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Abstract

In this paper, we report the transmission electron microscopy (TEM) observations on the incorporation of Ti transition metal element into b-

SiAlON crystal structure in a bulk b-SiAlON–TiN composite material. Considering our energy dispersive X-ray (EDX) and electron energy loss

(EEL) spectroscopy results acquired by using nanometre-scale focused electron probe in scanning transmission electron microscopy (STEM)

mode, the Ti-K characteristic X-ray lines and Ti-L3,2 edges were detected in the chemical composition of the b-SiAlON grains. These results

clearly reveal that Ti can enter into the b-SiAlON crystal structure. It is anticipated that this data will provide the new engineering insights on the

production of transition metal element doped SiAlON-based materials for different applications.
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1. Introduction

b-SiAlON is currently considered as one of the most

significant phase, especially enhancing the fracture toughness

of the advanced SiAlON-based ceramics due to its unique self-

propagating needle-like microstructure following sintering [1].

Recently, b-SiAlON has also been used as a host material for

the rare-earth doped light emitting diodes (LEDs) [2–5], since

two different type of channels along the c axis of its crystal

structure accommodate the additional interstitial atoms [6]. The

high resolution Z (atomic number)-contrast imaging [7] reveals

the precise atomic positions of rare-earth dopants in b-SiAlON

crystal structure [6,8]. More expressly, the interstitial cerium

(Ce) [6] and europium (Eu) [8] atoms prefer to locate in the

hexagonal-shaped channels, whereas the ytterbium (Yb) [6]

atoms exist in a narrower interstitial site which is positioned

between the two hexagonal channels. Also, as different from

the existence of the rare-earth atoms in b-SiAlON, our previous

analytical TEM study [9] interestingly demonstrated that

transition metals, e.g. chromium (Cr) and iron (Fe), can enter

into b-SiAlON crystal structure.
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b-SiAlON–TiN composites characteristically show high

thermal conductivity and fracture toughness thus providing an

outstanding material for cutting tool applications that is capable

of easily dissipating the heat and able to withstand the severe

impacts at elevated operating temperatures [10–12]. Further-

more, they exhibit superior electrical conductivity character

with respect to monolithic SiAlON-based materials [13]. This

also easily enables the use of electrical discharge machining

(EDM) on the b-SiAlON–TiN without any deterioration in its

final properties whilst obtaining the complex shaped parts, e.g.

glow plugs, heaters, igniters, etc. [14,15].

Despite the fact that several studies were carried out on the

properties and production routes of b-SiAlON–TiN composites

[10–15], very little is known about the detailed microstructure

of these materials.

The goal of the current research is, therefore, to investigate

the incorporation possibilities of Ti into b-SiAlON crystal

structure in b-SiAlON–TiN composite by using various

transmission electron microscopy (TEM) techniques.

2. Experimental

20% TiN containing SiAlON composites were produced

with the addition of Si3N4, Al2O3 and Y2O3 by using gas

pressure sintering technique under nitrogen atmosphere [12].
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Fig. 1. The XRD pattern of b-SiAlON–TiN composite material (The metallic Si was used as internal standard).
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Please also note that TiN and Si3N4 starting powders contain

small amount of TiO2 and SiO2 as a surface oxide layer. The

densities of sintered pellets were measured by Archimedes’

principle. The phase identification in sintered sample was

carried out using a powder X-ray diffraction (XRD) technique

(Rigaku RINT-2000). For TEM investigations, the electron

transparent specimen was prepared by mechanical polishing,

followed by Ar-ion beam thinning and finally carbon coated

(Leica Microsystems EM RES101) to minimize charging

effects. Afterwards, the sample was characterised by using a

field emission TEM (Jeol 2100F), operating at 200 kVequipped

with an energy filter (Gatan Inc., GIF Tridiem), parallel

electron energy loss spectrometer (EELS), a high angle annular

dark field-scanning transmission electron microscope

(HAADF-STEM) detector (Fishione) and an energy dispersive

X-ray (EDX) spectrometer (Jeol JED-2300T). In EELS and

EDX analyses, an electron spot with 1–2 nm in diameter was

used. The backgrounds in EELS analysis was subtracted

according to power-law [16]. In EELS analysis, the conver-

gence and collection semi-angles were used as 9.2 and

15.7 mrad, respectively. The hard X-ray aperture was also

inserted to reduce the X-rays emitted from the parts of

microscope column and specimen holder. Furthermore, a

corrector was used to avoid drift during the EDX analysis.

3. Results and discussion

Density measurements showed that sintered pellets were

almost fully dense (99.5%). Considering the XRD data shown

in Fig. 1, the peaks were indexed as b-SiAlON and TiN

(Osbornite) phases. In addition, no crystalline intergranular

secondary phases were detected from the XRD pattern (Fig. 1).

The bright field (BF) TEM image in Fig. 2a shows the

general microstructure of the material. Here, the most of b-

SiAlON grains constituting the matrix phase were observed as

grey contrast, whilst the round-shaped TiN grains were seen as

black colour. In Fig. 2b, a hexagonal-shaped b-SiAlON grain

oriented along the [0 0 0 1] low index zone axis was seen as

dark contrast with respect to other phases in microstructure due
to diffraction condition. Also, looking at Z-contrast STEM

image in Fig. 3, this highlighted b-SiAlON grain can be clearly

discerned surrounded by TiN and sintering additive-rich

intergranular secondary phases with white contrast in the

image as a result of enhanced electron-scattering coming from

the high atomic numbers of Ti (Z: 22) and Y (Z: 39) elements.

Additionally, the selected area electron diffraction (SAED)

pattern recorded from the same grain (Fig. 4) showed that this

grain was b-SiAlON oriented parallel to [0 0 0 1] low index

zone axis. This SAED pattern was entirely consistent with the

simulated kinematical SAED pattern obtained from the b-

SiAlON phase along the [0 0 0 1] low index zone axis [9].

Taking into account high resolution (HR) TEM image in Fig. 5

that acquired from the interface highlighted with ‘‘1’’ in

Fig. 2b, the triple junction phase adjacent to [0 0 0 1] b-

SiAlON grain on the right is amorphous. This result also

confirms the XRD analysis (Fig. 1) that there is no secondary

crystalline phase existing in the material.

Considering the STEM-EDX analysis given in Fig. 6 that

collected from the same [0 0 0 1] b-SiAlON grain shown in

Figs. 2b and 3, it was found that the grain was containing the

constituent elements of b-SiAlON, i.e. Si, Al, O and N. On the

other hand, more surprisingly, an extra explicit characteristic X-

ray line at approximately 4.5 keV corresponding to Ti-K was

detected in the b-SiAlON grain. To confirm the novelty of this

finding, a number of STEM-EDX analyses were also carried

out from the different b-SiAlON grains and results are

presented in Table 1. Here, all the analysed b-SiAlON grains

were determined to contain Ti element. Thus, the average

composition of Ti bearing b-SiAlON grains was calculated as

Ti0.40Si50.67Al2.67O9.51N36.75 (at.%) by using standardless

Cliff–Lorimer quantification method [17].

Nevertheless, to strengthen our EDX results shown in

Fig. 6 and Table 1, EELS analyses were also performed on the

same [0 0 0 1] b-SiAlON grain and TiN phase that used as an

internal standard to observe the positions of Ti-L3,2 edges and

comparatively indicated in Fig. 7. In view of the EEL

spectrum in Fig. 7, the Ti-L3,2 edges were clearly seen

together with the N-K and O-K edges, which revealed that Ti



Fig. 2. TEM-BF images showing the (a) general microstructure of b-SiAlON–TiN composite material and (b) a hexagonal-shaped b-SiAlON grain oriented along the

[0 0 0 1] low index zone axis.
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existed in b-SiAlON grain. Furthermore, when Ti-L3,2 edges

in b-SiAlON was compared with internal reference EEL

spectrum acquired from TiN phase in Fig. 7, it was observed

that their edge positions shifted slightly forward, and edge

shapes seemed not to be entirely similar to internal reference

EEL spectrum of TiN. These chemical differences in Ti-L3,2

edges provide further evidence that Ti is not coming from
Fig. 3. Z-contrast STEM image of b-SiAlON–TiN composite material.

Fig. 4. SAED pattern acquired from the [0 0 0 1] low index zone axis of

hexagonal-shaped b-SiAlON grain highlighted in Figs. 2b and 3.



Fig. 5. HRTEM image obtained from the interface marked with ‘‘1’’ in Fig. 2b.

Fig. 6. EDX spectrum collected from the b-SiAlON grain in STEM mode (the white dotted circle on the inset Z-contrast STEM image shows where electron probe

was focused during EDX analysis).
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other sources but from the Ti incorporated into b-SiAlON

crystal structure. At this point, we clearly state that Ti can

enter into the b-SiAlON crystal structure.

In the light of experimental results presented, we think that

the similarities in ionic radius of Si, Al and Ti elements are key

factor for the understanding of how the Ti can enter into b-

SiAlON crystal structure. The ionic radii of Si4+ and Al3+ are

respectively 40 pm and 53 pm in four-fold coordination [18]

since they exist in the (Si,Al)(O,N)4 tetrahedrons in the b-
Table 1

The quantitative STEM-EDX analysis of b-SiAlON grains.

b-SiAlON Elements (at.%) 

Ti Si Al 

Grain-1 0.36 51.24 5.01 

Grain-2 0.48 50.21 1.58 

Grain-3 0.51 50.51 2.76 

Grain-4 0.36 50.22 2.12 

Grain-5 0.31 51.16 1.88 

Average 0.40 � 0.09 50.67 � 0.50 2.67 � 1.38 
SiAlON crystal structure [19]. Also, the ionic radius of Ti4+ is

56 pm in four-fold coordination [18]. Based on the ionic radii

comparison, it can be deduced that the incorporation of Ti into

b-SiAlON crystal structure is possible with substitution

mechanism in the (Si,Al)(O,N)4 tetrahedrons. In fact, the

observation of Ti4+ substitution in SiNxO4�x and AlNxO4�x

tetrahedrons strongly supports this prediction [20]. Addition-

ally, this view was also discussed in a theoretical study [21] and

explained that the incorporation of 3d-metal impurities such as
Composition

O N

9.94 33.45 Ti0.36Si51.24Al5.01O9.94N33.45

8.53 39.20 Ti0.48Si50.21Al1.58O8.53N39.20

8.22 38.00 Ti0.51Si50.51Al2.76O8.22N38.00

10.26 37.04 Ti0.36Si50.22Al2.12O10.26N37.04

10.62 36.03 Ti0.31Si51.16Al1.88O10.62N36.03

9.51 � 1.07 36.75 � 2.18 Ti0.40Si50.67Al2.67O9.51N36.75



Fig. 7. EEL spectra recorded from the b-SiAlON and TiN grains in STEM

mode (the white and black dotted circles on the inset Z-contrast STEM image

show where electron probe was focused during EELS analysis).
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Ti, Fe, and Cr could lead to a cation substitution mechanism in

silicon oxynitride (Si2N2O) structure [21]. Furthermore,

another theoretical study performed using first principles

molecular orbital calculations expressed that the 3d-transition

metal elements between Ti and Ni in the case of their formal 4+

oxidation state could constitute a solid solution in b-Si3N4

crystal structure [22]. Moreover, a study mentioned about a

solid solution possibility of substituted Ti ion in the b-Si3N4

crystal lattice without an evidence of TEM results [23].

Therefore, Ti within the b-SiAlON phase observed in this study

can enter the crystal structure through a substitution mechanism

in Si(Al) sites of basic (Si,Al)(O,N)4 tetrahedrons.

4. Conclusions

Here, we showed the TEM observations on the incorporation

of Ti transition metal element into b-SiAlON crystal structure

in b-SiAlON–TiN composite material. Based on our EDX and

EEL spectroscopy results acquired in STEM mode, the Ti-K

characteristic X-ray lines and Ti-L3,2 edges were detected in the

chemical composition of the b-SiAlON grains. These TEM

findings clearly demonstrate that Ti enter into the b-SiAlON

crystal structure. According to ionic radii comparisons and

theoretical calculations, it can be concluded that Ti replaces Si

and/or Al at substitutional positions. However, to determine

exactly where Ti atoms are located in the b-SiAlON crystal

structure, the atomic-resolved Z-contrast STEM imaging

studies should be carried out. We anticipate that this data will

provide the new engineering insights on the production of

transition metal element doped SiAlON-based materials for

different applications similar to rare-earth incorporated b-

SiAlON materials for white light emitting diodes (LEDs).
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