carbon contamination was oxidized 

during post-annealing. T2g(3) and Eg peaks of the Raman spectrum are suitable for the 

determination of the solid solution spinel composition, and the drop amount by CO2 

absorption in transmission at 4.27 μm is also useful for evaluating the recovery of carbon 

contamination. Solid solution spinel showed a significant recovery of RIT through post-

annealing, and Mg070-PA (X = 0.3) showed an excellent RIT (60 % at 550 nm) higher 

than that of Mg aluminate. Mg050-PA (X = 0.5), which has high configurational entropy, 

showed the highest increase amount in RIT. Most of the absorption centers were removed 

during the post-annealing, but some scattering centers remain. The observed scattering 

centers were the pores and the alumina secondary phase. During PA, the absorption 

coefficient and the scattering coefficient by the secondary phase decrease, but the growth 

of pores increases the scattering coefficient in the low wavelength region. In solid 

solution spinel, as the Zn content increases, the optical properties can be improved by PA, 

but the mechanical properties are slightly decreased. Thus, Mg070-PA has better optical 

properties than Mg aluminate and has similar mechanical properties such as micro-

hardness and fracture toughness of 14.6 GPa and 2.7 MPa∙m0.5, respectively. 
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Chapter 6. Theoretical approach of polycrystalline 

transparent spinel ceramics  

 

 

6.1. Research highlight 
 

In the first half of this chapter, specimens sintered with developed powders in 

Chapter 4 were employed to analyze their optical properties and defects, such as carbon 

and pore. The Mie theory is extended to interpret from pore scattering to carbon 

absorption. Amorphous carbon does not have a clear structure with varying densities and 

carbon bonds. Therefore, four types of carbon with different optical properties were 

selected and applied to the model. The size of the pores greatly affects the transmittance, 

and if the size of the pores is distributed small, the transmittance is greatly improved. On 

the other hand, in the case of carbon, since the extinction coefficient by carbon is much 

larger than the scattering coefficient by pores, it is more effective to reduce the volume 

fraction or change the crystallinity. Also, powders with different sintering properties have 

different suitable carbons in the model, which may be due to differences in the size and 

crystallinity of the carbons contained. 

The latter part of this chapter covers the highly transparent solid solution ceramic 

spinel Mg0.5Zn0.5Al2O4 fabricated in spark plasma sintering and post-annealing in 

Chapter 5. Carbon contamination is analyzed through a thermodynamic calculation, and 

light transmission is quantitatively analyzed through Mie theory. Since Zn aluminate 

starts densification at a lower temperature than Mg aluminate and promotes the oxidation 

reaction of carbon, solid solution spinel has a significantly lower carbon content even 
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when sintered at the same temperature as Mg aluminate. However, alumina, a type of 

scattering center, lowers the real in-line transmittance. Scattering by the secondary phase 

is reduced by post-annealing, but other scattering factor pores grow at the same time. 

Therefore, we analyzed the effect of two scattering centers using the model that takes 

into account the distribution of defects. The change in the size and content of the 

scattering centers are predicted in transmittance. This approach is potentially applicable 

to interpreting changes in optical properties caused by various scattering centers in solid 

solution systems. 
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6.2. Introduction 
 

Transparent ceramics are in demand where high strength and excellent optical 

properties are required in harsh environments in various applications such as bulletproof 

windows, armors, infrared domes for missile seekers, solid-state laser media, optical 

lenses, and bio-applications [1-3]. In particular, polycrystalline MgAl2O4 (Mg aluminate) 

is transparent in a wider wavelength range and has better sinterability at low 

temperatures than competing candidates γ-ALON or single crystal alumina [4]. To 

decrease sintering temperature and obtain high mechanical properties, advanced sintering 

techniques such as vacuum hot pressing, hot isostatic pressing (HIP), and spark plasma 

sintering (SPS) are used [5-8].  

However, some defects must be carefully addressed. First, the pore is the most 

important scattering center in transparent ceramics, and the high optical properties of 

transparent polycrystalline ceramic are achieved by extremely low porosity under 0.01 

vol% with high-purity medium material [9]. Second, carbon contamination is another 

issue in the pressure sintering of Mg aluminate. The carbon mold/sheets used for SPS 

lead to carbon contamination, which causes discoloration in the specimen [10, 11]. Since 

the densification initiation temperature of Mg aluminate is higher than that of 3Y-ZrO2 or 

α-Al2O3, carbon contamination of the other two ceramics is limited to the surface, but 

Mg aluminate is contaminated to the inside [12, 13]. Finally, a sintering aid or doping 

element added during sintering can create a secondary phase, and the boundary causes 

scattering by creating a refractive index difference. When Ca is added as a sintering aid 
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to Mg aluminate, Ca is segregated between grains, and a secondary phase such as 

CaAl4O7 is formed [3]. 

In the literature for predicting the transmittance of ceramics, Mie theory, Rayleigh 

theory, and Fraunhofer approximation are classically employed [14, 15]. Rayleigh theory, 

which is inversely proportional to the fourth power of the wavelength, is limited to very 

small particle sizes [16]. On the other hand, the Fraunhofer approximation only works for 

very large particles, and the wavelength is not considered a variable [17, 18]. Mie theory 

and Rayleigh-Gans (RG) approximation cover scattering centers of various sizes, such as 

pores and secondary phases. These classical scattering theories have been successfully 

employed far beyond the expected valid range [19]. Mie theory is extended to analyze 

the decrease of light transmittance caused by absorption centers such as carbon 

contamination as well as scattering centers [20, 21]. However, most theoretical research 

is limited to focusing on one type of defect. 

In chapter 4, various morphologies of spinel powder were synthesized, and a 

spherical powder with excellent sinterability was developed. However, carbon 

contamination and pore defects exist in the microstructure, and darkening remains on the 

appearance, resulting in lower transmittance. The first half of this chapter proceeds with 

theoretical modeling for two defects, pores and carbon, in the sintered specimens in 

Chapter 4. Amorphous carbons with various optical properties were used to build models 

and compared. Then, quantitative analysis is performed on the number of pores and 

carbon by applying the model to the measured transmittance.  

In chapter 5, a highly transparent polycrystalline solid solution spinel ceramic was 

fabricated using SPS sintering and post-annealing (PA), and some post-annealed solid 
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solution spinel showed outstanding transmittance close to the theoretical value. During 

PA, the carbon contamination and absorption centers disappear, and only the scattering 

centers remain. The second part of this chapter deals with scattering by pores and 

secondary phase by Mie theory and RG approximation. Furthermore, thermodynamics 

was used to analyze the reason why carbon penetration was inhibited, and secondary 

phase was formed in the solid solution spinel system. A solid solution system provides 

the advantages of both materials simultaneously and can respond to the demands of 

various characteristics by tailoring compositional factors [22]. However, few papers 

represent a predictive theoretical model that fits the light transmittance measured in the 

solid solution system. This theoretical approach proposes a methodology for 

quantitatively predicting optical properties and their degradation factors in the solid 

solution system. 
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6.3. Theoretical 
 

When a beam incident passes through the material, the beam is attenuated by 

reflection, scattering, and absorption. The total reflection loss (Rs) at the surface can be 

calculated through the convergence sum of the reflections (R’) according to Fresnel’s 

formula as follows 

 

   (1) 

 

where n is the refractive index of the polycrystalline ceramics. The theoretical maximum 

transmittance (Tmax) is when there are no scattering centers or absorption centers. 

Therefore, the loss is only Rs. 

 

       

 

(2) 

 

For absorption centers like carbon, a complex refractive index of n', where the index 

consists of a real part (refractive index) and an imaginary part (absorption index, κ) 

 

 n’ = n +  κi  (3) 

 

The refractive index of the spinel media used in this paper was calculated from 

Sellmeir equation, which is an empirical relationship between wavelength and refractive 

index. 
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(4) 

where λ is the wavelength and for the constant values of Mg aluminate, A: 56(10-16 m2) 

and B: 0.5311 were used, and for Zn aluminate, A: 56(10-16 m2) and B: 0.4667 were used. 

The refractive index of solid solution spinel was calculated by the rule of sum as [23] 

 

 = (1-x)
 
+ x   

 

(5) 

Mie theory, one of the classical theories to analyze scattering, assumes that non-

magnetic spherical particles exist independently and are dispersed in the medium [24, 25]. 

The vector of the scattered light can be explained by extending Maxwell’s equation [26]. 

These equations are pretty complex, and the theory is calculated through numerical 

computation. The efficiency (Qmie) of Mie theory is calculated as the sum up to nmax using 

MATLAB through the Bessel ( ) and Huncle ( ) functions as follows [27, 28] 

 

 + 2 (6) 

 Q
mie

 (7) 

 

 

(8) 
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(9) 

 

where m is the relative refractive index ratio as npar/nmed, and x is the size parameter 

which is defined as 2πrnmed/λ where r is the particle radius. 

RG approximation, also known as the Rayleigh-Gans-Debye approximation, can be 

used for various ranges of m and x like the Mie theory. RG approximation has different 

scattering efficiency equations depending on the size of x and is expressed in a simple 

equation as 

 

 Q
RG,small

 =   (x < 1)  (10) 

 Q
RG,,large

 =    (x > 1) (11) 

 

The scattering coefficient (γsca ) and absorption coefficient (γabs ) is obtained from the 

calculated efficiency by following the equations considering a spherical geometrical 

shape. 

 

 γ
sca 

= vfQsca (12) 

 γ
abs 

= vfQabs (13) 

 

where vf is the fraction of scattering particles.  
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 γ
ext 

= γ
sca

 + γ
abs

 (14) 

 

The extinction coefficient is the sum of the absorption coefficient and the scattering 

coefficient, and if there is no absorption coefficient, it is replaced by the scattering 

coefficient. The RIT by the Beer-Lambert equation is as 

 

 

 

(15) 

 

where t represents the thickness of the specimen. All theoretical transmittances calculated 

in the way described above are RIT. 
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6.4. Results and Discussion (related to Chapter 4) 
 

Previous researchers have demonstrated that carbon contamination of ceramics 

fabricated via SPS is in the form of amorphous (glassy) carbon [29]. However, 

amorphous carbon includes some graphitic layer or short ordering crystallinity. In 

addition, the density of amorphous carbon varies depending on the carbon bonds. When 

sp and sp2 bonding are rich, the density is low. The higher the ratio of sp3 bonds, the 

denser the structure. Since amorphous carbon does not have a clear structure, the optical 

properties are also varied. Therefore, in order to specify the amorphous carbon trapped in 

the SPS, various amorphous carbons with different optical properties are compared. 

The hydrogen fraction (XH) in amorphous carbon is related to the fraction of sp3 

bonding. The maximum amount of hydrogen that amorphous carbon could contain is 

0.45. G.Compagnini investigated the optical properties of amorphous carbon according to 

the hydrogen fraction [30]. The XH values used were 0.15 and 0.4 and were named 

Carbon1 and Carbon2, respectively. Virtually valid data in other literature was collected. 

The absorption index was calculated by the least-squares method by applying the 

parabolic approximation method, where the x-axis is expressed as energy (E).  

 

 k(E) = [A(E - Eg)2]/(E2 – BE + C) (16) 

 

The Kramers-Kornig relation is a mathematical relation between the absorption and 

the refraction, and the refractive index is derived from the above equation. 
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 n(E) = n∞ + (B0E + C)/(E2- BE + C) (17) 

 

where n is the limit of n when E is infinity. B0 and C0 are constants dependent on A, B, 

and C, and are derived from the equation below and the calculated constants are in 

Table6.1. 

 

 B0 =  (18) 

 C0 =   (19) 

 Q =   (20) 

 

Amorphous carbon has a short-range order, and crystallinity like a graphitic layer is 

observed [31, 32]. When analyzing micrometer-scale carbon contamination, the optical 

property of pyrolytic graphite was also used [33]. Carbon could exist in various forms, 

such as gas phase, crystalline graphite, and amorphous carbon. Since carbon-related 

substances in gaseous form can be regarded as pores, crystalline graphic carbon was 

additionally considered. The optical constants of graphitic carbon and amorphous carbon 

in the literature [34-37] were collected and predicted by the least-squares method using 

the asymptotic approximation in Table6.2, where the x-axis used the wavelength. The 

calculated graphitic and amorphous carbon were named Carbon3 and Carbon4, 

respectively. Carbon3 represents a similar index value to previous papers that 

theoretically analyzed carbon contamination of spinel [21]. The complex refractive 

indices of four carbons calculated from Table 6.1 and Table 6.2 are in Figure 6.1. 
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Compared with the previous paper, the refractive index is all within the range, but the 

range of absorption index is wider than in the paper, where the calculated absorption 

index is similar to Carbon1 and Carbon3.  
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Table 6.1. Fitting constant to obtain the complex refractive index according to the 

hydrogenated fraction of amorphous carbon. 

 

Name X
H
 A B C n

∞
 E

g
(eV) 

Carbon1 0.15 0.31 1.86 2.53 1.86 0.05 

Carbon2 0.4 0.08 7.2 15.7 1.5 1.4 

 

 

 

 

Table 6.2. Coefficients for plotting the refractive and absorption indices of carbon using 

the following equation: Index (n or k) = a - b∙cλ. 

 

Name Index a b c 

Carbon3 
n 2.2620 1.5253 0.9978 

k 0.6295 5.2800 0.9831 

Carbon4 
n 1.4004 0.2981 0.9960 

k -0.4364 -0.6180 0.9998 
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Figure 6.1. (a) Real part and (b) imaginary part of the complex refractive index of 

various amorphous carbons. 
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The calculated composite refractive indices of carbon were used in Mie theory, with 

the refractive index of spinel calculated by Equation (4). Mie theory was used to obtain 

the scattering and absorption coefficients from the indices. Here, we combined the effects 

of the two defects to apply to the measured transmittance of samples. First, the scattering 

and absorption coefficients were calculated and analyzed using the open MATLAB 

source when the volume fraction was 0.001. In order to fit the measured transmittance, 

the volume of each defect was calculated by the least-squares method using the excel 

solver. Since carbon causes both absorption and scattering, the extinction coefficient was 

employed (Equation (14)). The pores cause only scattering, and its refractive index was 

calculated using 1.0003. Therefore, the effect of the two defects can be obtained by 

adding the extinction coefficient of carbon and scattering coefficient of pore in Equation 

(21). 

 

 γ
total

 = γ
ext

(carbon) + γ
sca

(pore) (21) 

 

Figure 6.2 shows the extinction coefficients of various carbons according to 

wavelength and carbon size changes. When the particle size is small, the coefficient 

decreases rapidly as the wavelength increases. However, when a certain critical size is 

exceeded, there is little change according to the change of wavelength. This characteristic 

has also been reported in other literature, where the critical size was 100 nm [21]. The 

critical size shown for all four types of carbon is 400-500 nm. At carbon sizes below the 

critical size, the shape of the graph is somewhat different, which is dominated by the 

absorption coefficient. The higher the absorption index in Figure 6.1(b), the higher the 



 192 

extinction coefficient below the critical size. 

In the same way, the effect of pores on the extinction coefficient is shown in Figure 

6.3. Since Mie scattering affects wavelengths similar to particles, a peak point occurs at a 

specific location where particle size and wavelength have similar values. In Figure 6.2(d), 

which shows the extinction coefficient of Carbon4, a peak occurs in the region where the 

particle size and the wavelength size are similar, and this is also due to refraction. 

In order to select the appropriate defect size, the microstructure of the developed 

powder in Chapter 4 is shown in Figure 6.4(a)-(c). Figure 6.4(d)-(e) are enlarged images 

to observe defects. The defects located inside the grains were very fine, about ten 

nanometers in size, and the defects located at the grain interface existed in various sizes, 

but mainly particles around 30 nm were frequently observed and accounted for the 

majority of the defects. 
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Figure 6.2. 3D plot of extinction coefficient of carbon with various the size of pore and 

wavelength (vf = 0.001): (a) Carbon1, (b) Carbon2, (c) Carbon3, and (d) Carbon4. 
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Figure 6.3. 3D plot of scattering coefficient with various the size of pore and wavelength 

(vf = 0.001). 
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Figure 6.4. STEM images for microstructure (a)Spherical-Spinel-1100, (b)Corn-Spinel-

1100, (c)Rod-Spinel-1100, and (d)-(e) Enlarged images for observation of pores and 

carbon contamination. 
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Figure 6.5. Refractive coefficient by pores and extinction coefficient by carbon (vf = 

0.001). 
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In Figure 6.5, extinction coefficients for various sizes were calculated to anlayze the 

effect on defects of less than 50 nm observed in microstructures. The scattering 

coefficient due to pores appears to be quite high in the short wavelength band below 

visible light, and as the wavelength increases, the coefficient decreases sharply. In 

addition, even under the same volume fraction, the scattering coefficient value increases 

exponentially as the size of the pores increases. This means that the size of the pores has 

a considerable influence on the transmittance, and when the pores are distributed in a 

small size, the transmittance could be improved.  

On the other hand, depending on the size of carbon defects, there is a slight 

difference at low wavelengths in some carbon types, such as Carbon2 and Carbon4, but 

the overall shape and value of the graph are maintained (Figure 6.5(b)). The extinction 

coefficient by carbon is larger than the scattering coefficient by pores. Considering that 

refractive index difference between spinel and pore is larger than the difference between 

spinel and carbon, it means that the effect of absorption by the imaginary part of carbon 

is significant. In particular, the smaller the size, the larger the difference. The extinction 

coefficient by carbon decreases more smoothly than pores except for Carbon3 as the 

wavelength increases in the 0.2 - 1.2 μm region, and the extinction coefficient exists 

considerably at the 1.2 μm. Therefore, the carbon should reduce the volume fraction first, 

and when the volume of the defect is fixed, it is effective to change the carbon 

crystallinity (the type of carbon bonding) rather than change the size. 
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Figure 6.6. The fitting curves between transmittance of the Spherical-Spinel-1100 

specimen and each models using each carbon and pores (defect size = 30 nm). 

 

 

Table 6.3. The predicted pore and carbon volume of the Spherical-Spinel-1100 sample by 

the model. 

 
Pore (vol.%) Carbon (vol.%) R2 

Carbon1 0.111 0.0047 0.971 

Carbon2 0.467 0.0009 0.969 

Carbon3 0.155 0.0024 0.996 

Carbon4 0.165 0.0078 0.999 
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The volume change between the pores and each carbon source was calculated using 

the least-squares method to match the transmittance of the Spherical-Spinel-1100 

specimen, where the size of the defect was fixed at 30 nm. Carbon 3 and Carbon 4 

showed high fitness (R2 > 99 %). The volume predicted by Carbon 1 were excluded as it 

was within the predicted values of Carbon 3 and Carbon 4 (Table 6.3.). Carbon 2 was 

excluded because it was calculated as excessive pore volume with a relatively low R2, 

and the volume of defects predicted by Carbon 1 was within the predicted values of 

Carbon 3 and Carbon 4 and thus excluded from the following discussion.  

The carbon measured by the carbon analyzer in as-SPSed Spherical-Spinel-1100 was 

0.005% (Table 6.4). The density of spinel is 3.64 g/cm3, and the density of amorphous 

carbon is 1.5 – 3.5 g/cm3 [38]. Therefore, the density of amorphous carbon can be 41 – 

96 % of spinel. Assuming that the density of amorphous carbon is 1.8 g/cm3, the volume 

fraction increases about twice as much as the weight fraction and assuming the density is 

2.4 g/cm3, the volume fraction increases by 50 % compared to the weight fraction. 

Therefore, considering the increased amount of carbon when converted to volume ratio, 

the amount predicted by Carbon4 is more reasonable. 
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Table 6.4. Carbon content measured by carbon analyzer. 

Sample name Carbon (%) 

Spherical-Spinel-1100 0.005 

Corn-Spinel-1100 0.013 

Rod-Spinel-1100 0.007 

 

 

 

Figure 6.7. The fitting curves between transmittance and models for Corn-Spinel-1100 

and Rod-Spinel-1100 (defect size = 30 nm). 
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Table 6.5. The predicted pore and carbon volume of the Spherical-Spinel-1100 and Rod-

Spinel-1100 by the model. 

 

Name Pore (vol.%) 
Carbon 

(vol.%) 
R2 

Carbon3 for Corn-Spinel-1100 1.484 0.0162 0.989 

Carbon4 for Corn-Spinel-1100 3.066 0.0472 0.988 

Carbon3 for Rod-Spinel-1100 0.072 0.0087 0.992 

Carbon4 for Rod-Spinel-1100 0.134 0.0280 0.998 
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In the same way, Corn-Spinel-1100 and Rod-Spinel-1100 were matched using the 

models (Figure 6.7). The amount of carbon measured for Corn-Spinel-1100 and Rod-

Spinel-1100 was 0.013 % and 0.007 %, respectively (Table 6.4). The estimated carbon 

amount from Carbon3 was overestimated, and the number of pores also was excessive 

(Table 6.5). The predicted carbon content in the model using Carbon3 was similar to the 

measured value. Thus the model using Carbon3 is more reliable than that using Carbon4 

for these samples. Carbon3 and Carbon4 are amorphous carbons, but relatively Carbon3 

is close to graphitic carbon, and Carbon4 is amorphous carbon. In Spherical-Spinel-1100, 

where pores are closed at low temperature due to excellent sinterability, it is close to 

amorphous carbon. However, in the other two samples, a large amount of carbon 

penetrates at a higher temperature, graphitic layer or short-range ordering could easily 

occur. In particular, graphitic carbon is observed in triple junctions of grains accumulated 

along grain boundaries [32]. Therefore, for samples containing graphitic carbon, the 

prediction by Carbon3 is more appropriate.  
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Table 6.6. The predicted volume fraction of defects in Spherical-Spinel-1100 by changes 

in pore size. 

 

 Pore Carbon 
R2 

size (nm) vol. (%) size (nm) vol. (%) 

Carbon3 

10 0.348 30 0.0024 0.998 

30 0.155 30 0.0024 0.996 

50 0.045 30 0.0023 0.993 

100 0.014 30 0.0019 0.978 

Carbon4 

10 0.348 30 0.0081 0.999 

30 0.165 30 0.0078 0.999 

50 0.048 30 0.0074 0.996 

100 0.014 30 0.0062 0.984 
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Figure 6.8. Representative transmittance curves fitted by separating the effects of pores 

and carbon of the Spherical-Spinel-1100. 
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As shown in Figure 6.5(a), scattering by pores significantly changes the scattering 

coefficient according to the size of the pores. When the size of the defect is varied (Table 

6.6), the predicted volume fraction changes significantly. For example, when the size of 

the defects in the model increases from 30 nm to 50 nm, the predicted volume fraction 

decreases by a factor of 3.4. Figure 6.8 shows the two factors, pores and carbon, affecting 

transmittance separately. Carbon is mainly involved in decreasing transmittance in the 

near-IR region over 700 nm. On the other hand, in the region below 700 nm, carbon and 

pores simultaneously affect the transmittance value, but pores determine the shape of the 

graph. Because the pores cover the reduced transmittance in the low-wavelength region, 

the calculated pores could include other fine defects that are actually present in the 

specimen but not observed. Therefore, scattering by the pores could be overestimated 

compared to the amount observed in the microstructure.  
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6.5. Summary (1st part) 
 

Amorphous carbon does not have a clear structure, which has various densities and 

carbon bonding. Therefore, four types of carbon with different optical characteristics 

were selected and applied to the model. The extinction coefficient by carbon decreases 

sharply with increasing wavelength when the particle size is small. However, when the 

carbon exceeds the critical size of 400 – 500 nm, there is the little change in the 

extinction coefficient even when the wavelength is changed. The scattering coefficient 

due to pores appears to be high in the short wavelength below visible light, and the 

coefficient decreases rapidly as the wavelength increases. Therefore, carbon is the most 

of the origin of the decrease in transmittance in the region of 700 nm or more. The size of 

the pores has a great effect on the transmittance, and if the size of the pores is distributed 

small, the transmittance is significantly improved. On the other hand, for carbon, the 

volume fraction itself is important because the extinction coefficient by carbon is much 

larger than the scattering coefficient by pores. In addition, unlike pores, it is more 

effective to change the crystallinity than to control the size of carbon. Powders with 

different sinterability had different suitable carbon in the model, which could be due to 

differences in the size and crystallinity of the carbons included. 
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6.6. Results and Discussion (related to Chapter 5) 
 

The monitoring data values measured in real-time during the SPS process are plotted 

in Figure 6.9. The values are provided to utilize in the thermodynamic calculations and 

explain the mechanism later. The heating rate of the sintering process was limited to 

10 ℃/min to prevent carbon penetration [39]. To select optimal the sintering temperature, 

the temperature at which the displacement is saturated during the holding time was 

considered, avoiding grain growth or carbon penetration due to excessive heat energy 

(Figure 6.9(a)). Sintering pressure was set to 80 MPa in consideration of the strength of 

the carbon mold, and the vacuum level was controlled under 20 Pa except for the initial 

step (Figure 6.9(b)). Analysis of the displacement rate shows that Zn aluminate and Mg 

aluminate have a unimodal shape, whereas solid solution spinel has a bimodal shape 

(Figure 6.9(c)). The solid solution spinel is densified in two steps, and the position of the 

two peaks is similar to that of both aluminates. The densification rate of solid solution 

spinel starts to increase similarly to that of Zn aluminate and peaks around 1000°C. The 

final sintering temperature of solid solution spinel is the same as the Mg aluminate, so 

the solid solution spinel does not lower the sintering temperature. As a result of analyzing 

the displacement of the SPS electrode, densification by contraction proceeds from about 

900 ℃ after expansion at low-temperature regions. Since the degree of vacuum rises to 

about 80 Pa with expansion at the regions, moisture and organic materials are evaporated.  
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Figure 6.9. Monitoring data of spark plasma sintering: (a) sintering schedule, (b) 

sintering pressure and vacuum level, and (c) displacement and displacement rate. 
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Figure 6.10. The change of the Gibbs free energy for the reaction between spinel and 

carbon. 
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Thermodynamic calculations compare the thermodynamic stability of reactants and 

products to help predict what material will remain at a specific condition. The reaction 

between both aluminates and carbon was calculated using Factsage thermodynamics 

software, and the change in Gibbs energy for the reaction was plotted as shown in Figure 

6.10. The calculation can determine the presence or absence of carbon contamination and 

secondary phase formation. The pressure condition follows the vacuum level of 15 Pa 

when the ceramic structure has open pores and the SPS pressure of 80 MPa when the 

structure has closed pores. The open-pore structure changes to a closed pore structure 

with a relative density between 70 % and 80 % [13]. In the calculation, when the change 

of Gibbs free energy is negative, carbon oxidation to form CO is stable. On the other 

hand, the change of Gibbs free energy is positive, and solid carbon is thermodynamically 

stable. Gibbs free energy change in Mg aluminate is always positive regardless of the 

pore structure in the sintering temperature region. Therefore, the carbon penetrated 

remains in the specimen as it is. 

On the other hand, in the case of the Zn aluminate, the change in Gibbs energy of the 

reaction is negative under 15 Pa. Under the SPS pressure, the Gibbs energy change is 

negative at high temperatures above 1186 ℃. Therefore, the oxidation reaction of carbon 

occurs spontaneously, and Zn aluminate is decomposed by carbon to produce aluminum 

oxide and carbon oxide. Since two or more types of materials must be uniformly mixed 

in a solid solution system, the compositional difference acts as a scattering center [40]. 

The secondary phase alumina is investigated as a result of EDS analysis in Chapter 5. 

The phase was observed near the surface, and the size of the phase ranges from several 

micrometers to several tens of micrometers. There are two reasons for the secondary 
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phase to be observed near the surface. First, the open pore structure is maintained near 

the surface up to a high temperature, and even when closed, the surface follows the 

vacuum pressure. Thermodynamically, the lower the pressure, the more stable the 

reduction reaction of Zn aluminate; thus, Zn evaporates, and alumina remains. 

Two types of transmittance can be experimentally measured: the TFT measured in 

front of the specimen and the RIT, which detected only the scattered light less than 0.5o 

measured at a distance of 1 m or more. TFT includes forward scattered light as well as 

the RIT (Figure 6.11(a)). Thus, reflected, absorbed, and backscattered light is excluded. 

In order to effectively compare the transmittance values of the samples prepared in this 

experiment, 550 nm in the visible region and 1500 nm in the near-infrared region were 

selected as representative values in the form of bars like in Figure 6.11(b). The samples 

prepared in this experiment were labeled with the composition, and the PA samples were 

named by indicating the PA temperature in parentheses. 
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Figure 6.11. (a) Schematic diagram of TFT and RIT measurement method, (b) 

transmittance values of as-SPSed Mg0.5Zn0.5Al2O4 and transmittance bar graph in two 

selected wavelengths at 550 nm and 1500 nm. 
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(a) 

 
 

(b) 

 
 

(c) 

 
 

Figure 6.12. (a) Photograph of as-SPSed specimens (left of each specimen) and PA 

specimens (right of each specimen) with sample name indicated below the specimen and 

transmittance bar graphs of as-SPSed and post-annealing samples at (b) 550 nm, (c) 1500 

nm. 
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The darkening (known as discoloration) in the appearance of SPSed ceramics is due 

to carbon contamination and oxygen vacancy [9, 10]. In the as-SPSed specimens in 

Figure 6.12(a), Mg aluminate is less visible due to darkening more severe than the solid 

solution spinel and Zn aluminate. PA in the air plays a role in oxidizing oxygen vacancies 

and carbon contamination. The carbon band of Raman analysis demonstrated the 

difference between as-SPSed specimens by composition and recovery by PA, but the 

mechanism has not yet been elucidated [23]. Zn aluminate also removes darkening well 

after PA, but whitening occurs easily when the PA temperature is similar to the sintering 

temperature, and pores grow rapidly. However, the whitening phenomenon in the solid 

solution spinel was not noticeable at the 1280 ℃ of PA temperature. 

In Figure 6.12(b), the RIT of as-SPSed solid solution spinel (Mg0.5Zn0.5Al2O4(-)) 

showed the lowest value at 550 nm, but the TFT was higher than that of Mg aluminate. In 

the TFT, PA solid solution spinels (Mg0.5Zn0.5Al2O4(1200 ℃) and 

Mg0.5Zn0.5Al2O4(1280 ℃)) showed higher transmittance than MgAl2O4 and ZnAl2O4. 

These characteristics, which means high TFT as opposed to low RIT, in solid solution 

spinel are due to forward scattering from an additional scattering center. The TFT of PA 

solid solution spinels measured at 1500 nm is close to the theoretical limit value (Figure 

6.12(c)). For typical absorption center carbon, the effect on the extinction coefficient in 

the range of 0.2 – 2.0 μm has an antagonistic relationship with the pore [41]. Pores have 

a large effect on low wavelengths, but carbon significantly affects high wavelengths. The 

transmittance value close to the theoretical limit in solid solution spinel means few 

absorption centers in the PA specimens. Therefore, in the PA solid solution spinel, the 
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factor that lowers the transmittance is dominated by the scattering center, which is 

analyzed using the scattering model later.  
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Table 6.7. Carbon content measured by carbon analyzer.  

 
 

Sample name Carbon (%) 

MgAl2O4(SPS) 0.016 

MgAl2O4(1200 ℃) 0.013 

MgAl2O4(1280 ℃) 0.011 

Mg0.5Zn0.5Al2O4(SPS) 0.005 

Mg0.5Zn0.5Al2O4(1200 ℃) 0.004 

Mg0.5Zn0.5Al2O4(1280 ℃) 0.004 

ZnAl2O4(SPS) 0.004 

ZnAl2O4(1100 ℃) 0.003 

ZnAl2O4(1180 ℃) 0.002 

 

 



 217 

When comparing the amount of carbon detected among as-SPSed specimens, Mg 

aluminate detected three times more carbon than the other two types of spinel. In 

particular, the amount is quite significant compared to the solid solution spinel fabricated 

in the same condition. There are two deducible reasons for the above results. First, the 

solid solution spinel is densified in two steps, and shrinkage occurs the same as Zn 

aluminate at a lower temperature region than Mg aluminate. Therefore, the physical sites 

that carbon can penetrate are reduced. For this reason, less carbon contamination is 

observed in ceramics with a relatively low sintering temperature. A second plausible 

reason is based on the thermodynamic calculations in terms of Gibbs energy. Zn 

aluminate is reduced by oxidizing carbon, but Mg aluminate is more stable when not 

reacting with carbon.  

Although the amount of carbon decreased in the PA specimen, 0.011% of carbon was 

still left after PA at 1280°C. Since the carbon content of Mg aluminate after PA exceeds 

0.01%, darkening still remains. Mg aluminate is contaminated to the inside by carbon 

[13], and carbon oxidation is limited near the surface [23]. In the case of solid solution 

spinel and Zn aluminate, the darkening disappears after PA and becomes transparent. 

Carbon contamination is limited for the above two reasons, and PA can easily oxidize it. 

The oxidized carbon is trapped as CO/CO2 gas, which absorbs light at 4.27 μm [23]. 

Therefore, carbon remaining in the PA samples is regarded as pores because carbon 

exists in gaseous form or has been removed, where they were analyzed from various 

results. Defects in these samples are limited to secondary phases and pores. 
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Figure 6.13. (a) The effect of pores on scattering coefficient by scattering models, (b) 

scattering coefficients for various pore sizes at 500 nm, (c) the effect of alumina phase on 

scattering coefficient, and (d) scattering coefficients for various alumina size at 500 nm. 
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Two theories, such as Mie and RG approximation, were employed, which have been 

used to calculate scattering coefficient by pores and secondary phases. All equations in 

this calculation follow Equations (1) to (11) in the theoretical part. The scattering 

coefficient in solid solution spinel by pores is calculated in Figure 6.13(a)-(b), and the 

scattering coefficient by alumina is in Figure 6.13(c)-(d). The volume fraction by the 

scattering particles was fixed at 0.01%. The refractive index of the solid solution spinel 

was calculated using Equation (4), and the pore was calculated as 1. When calculating 

the scattering by secondary phase, the average refractive index value [15] was used, and 

the difference in refractive index was calculated as a fixed constant value. The Mie 

theory has reasonable scattering values for the whole m-x domain [14]. Two variables, m 

and x, are used as basic input variables in light scattering models, where m is related to 

the wavelength and x is related to the size. On the other hand, the scattering coefficient 

by RG approximation increases unrealistically by the large particles. When analyzing 

scattering by pores, the scattering coefficient by Mie agrees with the RG approximation 

for small particles only in the sub-tens of nm particles range. As the distribution of pores 

found in our system is within the range, RG approximation for small particles could be 

used reasonably for pores. On the other hand, in the scattering coefficient by alumina 

phase, the RG approximation for small particles could substitute the Mie theory for the 

size less than about 100 nm, and the RG approximation for large particles could 

substitute up to several micrometers. However, alumina particles are currently observed 

are tens of micrometers. Therefore, the scattering coefficient is significantly 

overestimated when the RG approximation is applied. The Mie theory is more suitable 

than RG approximation in the systems where secondary phases of μm-sized secondary 
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phases and nm-sized pores develop. Solid solution systems, including this study, can use 

this model for quantitative analysis of scattering centers.  
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Figure 6.14. (a) ZOLD distribution of scattering centers, and comparison of scattering 

coefficients with single size and ZOLD by (b) pores and (c) alumina. 
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Assuming the scattering center is a single-sized particle, the calculation is fast. 

However, the validity of the model is reduced because it does not include the distribution 

of scatters in the real system. In particular, as shown in Figure 6.14, the scattering 

coefficient by micrometer-sized particles has a wavy shape according to a change in 

wavelength, which does not match the actual system. Therefore, the zero-order log-

normal distribution (ZOLD), which the researchers used to express the scattering center 

distribution, was employed as follows [42, 43]. 

 

 f(r) = k  
 

(21) 

where k is the normalization factor,  is the mean radius, and σ is the log standard 

deviation which is related to distribution width. Based on the observed size distribution 

of pores and secondary phases, the σ values due to pores and secondary phases were 

fixed at 0.25 and 0.50, respectively. The  value was set as a variable that changes 

according to the size of the scattering particles. Figure 6.14(b)-(c) shows the result of 

comparing the scattering coefficients when the size of the scattering center is the median 

value by ZOLD and the size of the single size. The nm-sized pores affect short 

wavelengths, and as the pore size increases, the affected region expands (Figure 6.14(b)) 

[44, 45]. When the ZOLD is applied, the shape of the graph is consistent with the single 

size. Scattering by the μm-sized alumina phase, as the size increases, passes through the 

maximum scattering point and tends to decrease again. In the case of a single size, the 

peak point moves to a longer wavelength as the size increases. When the ZOLD 

distribution is applied, the influence of various sizes interferes with each other and is 
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shown as smooth lines. Since the line formed by overlapping scattering by particles of 

various sizes is similar to the real system, the distribution of particles must be considered 

when analyzing scattering by the μm-sized scattering centers. 
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Figure 6.15. (a) Measured scattering coefficients of solid solution spinel, and comparison 

with the calculated value of (b) Mg0.5Zn0.5Al2O4(SPS), (c) Mg0.5Zn0.5Al2O4(1200 ℃), and 

(d) Mg0.5Zn0.5Al2O4(1280 ℃). 
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The calculated scattering coefficient was obtained through the Mie theory with ZOLD, 

which was calculated to find a solution showing the minimum sum of deviations between 

the experimentally measured and predicted scattering coefficient. The size and volume 

fraction of pores and alumina were set as variables. The graphs calculated by the model 

matched well with the measured data (R2 > 99 %) shown in Figure 6.15. The size and 

volume fraction of pores increase as the PA temperature increases, as shown in Table 2. 

On the other hand, alumina’s size and volume fraction decrease as the PA temperature 

increases. The pores are a significant factor influencing the graph shape in the short-

wavelength region, and alumina is the primary factor of scattering in the long-

wavelength region. Here, the Mg0.5Zn0.5Al2O4(SPS) specimen contains absorption centers, 

but the calculation in this study assumed that there were only scattering centers. 

Therefore, the number of scattering centers was overestimated. 

In the PA samples such as Mg0.5Zn0.5Al2O4(1200 ℃) and Mg0.5Zn0.5Al2O4(1280 ℃), 

absorption centers are removed or changed to scattering centers. Therefore, most of the 

factors lowering the transmittance are the scattering centers. The average particle size 

and volume fraction of the scattering centers predicted by the model are similar to the 

observed sizes. It is also quite reasonable that as the PA temperature increases from 

1200 °C to 1280 °C, the size and fraction of pores increase, and the size and fraction of 

the secondary phase decrease. The RIT was plotted using the Beer-Lambert law Equation 

(15) and the calculated scattering coefficient (Figure 6.16). The calculated RIT also 

matches the measured curve well (R2 > 99 %). 
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Table 6.8. Predicted size and volume fraction of scattering centers. 
 

Sample name 
Pore Secondary phase 

ravg. (nm) Volume (%) ravg. (μm) Volume (%) 

Mg0.5Zn0.5Al2O4(SPS) 28 0.085 9.4 0.246 

Mg0.5Zn0.5Al2O4(1200 ℃) 29 0.081 9.2 0.093 

Mg0.5Zn0.5Al2O4(1280 ℃) 31 0.105 8.5 0.063 

 

 

 

 
 

Figure 6.16. Comparison of predicted and measured RIT of solid solution spinel. 
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6.7. Conclusions (2nd part) 
 

Based on analysis of monitoring values and thermodynamic calculations, the solid 

solution spinel starts sintering at a lower temperature than Mg aluminate and oxidizes 

penetrated carbon. Therefore, the material has less carbon contamination than Mg 

aluminate, and secondary phase alumina is formed via the reaction between carbon and 

Zn aluminate phase. The as-SPSed specimen exhibits a low RIT value due to residual 

absorption centers and alumina phase. After post-annealing, all absorption centers 

disappeared or were converted to another scattering center pores. Since the TFT was 

close to the theoretical value, RIT was calculated assuming that only the scattering 

centers lowered the RIT. RG approximation and Mie theory were evaluated to calculate 

theoretical values. RG approximation can replace Mie theory to analyze pores, but it is 

challenging to analyze scattering by micro-sized particles. The Mie theory was calculated 

by adding a ZOLD function similar to the size distribution of real scattering centers to 

simulate the actual graph shape. As PA temperature increases, scattering by the pores 

increases from lower wavelengths, but scattering by the secondary phase decreases. The 

calculated RIT and scattering coefficient match well with the experimentally measured 

data. Also, the size of the predicted scattering centers is similar to the actual measured 

size. These concepts and theories are expected to be applied to solid solution systems of 

other transparent oxides. Notes and limitations for using this model are in the Appendix 

at the end of the thesis. 



 228 

 

6.8. References 
 

[1]  P. Biswas, R. Johnson, Y.R. Mahajan, G. Padmanabham, Processing of infrared 

Transparent Magnesium Aluminate Spinel: An Overview, Handbook of Advanced 

Ceramics and Composites: Defense, Security, Aerosp. Ener. Appli. (2020) 495-531. 

[2]  A. Goldstein, A. Krell, A. Kleebe, Transparent Ceramics at 50: Progress Made and 

Further Prospects, J. Am. Ceram. Soc. 99(10) (2016) 3173-3197. 

[3]  J.-M. Kim, H.-N. Kim, Y.-J. Park, J.-W. Ko, J.-W. Lee, H.-D. Kim, Microstructure 

and optical properties of transparent MgAl2O4 prepared by Ca-infiltrated slip-

casting and sinter-HIP process, J. Euro. Ceram. Soc. 36(8) (2016) 2027-2034. 

[4]  K. Zheng, H. Wang, B. Tu, P. Xu, B. Chen, B. Wang, W. Wang, Z. Fu, 

Compositional tailoring effect on crystal structure, mechanical and thermal 

properties of γ-AlON transparent ceramics, J. Euro. Ceram. Soc. 42(6) (2022) 2983-

2993. 

[5]  L. Esposito, A. Piancastelli, S. Martelli, Production and characterization of 

transparent MgAl2O4 prepared by hot pressing, J. Euro. Ceram. Soc. 33(4) (2013) 

737-747. 

[6]  A. Krell, T. Hutzler, J. Klimke, A. Potthoff, Fine‐grained transparent spinel 

windows by the processing of different nanopowders, J. Am. Ceram. Soc. 93(9) 

(2010) 2656-2666. 

[7]  A. Goldstein, Correlation between MgAl2O4-spinel structure, processing factors 

and functional properties of transparent parts (progress review), J. Euro. Ceram. Soc. 

32(11) (2012) 2869-2886. 

[8]  C. Wang, Z. Zhao, Transparent MgAl2O4 ceramic produced by spark plasma 

sintering, Scr. Mater. 61(2) (2009) 193-196. 



 229 

[9]  U. Anselmi-Tamburini, J.N. Woolman, Z.A. Munir, Transparent Nanometric Cubic 

and Tetragonal Zirconia Obtained by High-Pressure Pulsed Electric Current 

Sintering, Adv. Funct. Mater. 17(16) (2007) 3267-3273. 

[10]  K. Morita, B.-N. Kim, H. Yoshida, K. Hiraga, Y. Sakka, Spectroscopic study of the 

discoloration of transparent MgAl2O4 spinel fabricated by spark-plasma-sintering 

(SPS) processing, Acta Mater. 84 (2015) 9-19. 

[11]  K. Morita, B.-N. Kim, H. Yoshida, K. Hiraga, Y. Sakka, Influence of pre- and post-

annealing on discoloration of MgAl2O4 spinel fabricated by spark-plasma-sintering 

(SPS), J. Euro. Ceram. Soc. 36(12) (2016) 2961-2968. 

[12]  K. Morita, B.-N. Kim, H. Yoshida, K. Hiraga, Y. Sakka, Distribution of carbon 

contamination in MgAl2O4 spinel occurring during spark-plasma-sintering (SPS) 

processing: I – Effect of heating rate and post-annealing, J. Euro. Ceram. Soc. 38(6) 

(2018) 2588-2595. 

[13]  K. Morita, B.-N. Kim, H. Yoshida, K. Hiraga, Y. Sakka, Distribution of carbon 

contamination in oxide ceramics occurring during spark-plasma-sintering (SPS) 

processing: II - Effect of SPS and loading temperatures, J. Euro. Ceram. Soc. 38(6) 

(2018) 2596-2604. 

[14]  S. Hříbalová, W. Pabst, Modeling light scattering by spherical pores for calculating 

the transmittance of transparent ceramics – All you need to know, J. Euro. Ceram. 

Soc. 41(4) (2021) 2169-2192. 

[15]  H. Shahbazi, M. Tataei, M.H. Enayati, A. Shafeiey, M.A. Malekabadi, Structure-

transmittance relationship in transparent ceramics, J. Alloy Compd. 785 (2019) 260-

285. 



 230 

[16]  J. Klimke, M. Trunec, A. Krell, Transparent Tetragonal Yttria-Stabilized Zirconia 

Ceramics: Influence of Scattering Caused by Birefringence, J. Am. Ceram. Soc. 

94(6) (2011) 1850-1858. 

[17]  H. Shahbazi, M. Tataei, Influence of porosity on transparency behavior of 

MgAl2O4 spinel, experiment vs Mie theory, Opt. Mater. 90 (2019) 289-299. 

[18]  Y.A. Kravtsov, Y.I. Orlov, Geometrical optics of inhomogeneous media, Springer, 

1990. 

[19]  H.C. Hulst, H.C. van de Hulst, Light scattering by small particles, Courier 

Corporation, 1981. 

[20]  S. Hříbalová, W. Pabst, Light scattering and extinction in polydisperse systems, J. 

Euro. Ceram. Soc. 40(3) (2020) 867-880. 

[21]  S. Hříbalová, W. Pabst, Theoretical study of the influence of carbon contamination 

on the transparency of spinel ceramics prepared by spark plasma sintering (SPS), J. 

Euro. Ceram. Soc. 41(7) (2021) 4337-4342. 

[22]  P. Xu, H. Wang, K. Zheng, B. Chen, M. Yang, Q. Chen, B. Wang, B. Tu, W. Wang, 

Z. Fu, Novel transparent ZnO·3Al2O3 ceramics prepared by reactive hot isostatic 

pressing, J. Euro. Ceram. Soc. 42(2) (2022) 724-728. 

[23]  S. Nam, S. Kang, B.-N. Kim, I.-H. Jung, Y.-M. Kim, Post-annealing effect on 

transparent Mg-Zn aluminate solid solutions fabricated by spark plasma sintering, J. 

Euro. Ceram. Soc. 39(16) (2019) 5350-5357. 

[24]  G. Mie, Beiträge zur Optik trüber Medien, speziell kolloidaler Metallösungen, Ann. 

Phys. 330(3) (1908) 377-445. 

[25]  T. Wriedt, Mie theory: a review, The Mie Theory (2012) 53-71. 

[26]  I. Yamashita, H. Nagayama, K. Tsukuma, Transmission Properties of Translucent 

Polycrystalline Alumina, J. Am. Ceram. Soc. 91(8) (2008) 2611-2616. 



 231 

[27]  C. Mätzler, MATLAB functions for Mie scattering and absorption, version 2 (2002). 

[28]  J. Dave, Scattering of electromagnetic radiation by a large, absorbing sphere, IBM J. 

Res. Dev. 13(3) (1969) 302-313. 

[29]  K. Morita, B.-N. Kim, H. Yoshida, K. Hiraga, Y. Sakka, Assessment of carbon 

contamination in MgAl2O4 spinel during spark-plasma-sintering (SPS) processing, 

J. Ceram. Soc. Jpn. 123(1442) (2015) 983-988. 

[30]  G. Compagnini, Optical constants of hydrogenated and unhydrogenated amorphous 

carbon in the 0.5–12-eV range, Appl. Opt. 33(31) (1994) 7377-7381. 

[31]  M. Rubat du Merac, H.J. Kleebe, M.M. Müller, I.E. Reimanis, Fifty years of 

research and development coming to fruition; unraveling the complex interactions 

during processing of transparent magnesium aluminate (MgAl2O4) spinel, J. Am. 

Ceram. Soc. 96(11) (2013) 3341-3365. 

[32]  M. González, A. Landa-Cánovas, M. Hernández, Pyrolytic and graphitic carbon: 

pressure induced phases segregated in polycrystalline corundum, Appl. Phys. A, 

81(4) (2005) 865-869. 

[33]  G. Bernard-Granger, N. Benameur, C. Guizard, M. Nygren, Influence of graphite 

contamination on the optical properties of transparent spinel obtained by spark 

plasma sintering, Scr. Mater. 60(3) (2009) 164-167. 

[34]  J. Zhu, P.A. Crozier, P. Ercius, J.R. Anderson, Derivation of optical properties of 

carbonaceous aerosols by monochromated electron energy-loss spectroscopy, 

Microsc. Microanal. 20(3) (2014) 748-759. 

[35]  M. Williams, E. Arakawa, Optical properties of glassy carbon from 0 to 82 eV, J. 

Appl. Phys. 43(8) (1972) 3460-3463. 



 232 

[36]  B. Vaglieco, F. Beretta, A. D'alessio, In situ evaluation of the soot refractive index in 

the UV-visible from the measurement of the scattering and extinction coefficients in 

rich flames, Combust. Flame, 79(3-4) (1990) 259-271. 

[37]  W. Duley, Refractive indices for amorphous carbon, Astrophys. J. 287 (1984) 694-

696. 

[38]  L. Liu, F. Lu, J. Tian, S. Xia, Y. Diao, Electronic and optical properties of 

amorphous carbon with different sp3/sp2 hybridization ratio, Appl. Phys. A, 125(5) 

(2019) 1-10. 

[39]  K. Morita, B.-N. Kim, H. Yoshida, K. Hiraga, Spark-Plasma-Sintering Condition 

Optimization for Producing Transparent MgAl2O4Spinel Polycrystal, J. Am. Ceram. 

Soc. 92(6) (2009) 1208-1216. 

[40]  Y. Wang, R. Zhang, J. He, M. Tian, T. Zhang, P. Shang, J. Qi, H. Wang, Light 

scattering by composition inhomogeneity and residual pores in LiAlON solid 

solution transparent ceramics, Ceram. Int. 45(16) (2019) 21029-21033. 

[41]  G. Bernardgranger, N. Benameur, C. Guizard, M. Nygren, Influence of graphite 

contamination on the optical properties of transparent spinel obtained by spark 

plasma sintering, Scr. Mater. 60(3) (2009) 164-167. 

[42]  J.G.J. Peelen, R. Metselaar, Light scattering by pores in polycrystalline materials: 

Transmission properties of alumina, J. Appl. Phys. 45(1) (1974) 216-220. 

[43]  W.K. Jung, H.J. Ma, Y. Park, D.K. Kim, A robust approach for highly transparent Y 

2 O 3 ceramics by stabilizing oxygen defects, Scr. Mater. 137 (2017) 1-4. 

[44]  M. Stuer, P. Bowen, M. Cantoni, C. Pecharroman, Z. Zhao, Nanopore 

Characterization and Optical Modeling of Transparent Polycrystalline Alumina, Adv. 

Funct. Mater. 22(11) (2012) 2303-2309. 



 233 

[45]  B.-N. Kim, K. Hiraga, K. Morita, H. Yoshida, T. Miyazaki, Y. Kagawa, 

Microstructure and optical properties of transparent alumina, Acta Mater. 57(5) 

(2009) 1319-1326. 



 234 

Chapter 7. Overall Conclusions 

 

7.1. Summary of present study 
 

In this study, the optimization of the SPS process as well as optimum starting 

powder materials was investigated for the production of transparent spinel ceramics.  

The synthesis method of a spherical granulated powder, which is suitable for 

fabricating transparent ceramics by SPS, was established. Polycrystalline spinel ceramics 

require nano-sized grains for higher mechanical properties than other competing 

materials. However, commercial nanopowders showed significant volume shrinkage and 

delayed densification during sintering, and commercial submicron-sized powders 

required high sintering temperature that induced grain growth. Therefore, in this study, 

co-precipitation method was employed to synthesize the uniformly granulated 

nanopowder. The resultant powders showed high sinterability without a separate casting 

process for manufacturing a green body. In particular, the influence of processing 

parameters of co-precipitation synthesis on the morphology and size of aggregates was 

investigated. It is proven that the spherical granulated powder with a smaller size than the 

final grain size is crucial to improving sinterability, thereby exhibiting outstanding 

optical and mechanical performances. 

Carbon contamination in spinel fabrication by SPS process is a long-lasting issue. 

To minimize this contamination, the design of the MgAl2O4-ZnAl2O4 spinel solid 

solution was proposed. ZnAl2O4 (Zn aluminate) has the same spinel structure as Mg-

aluminate. (Mg1-X,ZnX)Al2O4 (X = 0 – 1.0) solid solution spinel was fabricated by 

substituting Mg with Zn. Even after post-annealing treatment, Mg aluminate had carbon 
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contamination at depth greater than 200 μm from the surface. On the other hand, most 

carbons in the solid solution spinel were oxidized during post-annealing process. As the 

result, the transmittance of the solid solution spinel close to the theoretical value was 

obtained in the near-infrared region, but some scattering centers still remained. The 

observed scattering centers were the pores and alumina secondary phase. During post-

annealing, the absorption by carbon and scattering coefficient by the secondary phase 

decrease, but the growth of pores including CO2 increases the scattering in the low 

wavelength region. 

A novel theoretical approach to relate transmittance and defects in spinel was 

proposed. The defects such as carbon contamination and pores were analyzed using the 

measured transmittance of as-SPSed specimens. The Mie theory was extended to the 

absorption and scattering of carbon as well as the scattering of pores. As an amorphous 

carbon does not have a clear structure with varying density and carbon bonds, four types 

of carbon with different optical properties were employed. The size and volume of the 

defects were predicted, and the suitable carbon crystallinity was different for specimens 

with different sinterability. Based on this new model, the transmittance of post-annealed 

spinel ceramics was also analyzed. An optimum SPS processing technology to 

minimize carbon penetration and precipitation to spinel ceramics was developed through 

thermodynamic analysis. As a result, the decrease in transmittance due to secondary 

phase and pores was analyzed, and the scattering centers were assumed to follow a zero-

order lognormal distribution (ZOLD). The transmittance calculated by the bimodal 

distribution of pores and secondary phases agreed well with the measured value. In the 

end, the size and volume of secondary phase and pores were calculated depending on 
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variation of the post-annealing temperature. This approach can help the interpretation of 

the optical properties of polycrystalline transparent ceramics in solid solution systems. 
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7.2. Original contribution to the knowledge 
 

The original contributions to the knowledge in this study are as follows: 

 First, this study provides a novel co-precipitation method to prepare spinel powders 

of various morphologies. The morphologies were controlled by the 1-D growth and 

agglomeration of the precipitation phase. In particular, the spherical powder is uniformly 

agglomerated with a size of 100 –  200 nm, which provides superior sinterability in 

SPS than commercial nanopowders that are dispersed in crystallite size. This study 

demonstrated that the powders uniformly aggregated into a spherical shape below the 

final grain size show excellent sinterability in SPS,  

 Second, a novel solid solution composition is proposed to reduce carbon 

contamination. Through chemical reaction between Zn aluminate and carbon, solid 

solution spinel could reduce carbon penetration. In addition, it can be densified at lower 

temperatures than Mg aluminate. Transparent solid solution composition can be designed 

by thermodynamic calculation, and it is expected that the limited transparent ceramic 

candidates can be diversified, through this new approach using solid solution. 

 Third, the new optical characteristic model that analyzes various defects from 

transmittance is proposed. The Mie theory has been intensively used to analyze the pores, 

but it is expanded in this study to cover various absorption and scattering centers. The 

model can predict the size and volume of the defects adequately using microstructure and 

measured transmittance data. This model goes beyond an original theoretical approach 

and is flexibly applied to actual samples, closing the gap in understanding between 

calculated and measured transmittance. 
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 This study contributes to the comprehensive understanding of material-process-

property for the transparent ceramics. I believe that this work can be a cornerstone for the 

advance of polycrystalline transparent ceramics. 
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Appendix 
 

  

The limitations of the optical property model used in Part 6 are as follows.  

First, the issue arises from identifying and sizing defects in the specimen. Defects in 

transparent ceramics are difficult to identify because they are typically small in size and 

small quantities. The accuracy of density via the Archimedes method is about 0.001 

g/cm3, which is generally not enough for pore volume fraction determination when the 

porosity level is less than 1%. Besides, the resolution limit of micro CT using X-ray is in 

the sub-micrometer range, so this method cannot confirm fine pores. Therefore, 

researchers utilize focused ion beam (FIB) and transmission electron microscope (TEM) 

analysis techniques to characterize defects. Although this technique is desirable for 

obtaining good estimates of pore size and volume fraction, this method also has 

limitations. TEM images are 2D cross-sections fabricated with FIB. The probability that 

the section penetrates the pore is very low, and a huge number of images are required to 

obtain statistically valid data regarding the distribution of the defects. In this study, the 

size of pores observed in 2D was averaged and used. However, the size of pores 

randomly cut in 2D is not the actual size, and predicting the exact distribution of the size 

of 3D pores through this is complicated. 

Second, the effect of point defects that are difficult to detect by TEM analysis was 

neglected. Defects affecting optical properties may be more diverse than those detected. 

In particular, point defects exist in polycrystalline transparent ceramics and affect optical 

properties, but we do not include them. Various impurity elements from the powder 
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synthesis stage remain in the grain boundary of the sintered body. Also, the impurity of 

transition metals such as Mn, Cr, and Fe can cause significant absorption even with a 

small amount of 10 – 50 ppm. Furthermore, defects such as antisites and vacancies (F 

centers, F+ centers, and V centers) can act singly or interact with other defects to exhibit 

different absorption properties. Analyzing these point defects is very difficult and can be 

detected qualitatively by electron spin resonance (ESR). In detail, metal contamination 

appears as hyperfine lines in the ESR, and vacancies appear as unique g tensors. 

However, there are few studies on these point defects, and it is not easy to quantify them 

or specify their effect on optical properties. In this study, these point defects were 

assumed to be small enough to be neglected in this modeling. Therefore, the samples at 

which point defects have a large influence on the optical properties do not fit this model, 

and the influence of other defects is overestimated. 

Finally, the model has a limited interpretation of scattering due to differences in 

refractive index between grains. Mie theory assumes that the proportion of defects is so 

small that they are only single scattering. Therefore, this model is suitable for analyzing 

defects such as pores that disperse independently, have a spherical shape, and exist in 

small amounts in specimens. However, grains occupy most of the volume in the 

specimen and have a densely packed arrangement. When grains act as a scattering source, 

their fraction is quite large, so it is difficult to assume single scattering. Because grains 

exist continuously in the material, multiple scattering occurs. Also, they are not spherical 

in actual shape. Therefore, when scattering due to composition differences between 

grains exists, the fit of this model decreases. In this paper, transmittance was analyzed 

only for samples with no compositional difference between grains in the analysis. For as-
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SPSed samples, defect analysis was applied only to a single spinel composition of 

mgal2o4, and in the case of solid solution compositions, only samples with a 

homogenized composition after post-annealing were analyzed. 

Although these models have the above limitations, the analysis can simply predict the 

dependence of various parameters such as refractive index, wavelength, particle size, and 

volume fraction of defects on optical properties. Models can predict the volume fraction 

and size of defects through measurements of transmittance, which are affected by 

material and process parameters. These models can also be useful for material design and 

optimizing process parameters. A model can be employed as a non-destructive testing 

technology for transparent ceramics. Therefore, the approximation of defects through 

models will continue to be useful and expanded. 
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요약 (국문 초록) 

 

투명 다결정 스피넬 세라믹의 

제조 및 특성 평가 연구: 

통전활성소결 제조 스피넬의 재료-공정-특성 간의 상관관계 

 

남 상 우 

재료공학부 

공과대학 대학원 

서울대학교 

 

다결정 투명세라믹은 제조가 어려운 고가의 단결정 세라믹을 대체하기 위

한 광학 소재로 연구되고 있다. 등방성의 구조를 가지는 스피넬은 가장 유망

한 다결정 투명 세라믹 중 하나이다. 특히, 세라믹 프로세싱 기술의 발달과 

함께 우수한 기계적 특성 및 광학적 특성이 발현되고 있어, 군사분야뿐만 아

니라 민간분야의 다양한 윈도우 및 렌즈용 소재로 확장이 기대되고 있다. 통

전활성소결은 분말에 전류의 흐름과 함께 단일 축방향 압력이 동시에 가해지

는 비교적 근래의 소결 기술로, 이 장비는 저온 및 빠른 소결이 가능하다. 이

렇게 제조된 나노 크기의 결정립을 갖는 소결체는 다양한 물성에서 기존보다 

우수한 특성을 나타내고 있다. 그러나, 더 높은 수준의 광학 소재로의 응용을 

위해서는 빛의 투과를 방해하는 산란 및 흡수 중심들을 이해하고 결함을 제

어하는 것이 필수적이다. 따라서, 재료의 최적화 설계, 소결 공정 기술, 결함

과 광학적 특성간의 관계에 대한 이해가 필요하다.  

본 연구에서는, 통전활성소결된 스피넬의 소재 및 공정을 개발하여 기계적 

및 광학적특성을 향상시키고, 소재-공정-특성간의 연관성에 대해서 분석한

다. 첫째로, 통전활성소결을 위한 소결성이 우수한 형상 제어 나노 분말을 개
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발하고 이에 따른 소결성과 투광성의 변화에 대해서 연구하였다. 다음으로, 

새로운 고용체 스피넬 조성을 설계하고 후열처리를 활용하여, 고 투광성 다결

정 스피넬 세라믹을 제조하는 방법에 대해서 연구했다. 그리고, 열역학 계산

을 통해 고용상 스피넬에서 카본의 침투 및 침전을 억제할 수 있는 메커니즘

을 규명하였다. 마지막으로, 미에 산란 이론을 기반으로 광 특성 해석 모델을 

개발하였으며, 측정된 투광성을 통해서 내부에 존재하는 미세기공, 탄소, 이차

상 등 결함의 크기와 양에 대해서 예측하는 방법을 연구하였다.
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생에 없어서는 안 될 값지고 귀한 경험입니다. 이 기간 연구들을 통해 

저는 독립적인 연구자로 성장할 수 있도록 다채로운 경험을 쌓았고, 이 

중에 많은 부분들이 결실이 되어 실적으로 남았습니다. 제가 그래도 괜

찮은 연구자로 보일 수 있도록 도와주셔서 정말 감사합니다.  

마지막으로, 성심과 성의로 지도해주시고 아낌없는 조언해주신 정인호 

지도 교수님께 큰 감사의 인사를 드립니다. 전 지도교수님의 정년퇴임으

로 갈 곳 없는 인원들을 흔쾌히 전부 받아주시고, 아직 무르익지 못한 

저의 학위 주제를 세상에 보여질 수 있도록 만들어주셔서 진심으로 감사

합니다. 많은 학생들을 지도하시고 자녀도 양육하시느라 바쁘신 와중에

도 휴일까지 시간 내주시고 지도를 위해 힘써주셔서 감사합니다. 제가 

본받고 싶은 참 학자이자 아버지의 모습이셨습니다. 이렇게 학위 과정 

동안 다방면으로 훌륭하신 교수님 및 박사님들과 인연을 맺을 수 있어서 

제게 큰 축복이었습니다. 앞으로도 제게 주신 가르침을 소중한 추억으로 

평생 동안 기억하며 저도 누군가에게 모범이 될 수 있도록 노력하겠습니

다. 

 

 지난 학위 과정 동안 많은 분들과의 만남과 헤어짐이 있었습니다. 동

고동락했던 연구실 선후배분들에게도 감사의 마음을 전합니다.  

먼저, 지금 연구실은 없지만 마음속에서는 영원한 세라믹 금속 복합재

료 연구실 (CMC 가족) 분들 감사합니다. 돌이켜보면 다소 제한되고 열



 ２４８ 

악한 환경 속에서 연구했지만, 함께 고민하고 함께 고생하는 사람들이 

있다는 사실만으로 무엇이든지 감당할 수 있었던 시간이었던 것 같습니

다. 같이 랩 생활했던 선배분들 및 사수 형들께 우선 감사인사 드립니다. 

후배의 의견도 항상 존중해 주시고 지지해주셔서 연구 가운데 자신감 가

지고 자유롭게 연구할 수 있었습니다. 항상 장난도 잘 받아주시고, 물심

양면으로 도와주셔서 큰 어려움 없이 잘 적응하고 편하게 생활했던 것 

같습니다. 또한, 든든한 동기가 있어서 감사 인사를 전합니다. 학위 기간 

동안 연구를 계속하는데 경쟁 의식과 동기 부여도 심어 주고, 때로는 정

신적으로 의지도 많이 되어 정말 고맙습니다. 후배 및 부사수분들께도 

이 자리를 통해 감사의 말을 전합니다. 제가 처음 랩에서 받는 후배들이

라 미숙한 부분이 있었고, 학위과정 중간에 전문연구요원으로 나오게 되

면서 중간다리 역할을 끝까지 제대로 수행하지 못한 부분은 미안하게 생

각합니다. 그래도, 지금 CMC 후배분들이 모두 저보다 먼저 졸업하고 좋

은 직장에 취직해 있어서 자랑스럽습니다. 사회 곳곳에서 제각기 중요한 

역할을 감당하고 있는 모두에게 안부를 전하며 감사인사를 드립니다. 

 

또한, 전문연구요원 군복무 기간을 포함하여 연수생까지 6년 머물렀던 

한국생산기술연구원 적층접합연구부문(용접접합그룹)에서 같이 생활했던 

분들에게도 감사 인사를 전합니다. 여러 특별한 상황과 인연을 통해서 

이곳에 정착할 수 있게 되었고, 좋은 사람들을 만나서 이곳에서 오래 연

구 생활을 지속할 수 있었습니다. 일일이 다 언급하기 어렵지만 저와 함

께 했던 박사님들 및 연구원 동료 여러분들이 생각이 많이 납니다. 여기 

있는 기간 동안 배도 나오고 흰머리도 생기고 인생의 큰 변화의 시기에 

희로애락을 함께해준 분들이 많아서 정말 행복했습니다. 모두들 건강하

시고 행복하시길 바랍니다. 이 글을 쓰며 실험실을 떠나려고 보니 아직 

곳곳에 제 흔적들이 많이 남아 있습니다. 지난 시간을 추억하고 제 흔적

을 살피러 종종 찾아오도록 하겠습니다. 이곳을 떠나서 언제 어디서 만
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나더라도 지금처럼 반갑고 즐거웠으면 좋겠습니다. 앞으로 학위 과정이 

남은 분들도 보람있고 의미있는 대학원 생활이 될 수 있도록 응원의 글

을 적습니다. 

 

그리고, 바쁘신 일정가운데 논문 심사를 수락해주시고 부족한 제 논문

이 세상에 값진 역할을 할 수 있도록 날카로운 지도와 따뜻한 조언을 해

주신 서울대학교 홍성현 교수님, KAIST 김도경 교수님, 영남대 윤당혁 

교수님, KIMS 재료연구소 김하늘 박사님께도 깊은 감사의 인사를 드립

니다. 교수님 및 박사님들께서 열심으로 지도해주신 덕분에 이 학위 논

문이 풍성해지고, 국내에 몇 없는 투명세라믹 분야의 전문가가 될 수 있

었습니다. 

 

오늘의 제가 있을 수 있도록 사랑과 정성으로 오랜시간 기다려주신 부

모님 및 가족∙친지분들께 감사의 마음을 전합니다. 오늘날의 제가 있을 

수 있도록 항상 저를 응원해주시고 든든한 버팀목이 되어 주셔서 감사합

니다. 긴 시간동안 큰 걱정없이 제가 하고 싶은 공부를 지속적으로 할 

수 있게끔 믿고 서포트 해주셔서 감사합니다. 자랑스러운 아들이 되도록 

노력하겠습니다. 또한, 미래를 향해 도약하려는 한 남자의 인고의 시간

을 함께 견뎌낸 사랑스러운 여자친구가 있습니다. 매번 바쁘다는 말에 

서운했을 텐데 포기 않고 기다려줘서 고맙습니다. 이 분들의 헌신과 이

해가 없었다면, 이 결실이 잘 여물지 않았을 것입니다. 그동안 다 표현 

못했지만 진심으로 감사하고 사랑합니다. 

  

그리고, 이 글에 언급하지 못했지만 학위 기간 중 저를 알고 지낸 여

러분 모두에게 진심으로 고개 숙여 감사를 드립니다. 
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마지막으로, 제 삶을 이 자리까지 인도해주시고 앞으로도 언제나 함께

하실 하나님께 감사와 영광을 돌립니다.  

제 CV(이력서)를 살펴보니 제가 학위를 빨리 끝내지도 못했고, 제가 

연구한 주제들도 여기저기 분산 되어있습니다. 심지어 또 새로운 배움을 

위해 기존에 하지 않았던 분야로 나아갑니다. 이 분야에서 저의 배경지

식은 학부 졸업했을 때와 별반 다르지 않습니다. 제가 걸어온 대학원의 

삶이 누군가에게 제자리를 돌고 도는 무의미한 것처럼 보일 수도 있습니

다. 돌아보면 저는 복잡하고 풀리지 않는 삶의 문제들이 광야를 지나는 

것 같았고, 자신과의 전쟁을 할 시기가 필요했던 것 같습니다. 그러나, 

광야를 지나는 이 시기가 결코 혼자 가는 길이 아니었습니다. 대학원 시

절 가운데 하나님을 만났고, 이 과정 가운데 많은 소중한 인연들도 만났

습니다. 이 시간이 저에게는 절대 허비하지 않은 귀중한 시간입니다. 앞

으로도 또 다른 광야와 같은 시간들이 있겠지만, 이를 이겨낼 도전과 용

기가 있습니다. 이 글을 보며, 누군가에게 새로운 도전을 할 수 있는 용

기가 되고, 대학원 생활가운데 힘들어하는 분에게는 작은 위로가 되었으

면 좋겠습니다. 

 

“질그릇 조각 중 한 조각 같은 자가 자기를 만드신 분과 더불어  

다툴진대 화 있을진저 진흙이 토기장이에게 ‘너는 무엇을 만드느냐?’ 또는  

작품이 작가에게 ‘그는 손이 없다’ 말할 수 있겠느냐?” 이사야 45:9 

 

“보라 내가 너를 연단하였으나 은처럼 하지 아니하고 

너를 고난의 용광로에서 너를 시험했다” 이사야 48:10 

 

“우리가 이 보물을 질그릇에 가졌으니 이는 심히 큰 능력은 하나님께 있고  

우리에게 있지 아니함을 알게 하려 함이라.” 고린도후서 4:7 
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저의 학위주제는 세라믹(질그릇 및 진흙 소재)을 보다 가치 있게 만드

는 토기장이의 일이었습니다. 이 소재는 이론적으로 엄청난 가치를 가지

도록 설계되어 있고, 저는 이 소재의 결함을 제어하고 순수하게 만들어

지도록 각 재료 조성에 맞게 최상의 환경(온도, 압력, 분위기 등)을 찾

고 이를 제공했습니다. 퍼니스 안에서 연단의 과정을 견디는 중에 결함

이 제어되어 우수한 소재가 되기도 하지만, 때로는 침입한 불순물에 의

해 목적을 잃어버리고 투광성이 저하되거나 깨지기도 합니다. 다 알 수 

없지만, 흙으로 우리를 지으신 하나님의 섭리도 이와 비슷하지 않을까 

합니다. 각자에게 성장할 수 있는 최고의 환경을 주셨지만, 연단의 과정

이 필요하며, 이를 잘 이겨내 쓰여질 수 있는 그릇이 되었을 때 비로소 

만든 목적에 합당하게 쓰여지는 목적이 이끄는 삶이 되지 않을까 합니다. 

 

감사합니다. 
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