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Abstract 

Aluminum oxynitride (γ-AlON) powders were synchronously 

synthesized by carbothermal reduction-nitridation (CRN) and 

high-temperature solid state reaction (SSR) methods. Twin structures 

existing in γ-AlON powders and transparent AlON ceramics were 

investigated by systematically employing electron backscattered 
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diffraction (EBSD) and transmission electron microscopy (TEM). It was 

found that the twin structures in synthetic powder and transparent 

ceramics exhibit quite different microstructural features; binary twin 

structures were widely observed in powders and ceramics, whereas the 

sandwich-like twin structure was produced only in transparent ceramics. 

High-resolution electron backscattered diffraction (HREBSD) was used 

to determine the residual elastic stress distributions in AlON powders and 

ceramics. Discrepancies in the magnitude and distribution of the residual 

stress between binary twins and sandwich-like twins were fully clarified. 

The formation of two kinds of twins in powders and ceramics was 

discussed in detail. The Vickers hardness and its corresponding 

indentation size effect (ISE) were studied in CRN-AlON and SSR-AlON 

ceramics. The effects of the twin structure on the Vickers hardness and 

fracture toughness were investigated simultaneously. 

 

Keywords: γ-AlON, Twin structure, Vickers hardness, Fracture 

toughness. 

           

1. Introduction 

Aluminum oxynitride (γ-AlON) materials are recognized to exist as 

a solid solution of AlN and Al2O3, which have been widely investigated 

over the last 20 years [1,2]. Owing to its excellent thermal and chemical 
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stability, extremely high optical transmission from the ultraviolet to 

mid-infrared wavelength region, outstanding strength, hardness and 

friction resistance, spinel γ-AlON is considered a promising transparent 

window material for armor [3,4]. γ-AlON phased powders have been 

synthesized by the carbothermal reduction nitridation (CRN) method [5], 

high-temperature solid-state reaction (SSR) [6,7], aluminothermic 

reduction method [8] and sol-gel nitridation method [9]. The SSR and 

CRN procedures are thought to be the most economical and practical 

approaches to fabricate γ-AlON. Great efforts have been undertaken to 

elucidate the microstructural evolution of AlON powders and ceramics 

during their synthesis and densification processing [10-12]. 

Twins in AlON ceramics have been discovered and explored in 

recent years by many researchers [13-17]. Paliwal [13] first noted the 

presence of a twin structure in AlON compressed under controlled planar 

confinement by using the HRTEM technique. Clayton and McCauley [14] 

developed a nonlinear thermomechanical mode for AlON and predicted 

the twinning stress in the {111} plane. An experiment by Wang [15,16] 

regarding the effects of sintering additives in the twin fraction was used 

to study and directly observe the existence of twin lamellas via electron 

backscattered diffraction (EBSD). Recently, the strengthening 

mechanism of twin lamellas in AlON ceramics was demonstrated [17]. 

EBSD is an effective microstructural characterization technique that has 
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been widely used in materials science, engineering and geology, 

especially involving metals and alloys. The essential concept of the 

EBSD technique is the collection of diffraction patterns produced by 

backscattered electrons across a polished sample surface. The obtained 

Kikuchi patterns can be automatically indexed by commercial software 

packages to acquire detailed information such as the phase distribution 

and crystal orientation. Given the strong performance of EBSD 

technology, various EBSD-based techniques have been exploited and 

applied to material characterization. Troost [18] first introduced 

high-resolution electron backscatter diffraction (HREBSD). Then, 

Wilkinson, Meaden and Dingley (WMD) [19-23] improved and provided 

a detailed description of this technique based upon earlier work. 

Cross-correlation-based analysis of EBSD patterns was innovatively 

proposed, which allowed small shifts in pattern features to be quantified 

and expressed in the displacement gradient tensor. From these values, 

variations in the elastic strain and lattice rotation could be calculated by 

comparing the pattern shifts at the sample surface relative to a reference 

pattern. By employing HREBSD, Abdolvand [24] demonstrated the 

presence of highly concentrated residual stress, lattice rotation and dense 

dislocations close to twin tips in zircaloy. Vickers hardness (HV) testing is 

a widespread means of measuring hardness and fracture toughness. 

Previous investigations [25] identified that the calculated hardness was 
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load-dependent, usually exhibiting a drop in hardness with increasing 

load. Such a phenomenon was believed to be an indentation size effect 

(ISE). A proportional specimen resistance (PSR) mode was proposed by 

Li and Bradt [26] to explain the ISE. The PSR model was divided into 

two parts related to the damage resistance and load-independent hardness. 

Due to the low requirements of sample preparation and almost no 

restrictions on sample size, the Vickers indentation fracture (VIF) 

technique was employed to resolve the fracture toughness (KIC) 

corresponding to the critical stress intensity factor. The VIF model was 

developed in amorphous glass and is an indentation-based technique; thus, 

care must be taken when comparing the indentation-based fracture 

toughness to the notched beam fracture toughness and when comparing 

different ceramics. 

Although several meaningful research papers about the twins in 

AlON have been published, the formation of the twin and its detailed 

effects are still not uncovered. In this work, the twins in AlON powders 

and ceramics were investigated by using a focused ion beam (FIB) 

system, conventional EBSD and TEM techniques. Through incorporation 

of the HREBSD technique, the residual elastic stress distribution and 

formation of twins were revealed. Based on the determination of the 

Vickers hardness and fracture toughness of AlON, the effects of twins on 

the hardness and fracture toughness were studied simultaneously. 
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2. Experimental Procedures 

2.1 γ-AlON powder synthesis and ceramic manufacturing 

γ-AlON powders were synthesized through a high-temperature 

solid-state reaction (SSR) and carbothermal reduction nitridation (CRN) 

method. For the solid-state reaction, the starting solid materials were 

γ-Al 2O3 (with an average particle size of ~100 nm, Shanghai Fenghe 

Ceramics Co. Ltd. Shanghai, China) and AlN (with an average particle 

size of ~580 nm, Tokuyama Soda Co. Ltd., Tokuyama, Japan). The 

γ-Al 2O3 (65 mol%) and AlN (35 mol%) were weighed and mixed in a 

polytetrafluoroethylene (PTFE) jar with anhydrous ethanol and dispersant 

(PVP K-30, Aladdin Biochemical Technology Co. Ltd., Shanghai). The 

mixture was ball milled together with spherical alumina balls (~5 mm and 

~10 mm) as the milling medium. The ball milling was accomplished on 

planetary ball-milling equipment at a rotating speed of 250 rpm for 12 

hours. The well-dispersed slurry was dried in an oven at 80 ℃ for 24 

hours and then passed through a 200-mesh nylon sieve to eliminate large 

agglomerates. Then, the precursors were loaded in alumina crucible 

covered by an alumina lid and heated in a muffle furnace to 400 ℃ with a 

dwell time of 6 hours to remove the residual solvent and PVP. The 

alumina crucible with the precursors was then transferred to a 

high-temperature sintering furnace equipped with a graphite crucible and 

graphite heating unit. The precursors were heated up to 1750 ℃ with a 
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dwell period of 4 hours in a flowing nitrogen atmosphere, followed by a 

cooling rate of 10 ℃/min. Almost the same experimental procedures were 

applied to the CRN method. Carbon black (5.3 wt%) was used instead of 

AlN. After calcination at 1750 ℃ for 4 hours in the following nitrogen 

atmosphere, the alumina crucible with the as-synthesized AlON powder 

was transferred to a muffle furnace. The residual carbon was eliminated 

after heating at 600 ℃ with a dwelling time of 10 hours. 

The AlON ceramics were manufactured through pressureless 

sintering in this work. First, two kinds of as-synthesized AlON powders 

were separately dispersed in anhydrous ethanol and broken into 

submicron particles in alumina jar by ball milling at 300 r/min for 24 

hours. The primary purpose of this step is to improve the homogeneity of 

particle size and sintering activity. Then, 0.4 wt% MgO and 0.1 wt% 

Y2O3 were added as sintering additives. After a second ball milling step 

for 12 hours, the pastes were dried in an oven at 80 ℃ for 24 hours. A 

200-mesh nylon sieve was used to eliminate agglomerates. The as-sieved 

powders were filled in a metal die with an inner diameter of 20 mm. After 

isostatic pressing at 200 MPa for 10 min, columnar powder biscuits were 

obtained. For densification, specific steps are stated here. First, the 

as-manufactured powder biscuits were embedded with boron nitride 

powders in a boron nitride crucible. Then, the boron nitride crucible was 

transferred to a high-temperature sintering furnace (ZT-50-20, Chenghua 
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Co., Ltd., Shanghai, China). Subsequently, the furnace was pumped down 

to ~1E-3 Pa to remove the absorbed gases. Second, flowing nitrogen was 

turned on at the beginning of heating. The typical heating rate was 

~1 ℃/min - ~5 ℃/min. A dwelling period of 24 hours was then set to 

achieve densification when the temperature reached 1900 ℃. Finally, the 

furnace was cooled down to 1000 ℃ with a cooling rate of ~5 ℃/min and 

then naturally cooled down to room temperature. To date, AlON ceramics 

have been fabricated in this way by using two kinds of AlON powders. 

2.2 Sample preparation for hardness and microscopy characterization 

The as-fabricated AlON powders and ceramics were mixed with 

phenolic hot mounting resin with carbon filler. Then, cylindrical blocks 

were fabricated by electrohydraulic hot-mounting pressing (CitoPress-5, 

Struers, Cleveland, USA) and polished by using Struers diamond 

suspension, starting from a grit size of 9 µm, then 3 µm, followed by 1 

µm at the finish step. For surfaces examined with EBSD, a further polish 

was applied by using a colloidal silica suspension with a grit size of 0.4 

µm (Buehler, Illinois, USA). 

TEM samples were prepared by using a dual-beam focused ion beam 

(FIB) microscope (Nova 600 Nanolab, FEI, USA) equipped with a 

backscattered electron (BSE) detector. Detailed liftout procedures are 

given here. The surface of the samples was coated with a carbon layer 

with a thickness of ~20 nm before being placed in the FIB tool 
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(Q150T ES Plus, Quorum Technologies Ltd, UK) in order to enhance the 

electrical conductivity of the sample surface while not inhibiting the 

EBSD signal. The twins existing in the AlON powders and ceramics were 

identified under BSE mode. Subsequently, a platinum layer with a 

thickness of ~2 µm was deposited on the selected location in order to 

protect the surface from ion damage and contamination. Staircase cuts at 

a voltage of 30 keV and beam current of 20 nA were then carried out on 

either side of the selected region, and then the sample was further thinned 

to a thickness of ~1 µm with gradually reduced currents. The 

cross-sectional slices were lifted out and placed on a copper grid using a 

micromanipulator. After thinning at a tilt angle of ±1.5° with successively 

lower currents (1 nA to 100 pA), the slice was thinned down to ~100 nm 

for TEM examination. When HRTEM imaging was required, the slices 

were further thinned with an extremely low current (~60 pA). The typical 

thickness of the final slices was ~50 nm, which is sufficiently electron 

transparent for HRTEM. 

2.3  Vickers indentation measurement 

A Vickers indenter (DuraScan-50, Struers, Cleveland, USA) at loads 

of 0.01-10 kgf was employed to execute indents. The loading, holding 

and unloading times were 10 s, 10 s and 5 s, respectively. Five different 

loads ranging from 0.5 kgf to 10 kgf were selected for indentation testing. 

To ensure the accuracy of the hardness measurements, at least 5 indents 
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were made at each load. The as-produced indentations were imaged by 

SEM. The hardness (HV) of the specimen was calculated by using the 

following equation: 

H = ᴋ
�

��
           (1) 

where ᴋ is a constant contingent on the indenter shape, which is 1.8544 

for the Vickers indenter; P is the indentation load in newtons; and d is an 

average of two diagonal lengths for each indentation. Since the hardness 

measurement is performed under a certain range of loads, the indentation 

size effect (ISE) can be determined using Meyer’s law: 

P = A	
         (2) 

The constant A and Meyer’s n can be acquired from regression analysis. 

Due to the absence of n=2, a proportional specimen resistance (PSR) 

model proposed by Li and Bradt [26] was employed, fitting the true 

hardness. 

P = ��d + ��	
�     (3) 

where constants �� and �� generally indicate the possibility of cracking 

introduced by indentation and the resistance of crack-free plastic 

deformation, respectively [27-29]. 

The Vickers indentation fracture (VIF) toughness was calculated based on 

the following equation: 

��� = 0.016(
�

�
)�/� ×

�

��/�
   (4) 

where ��� is the fracture toughness, E is the Young’s modulus, H is the 
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hardness in GPa and c is the distance from the tip of the crack originating 

from the corner of the indentation to the center of the indentation 

impression. 

2.4  Microstructure Characterization  

A field emission gun scanning electron microscope (FEG-SEM, 

JMS-7800F, JEOL, Tokyo, Japan) equipped with a backscattered electron 

(BSE) detector (SM84030SRBE, Joel, Tokyo, Japan) and electron 

backscattered diffraction (EBSD) detector was employed. Conventional 

SEM images were acquired under a voltage of 5 keV and a probe current 

of 8 nA. BSE images were captured at an accelerating voltage of 10 keV 

with a probe current of 12 nA, and these parameters were optimized for 

identifying interface boundaries. The SEM and BSE images were 

processed by using the image analysis software ImageJ (NIH, USA). 

EBSD maps were obtained with a working distance of 10 mm under 

a voltage and probe current of 20 keV and 15 nA, respectively. Different 

step sizes were applied for the conventional EBSD and high resolution 

EBSD analysis. For HREBSD, the unprocessed Kikuchi patterns without 

gain applied were saved at each step point. The EBSD data were then 

processed with OIM AnalysisTM software (EDAX Inc., America), and the 

Euler angles of each step point were obtained. The unprocessed Kikuchi 

patterns were processed using CrossCourt 4 (BLG Productions Ltd. & 

Vantage Software Inc.), which adopts cross-correlation-based techniques 
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to measure the relative shifts between EBSD patterns caused by small 

lattice rotations or elastic strains. Detailed procedures are given here. 

First, the EBSD patterns were transferred from the data collection 

software OIM AnalysisTM and loaded in CrossCourt 4. The material 

properties, especially the elastic coefficients, were then inputted into the 

software. Here, the elastic coefficients C11, C12 and C44 were taken as 

377 GPa, 133 GPa and 125 GPa, respectively [30]. Once the material 

properties were all inputted, the threshold filter of kernel average 

misorientation (KAM) was applied. The data above the threshold of 5×

10-3 were excluded, eliminating the poor-quality or low-confidence 

patterns. Subsequently, patterns with the best criteria value for each grain 

were chosen as references, which were selected from zero-strain 

and highest-quality regions. In fact, it is impossible to identify where a 

region of zero strain is. Therefore, we used existing measures from the 

KAM data as criteria to identify points that were the most promising 

reference candidates. In this way, a series of references were selected that 

together covered all of the grain. Next, a minimum of 4 regions of interest 

(ROIs) were needed to calculate the distortion tensor. Typically, 40 ROIs 

with a size of 128×128 pixels were used to oversample, and the best fit 

distortion tensor was calculated. The distribution of the 40 ROIs was that 

the first ROI was always placed in the center of the pattern, with 19 

others arranged in a circle around it. The other 20 ROIs were randomly 
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assigned on the Kikuchi patterns. Following fast Fourier transformation 

(FFT), the ROIs were transformed to the Fourier domain. Finally, 

low-frequency and high-frequency cutoff filters were applied to remove 

the background and noise, which were optimized at 7 and 28, respectively, 

for the obtained Kikuchi patterns. Next, the cross-correlation processing 

based on the work of WMD was performed. Ultimately, an arrangement 

of maps such as elastic strain maps (normal & shear strains), rotation 

tensor maps (rigid body rotations), elastic stress maps and quality maps 

could be obtained. 

The structural features of twins were examined at higher resolution 

with a transmission electron microscope (F20 G2, FEI, Tecnai). The 

characterization was presented in the following formats: conventional 

TEM images, selected-area electron diffraction (SAED) patterns and 

high-resolution transmission electron microscopy (HRTEM) images. The 

TEM images were processed by using the DigitalMicrograph software. 

 

3. Result and Discussion 

3.1 Twins in synthetic AlON powders 

As shown in Fig. 1, the single phased AlON powders were 

synthesized by CRN and SSR method. The microstructures of the 

synthetic AlON powders are displayed in Fig. 2. Visible growth terraces 

with different growth directions were observed in two kinds of AlON 
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powders. Such terraces were caused by the gas reaction during the 

powder synthesis process, which has already been investigated in detail 

[31]. Due to the highly symmetrical face-centered cubic (FCC) crystal 

structure of AlON, the grains usually grow in preferential orientations. To 

determine the orientations in AlON powders, the powders were mixed 

with hot mounting resin and then finely polished. A series of 

characterizations was carried out on the cross sections of the powders. 

Fig. 3 (a) and (c) shows the cross-sectional BSE images of 

as-polished SSR and CRN powder with high-magnification images 

inserted. A favorable contrast difference is observed in one particle, as 

presented in the embedded images. BSE imaging provides channeling 

contrast, which allows the identification of the twins and twin boundaries. 

To distinguish from the contrast difference caused by agglomeration, 

electron backscatter diffraction (EBSD) analysis was used to obtain the 

orientation of each grain in the form of the Euler angle. The Euler maps 

of the SSR-AlON and CRN-AlON powders, with average grain sizes of 

7.21±0.79 µm and 5.59±0.84 µm, respectively, are shown in Fig. 3 (b) 

and (d). The misorientations of the red square grains are listed in Table 1 

by processing the Euler angle of each grain. These misorientations can be 

classified into random orientation and special preferred misorientation 

(<111>/60º), which are believed to represent agglomeration and twins, 

respectively. This preferred misorientation, usually emerging in FCC 
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metals such as copper, can also be expressed as {111}<112>. It is known 

that the {111} plane is the close-packed plane in the FCC crystal structure, 

which possesses maximum interplanar spacing and minimum plane 

energy. Once there are different growth directions, the grains are likely to 

form twins with twin planes {111} [14, 32-33]. In this way, the energy 

required in the powder synthesis system can be relatively low. 

To better understand the microstructure of twins, a transmission 

electron microscope was utilized. Fig. 4 (a) shows the BSE image of the 

powder of interest, which was already identified as containing twins by 

using EBSD. The twin boundary can be clearly observed. Then, a Pt layer 

with a thickness of 2 µm was deposited on the surface of the region we 

selected. The TEM sample was lifted out for further analysis in the FIB 

tool. The lamina obtained by stair-like cutting is displayed in Fig. 4 (b). 

After thinning down to ~50 nm, TEM analysis was carried out, and 

conventional bright field (BF) TEM images were obtained, as shown in 

Fig. 4 (c) and (d). Many stress fringes were present in the TEM foil. 

These stress fringes may have been generated when the sample was 

thinned down for HRTEM. Fig. 4 (e) and (g) shows the HRTEM images 

of red and yellow dashed square regions in Fig. 4 (d). The clear lattice 

stripes of the twin boundary and grain domains are illustrated. The lattice 

is divided into two completely symmetric parts by the twin boundary in 

Fig. 4 (e). SAED patterns of selected regions are embedded in the 
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HRTEM images. The SAED of the twin boundary was calibrated with a 

pair of mirrored periodic lattices. The calibrated lattices matched the 

diffraction pattern of AlON with the [011] zone axis. These results 

visually display the microstructure of the twin boundary and reconfirm 

that the twin plane is {111}. Subsequently, fast Fourier transformation 

(FFT) processing was applied to the HRTEM images using 

DigitalMicrograph software. A pair of symmetrical masks was applied on 

the interface [1�11�]. The corresponding inverse fast Fourier transform 

(IFFT) images are presented in Fig. 4 (f) and (h), showing the dislocation 

defects that were labeled with “T”. The dislocation density within the 

twin boundary region, which was calculated by dividing the dislocation 

quantity by the total area, was approximately 6.023×1015 m-2. In contrast, 

there were nearly no defects in the area away from the twin boundary. 

Such a difference could be attributed to several factors. First, the 

dislocations could effectively contribute to the formation of a perfect 

coherent twin boundary, which has the lowest energy and most stable 

state. Considering that the twin boundary would also resist dislocation 

glide, the dislocations will pile up along the twin boundary [34-36]. 

Combining our experimental results and previous works, it is 

inferred that the formation process of twins in AlON powders is as 

follows: The first step is the nucleation of AlON consisting of a series of 

solid-solid, gas-solid and gas-gas reactions. Subsequently, inconsistencies 
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in the grain growth direction open up the possibility of twin formation 

with a twin plane and growth direction of {111} and [112], respectively. 

This mechanism is considered to be the least energy-consuming method. 

In this way, the grain grew and finally stabilized. 

3.2 Twins in AlON ceramics 

Fig. 5 shows the Euler + band contrast maps of the polished surface 

of CRN-AlON and SSR-AlON ceramics sintered at 1900 °C with a dwell 

time of 24 hours. Fig. 5 (a) and (c) illustrate the CRN-AlON ceramics 

without and with sintering additives added, and (c) and (d) present the 

SSR-AlON ceramics without and with sintering additives added. The 

addition of sintering aids significantly increases the density of ceramics, 

greatly enhancing the elimination of pores. In addition to the binary twin 

structure that existed in the AlON powders, new types of sandwich-like 

twins (STs) were observed in densified AlON ceramics, as shown in the 

yellow dashed squares in Fig. 5. The Euler angles of the selected grains 

and misorientations are shown in Table 2. As expected, the sandwich-like 

twins (STs) have the same misorientation values as the binary twins (BTs) 

in the powders. It is worth mentioning that there is just one twin layer in 

STs since the twin nucleation energy is higher than the resistance of twin 

growth in AlON materials [14, 33]. Namely, the twins tend to grow rather 

than form new twins. 

Two types of twin densities (number of twins per unit area) were 
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calculated and are listed in Table 3. It is advantageous that the addition of 

sintering aids reduced the ST density obviously and had almost no effect 

on the BT density. A comparison of the upper and lower parts of Fig. 5 

indicates that the thickness of the twin lamella decreased simultaneously. 

The reasons for the formation and variation of the twins in AlON 

ceramics were studied in the following discussion. 

The formation of twins is not only related to the essential properties 

of the material but is also affected by internal or external factors, such as 

tensile stress. In this work, it is easy to understand that binary twins 

originate from the twins in the powders. The formation of sandwich-like 

twins is generally believed to be caused by excessive local stress, which 

must be higher than the twining stress of materials such as FCC metals 

and alloys. Twinning can efficiently release the undesirable excessive 

stress. Because pressureless sintering was used, we need to consider only 

the influence of the internal stress generated during the sintering process. 

From the perspective of the twin density, two main affecting factors are 

the grain size and local stress [33,37-40]. The average grain sizes 

processed by OIM AnalysisTM are also shown in Table 3. Considering that 

dimensional changes are not particularly noticeable, the results indicate 

that grain size effects are not the dominant factor in our experiments. In 

other words, the decrease in the twin density is likely caused by the 

decline of the internal stress. Moreover, the relationship between twin 
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lamella thickness and stress has been shown to be positively correlated 

[33]. The variation of the lamella thickness in our work is in good 

agreement with this relationship. 

To elucidate the relationship between internal stress and twin 

formation, high-resolution EBSD (HR-EBSD) was used. The HR-EBSD 

maps of binary twins in powders, binary twins in ceramics and 

sandwich-like twins in ceramics are presented in Fig. 6, Fig. 7 and Fig. 8, 

respectively. The layout of Figs. 6-8 is the same and detailed as follows: 

(℃) the top row gives an inverse pole figure (IPF) of the twins of interest 

in the AlON powder and ceramics, kernel average misorientation (KAM) 

in radians, and image quality maps with reference points marked with 

black spots are presented; (℃) the bottom row shows the maps of the 

elastic stress as calculated using infinitesimal strain theory, consisting of 

the normal stress (δ11, δ22, δ33) on the diagonal, the shear stress (δ12, δ31, 

δ23) on the off diagonal positions and the von Mises stress distributions in 

the bottom left. The δ33 term is set to zero in calculating the hydrostatic 

strain. Tension is shown as red as a default, and compression is shown in 

blue. The values are all in GPa; here, the sample axes 1, 2 and 3 are 

defined by default as horizontal (to the right), vertical (up the map) and 

normal (out of the surface), respectively. For example, the δ23 shear 

stress describes a shear stress from the 2 axis into the 3 axis as positive 

(red) and the opposite as negative (blue). The same axes apply to the 
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other stress maps displayed in this work. 

From Fig. 6 (d) and (f), the higher relative stress concentrates at the 

edge of the powder from Fig. 3 (b), possibly caused by incomplete 

polishing when the powder morphology changes at the edge of the 

powder. At the same time, the holes in the grain resulted in higher 

relative concentrations. However, there is no obvious law about twins and 

relative stresses. Then, relative stress maps of the binary twin, which are 

generally considered to be inherited from powders in AlON ceramics, are 

illustrated in Fig. 7 (d). In view of the normal stresses, the residual stress 

is evenly distributed in the grain. Regarding the shear stress, the higher 

stress concentration is located at the grain boundary and junctions of the 

grain boundary. Such residual stress as an internal stress around the grain 

boundary may be ascribed to distortion of the atomic arrangement and the 

piled up defects, such as dislocations at grain boundaries. However, there 

is no difference in stress, regardless of normal stress or shear stress, near 

the domains of the twin boundary. The equivalent stress of the binary 

twin is shown as the Von Mises stress map in Fig. 7 (d). The Von Mises 

stress as the equivalent stress can only express the magnitude of stress 

irrespective of a positive or negative sign. Obviously, the distribution of 

residual stress in this binary twin system was mainly concentrated at the 

region of grain boundary, especially in the region of boundary junction. 

Hence, there is still no clear evidence to explain why the residual stress is 
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related to the twin structure. 

Fig. 8 (d) presents the elastic stress maps of sandwich-like twins as 

described above. First presented are the results of normal stress shown in 

the diagonal of Fig. 8 (d). In addition to the high stress concentrations 

near the grain boundaries mentioned above, the inhomogeneous stress is 

distributed inside the twin, which is completely different from the case of 

binary twins in powders and ceramics. Specifically, the grain is divided 

into three parts by twin lamella, which are named matrix 1 (M1), twin 

and matrix 2 (M2) from left to right. An extremely high stress 

concentration compared with the values in Fig. 6 and Fig. 7 exists at the 

top of M1 and gradually increases from the top to the bottom. The 

opposite distribution appears in M2. Namely, the stress with an almost 

equivalent concentration in M1 is presented at the bottom of M2 and 

gradually decreases from the bottom to top. In this way, the distribution 

of stress inevitably produces shear stress in the direction parallel to the 

normal stress axis, which is vertical to the sample surface. As shown in 

the shear stress maps, a similar distribution can be observed in the image 

of δ23. On both sides of the twin boundary, the concentration of δ12 and 

δ31 is relatively high even if it is much lower than the maximum normal 

stress. From the equivalent stress of the system shown in the Von Mises 

stress map, there is a large amount of residual stress remaining in the ST 

system. This kind of residual stress exists in the form of shear stress. 
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By comparing Fig. 6, Fig. 7 and Fig. 8, the residual stresses of 

binary twins in ceramics are found to be consistent with those in powders, 

whether in the distribution or magnitude. Obvious shear stress, which is 

much larger than that in binary twins, remains in the sandwich-like twins, 

which exist only in ceramics. Thus far, combining previous research and 

this work, we conclude that the formation of STs was driven by excessive 

stress produced during sintering. Although the twinning of AlON grains 

releases excessive stress that is greater than the twinning stress of the 

AlON material and formed sandwich-like twins, the residual stress 

inevitably affects the performance of AlON ceramics, especially in 

mechanical properties. In addition, the thickness of the twin layer is 

associated with the local internal stress as well. Therefore, the addition of 

sintering additives has a significant effect in reducing internal stress. 

Although a large number of studies have used yttrium oxide and 

magnesium oxide as sintering aids, the specific mechanism is yet to be 

fully understood. Here, we propose a hypothesis that the addition of 

sintering aids, especially magnesium oxide, provides a partial liquid 

environment during AlON ceramic sintering. It is generally known that 

the internal stress in the sintering system with a liquid phase is much 

lower than that without it. Of course, the roles of sintering aids are 

definitely not restricted to reducing internal stress and need to be studied 

in further detail. 
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3.3 Vickers hardness and VIF toughness of AlON ceramics 

Due to the porosity and poor compactness of the sintered ceramics 

without sintering additives, as shown in Fig. 5 (a) and (b), the hardness 

test was carried out on the ceramics with MgO and Y2O3 added. Fig. 9 

graphically depicts the Vickers hardness for CRN-AlON and SSR-AlON 

with a relative density exceeding 99.5%, as determined by Eq. (1) under 

varying loads. Here, each plotted data point in the hardness-load curves is 

the average value of 5 indentation measurements. It is clear that the 

CRN-AlON exhibited a markedly higher hardness than the SSR-AlON. 

The hardness decreased with increasing load in both curves, showing a 

similar nonlinear trend. The synchronous reduction in hardness explicitly 

indicates the presence of an indentation size effect (ISE). The factors 

defined in Eq. (2) and (3) were quantified by employing Mayer’s law and 

the PSR model and are expressed in Table 4. The exponents n in Meyer’s 

law for the CRN-AlON and SSR-AlON ceramics were 1.857 and 1.844, 

respectively. Therefore, both AlON ceramics exhibit an ISE effect, and 

SSR-AlON has an enhanced ISE due to the lower n values. In the PSR 

model, there are divergences in a1 and a2 between CRN-AlON and 

SSR-AlON. A previous theory reported by Quinn [28] postulated that a1 

represents the influence of the cracks underneath and around the 

indentation impression in the ISE. The larger a1 values correspond to a 

greater possibility of crack formation and propagation when the indenter 
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is pressed down. As presented in the rightmost of Table 4, the 

load-independent hardness (HPSR) of CRN-AlON was higher than that of 

SSR-AlON. Such a difference is well-aligned with the experimental 

hardness value. As noted by Rice [41], such variation between two 

ceramics may be caused by the grain size. Considering the negligible 

grain size difference in our work, the effects of the grain size in the 

Vickers hardness may be marginal. As indicated by Table 3, the twin 

density in CRN-AlON ceramics is over 50% higher than that in 

SSR-AlON ceramics. Reasonably, we can attribute such a difference in 

hardness to the twin density. The twin boundary may play a similar role 

as the grain boundary, efficiently reducing the grain size and enhancing 

the hardness in what is known as the Hall-Petch relationship [42-43]. In 

our previous work [44], we found that the fracture strength of the twin 

boundary is higher than that of the grain boundary. We reach the 

favorable conclusion that the presence of twins increases the hardness 

without damage to other strengths of materials. 

The lengths of radial cracks produced under each load were 

measured. The Vickers indentation fracture (VIF) toughness was then 

calculated by using Eq. (4) at each load. Fig. 10 shows the calculated VIF 

toughness as a function of the crack length for CRN-AlON and 

SSR-AlON. Comparing two VIF toughness curves, we find a noticeable 

divergence in the crack length when the same force was loaded on both 
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ceramics. The greater the force, the more obvious the difference is. Such 

a difference indicates that the resistance of crack propagation in 

CRN-AlON is greater than that in SSR-AlON. Moreover, both curves 

suffer a drop initially and then increase when the crack length increases 

from 100 µm to approximately 140 µm. Namely, the inhibitory effect of 

crack propagation was sharply enhanced when the crack was greater than 

100 µm, which was similar to the case of the average grain size. To reveal 

the resistance mechanism, the morphology of radial cracks was captured 

and is shown in Fig. 11. Fig. 11 demonstrates the representative behaviors 

of crack propagation, deflection and resistance at AlON grain and twin 

boundaries. More specifically, radial cracks propagated from the 

indentation impression and were then constrained and deflected at the 

grain and twin boundaries, as indicated by yellow and red arrows, 

respectively. The reason for the deflection, whether at the grain boundary 

or twin boundary, was generally ascribed to the mismatch of the slip 

system. The cracks were constrained and propagated along the twin, and 

the grain boundary was influential as the crack propagated along the 

lower toughness resistance paths. Therefore, the deflection and restraint 

effects at the grain and twin boundaries dominated the resistance for 

crack propagation. Based on this result, the main reason for the greater 

resistance in CRN-AlON was the presence of the higher twin density. 

When the crack length is greater than the average grain size, not only will 
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the twin boundary inhibit its further expansion but also will the grain 

boundary have the same effect. In summary, twin boundaries play a 

similar role again with grain boundaries in preventing the generation of 

long cracks and enhancing toughness. 

 

4. Conclusion 

γ-AlON powders were synthesized through carbothermal reduction 

nitridation (CRN) and high temperature solid-state (SSR) methods. 

Transparent AlON ceramics were fabricated by using synthetic CRN and 

SSR powders. The twin structure in synthetic AlON powders was 

innovatively investigated by applying EBSD to the polished cross section 

of powders. The preferred misorientation of twins was identified by 

high-resolution TEM and EBSD as <111>/60º. Residual elastic stresses 

around the twin domain in powders and ceramics were determined by 

employing high-resolution EBSD. From the difference in the distribution 

of the residual stress, BTs in AlON ceramics were considered to originate 

from the twins in the powders. The formation of STs is related to local 

excessive shear stress. Moreover, the addition of sintering additives could 

reduce the ST density but had nearly no effect on the BT density in the 

two kinds of AlON ceramics. The CRN-AlON and SSR-AlON ceramics 

both suffer an indentation size effect in Vickers hardness. The twin 

boundaries both act as pseudo grain boundaries in the Vickers hardness 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

test and VIF toughness analysis. Such pseudo grain boundaries may 

effectively decrease the grain size and enhance the toughness. 
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Fig. 1 The XRD patterns of the synthetic AlON powders. 

Fig. 2 SEM images of as-synthesized AlON powders through the (a,b) 

SSR and (c,d) CRN methods. 

Fig. 3 (a) and (b) BSE images and EBSD map of the as-polished 

cross-sectional surfaces of CRN-AlON powder; and (c) and (d) BSE 

images and EBSD map of the as-polished cross-sectional surfaces of 

SSR-AlON powder. 

Fig. 4 (a) BSE images of the as-polished twin powder, (b) the lamina of 

the white square region prepared by FIB, (c, d) Conventional TEM 

images, (e, g) HRTEM images of twin boundary with SAED pattern 

insert and (f, h) corresponding inverse fast Fourier transform (IFFT) 

image, where label ‘T’ represents a dislocation.  

Fig. 5 Euler + band contrast maps of the polished surface of CRN-AlON 

and SSR-AlON ceramics: (a) CRN-AlON without sintering additives, (b) 

SSR-AlON without sintering additives, (c) CRN-AlON and (d) 

SSR-AlON. 

Fig. 6 EBSD maps of twins in powder: (a) IPF map, (c) Kernel Average 

Misorientation map, (c) image quality map and (d) elastic stress maps. 

Fig. 7 EBSD maps of binary twins in ceramics: (a) IPF map, (c) Kernel 

Average Misorientation map, (c) image quality map and (d) elastic stress 

maps. 

Fig. 8 EBSD maps of sandwich-like twins in ceramic: (a) IPF map, (c) 
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Kernel Average Misorientation map, (c) image quality map and (d) 

elastic stress maps. 

Fig. 9 The Vickers hardness in relation to the indentation load for 

CRN-AlON and SSR-AlON 

Fig. 10 The calculated Vickers indentation fracture toughness as a 

function of the crack length for CRN-AlON and SSR-AlON. 

Fig. 11 Representative crack propagation, deflection and resistance at 

grain or twin boundaries; red arrows indicate deflection, and yellow 

arrows represent resistance. 

  

  

 

 

  



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

Table 1. The Euler angles and misorientations of the AlON grains in Fig. 

2 

Grain 
Euler angle / º 

Misorientation 
ψ θ φ 

T1 
217.1 17.8 186.4 

[111�]/59.7º 
124.4 44.8 219 

T2 
157.9 28.8 210.9 

[111�]/60º 
318.5 42.6 55 

T3 
49.3 41.7 131.4 

[111�]/59.7º 
154.4 17.1 355.8 

T4 
4.9 19.7 204.1 

[1�11]/59.1º 
  289.3 51 218.5 

 
 

Table 2. The Euler angles and corresponding misorientations of the 

selected grains in Fig. 4. 

Grain 
Euler angle/º 

Misorientation 
ψ θ φ 

BTA1 
 71.77 45.75 299.91 

[1�1�1]/59.9º 
156.16 24.32 188.86 

BTA2 
267.68 40.95 61.92 

[1�1�1]/59.3º 
119.53 32.95 203.04 

STA1 
264.31 41.27 76.15 

[111]/59.8º 
140.09 11.30 246.86 

STA1 
49.32 42.16 299.49 

[1�11]/60º 
 248.26 6.18 136.86 

BTB1 
92.90 34.10 130.20 

[111�]/60º 
216.80 20.80 336 

BTB2 
61.07 37.94 292.09 

[111�]/59.7º 
226.27 10.753 165.49 

STB1 
254.67 14.36 88 

[11�1�]/59.9º 
37.29 36.20 345.18 

STB2 
108.85 31.64 280.24 

[11�1�]/59.9º 
250.35 19.29 89.11 

BTC1 
27.07 40.04 305.12 

[11�1�]/59.9º 
188.87 315.59 147.01 

STC1 
161.06 19.39 202.11 

[11�1]/59.9º 
47.72 37.48 272.25 

BTD1 
351.99 38.19 334.55 

[11�1]/59.9º 
175.98 10.02 203.60 
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STD1 
20.80 36.44 306.80 

[1�11]/59.9º 
133.59 21.60 263.58 

 

Table 3. The average grain sizes and twin densities of CRN-AlON and 

SSR-AlON ceramics. 

Materials 
Average Grain size 

(µm) 
Twin Density (m-2) 

BT ST 
CRN-AlON(-) 105.24±8.25 2.889×107 1.022×107 
CRN-AlON(+) 112.31±5.77 2.622×107 1.778×106 
SSR-AlON(-) 106.28±7.51 2.085×107 3.472×106 
SSR-AlON(+) 121.32±5.14 2.0×107 8.889×105 

+: with sintering adds, -: without sintering adds 

 

Table 4. The parameters n, A, a1, a2 and HPSR determined in Meyer’s law 

and the PSR model. 

Materials Meyer’s law Proportional specimen resistance model 
n A a1 a2 HPSR (GPa) 

SSR-AlON 1.8444 0.0157 0.0572 0.0072 13.352 
CRN-AlON 1.8574 0.0159 0.0496 0.0079 14.650 
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