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Abstract

Outstanding properties for SiAlON ceramics can be obtained by tailoring the microstructure through a-SiAlON and b-SiAlON phase content as

well as a type of secondary phases. It is so far well known that while some of the elements could be accommodated in a-SiAlON structure, b-

SiAlON does not easily accommodate different elements in its structure. In this work, SiAlON ceramics were produced by using b-Si3N4 starting

powder containing small amount of iron and chromium and the possible incorporation of iron and chromium into b-SiAlON structure was

investigated by using analytical transmission electron microscopy (TEM) techniques. As a result of analytical TEM analysis, it is found that

transition metals (Cr and Fe) can enter into the b-SiAlON crystal structure.

# 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

Keywords: B. Electron microscopy; B. Spectroscopy; D. SiAlON; Transition metals (Cr and Fe)

www.elsevier.com/locate/ceramint

Available online at www.sciencedirect.com

Ceramics International 37 (2011) 1501–1505
1. Introduction

SiAlON ceramics have recently attracted increasing interest

as promising engineering materials thanks to their outstanding

mechanical properties, superior thermal stability, high creep

resistance and good oxidation/corrosion performance [1,2]. It is

well known that all these desired properties of SiAlONs are

tailored by manipulating the microstructure, basically consist-

ing of two distinct polymorphs (a-SiAlON and b-SiAlON) and

secondary phases [1,2]. Despite the fact that many of the alkali,

alkaline earth and rare earth elements are commonly found to

be incorporated into the a-SiAlON [3,4], none of these

elements exist in b-SiAlON [1,5]. On the contrary, this view has

been changing with recent studies revealing that some of the

rare earth elements such as Eu2+ and Ce3+ can be

accommodated into the b-SiAlON [6–8]. Furthermore, alkali

and alkaline earth ions, e.g., Li+, Mg2+ and Ca2+ have been

shown to be incorporated into the host lattice of b-SiAlON [9].

The transition metal oxides (Cr2O3 and Fe2O3) were used as

sintering aids with the aim of stabilization of a-SiAlON phase
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in the production of sintered-bulk SiAlON ceramics [10,11].

However, it was observed that Cr2O3 and Fe2O3 did not

stabilize the a-SiAlON phase [10,11]. Additionally, formation

of Cr- and Fe-silicide phases were reported, but no information

was mentioned about the incorporation possibilities of Cr and

Fe into the b-SiAlON structure [10,11]. On the other hand, in a

couple of studies intended for preparation of b-SiAlON

powders from Fe2O3-bearing fly ashes and coal-mine schists

[12,13], Fe were observed in the elemental analysis of b-

SiAlON fibres and spherical particles using scanning electron

microscope (SEM) attached with energy dispersive X-ray

(EDX) spectrometer. However, SEM-EDX analysis in thick

samples is unreliable due to the large beam broadening [14] and

as a result of this; there is no direct claim for Fe incorporation

into the b-SiAlON structure in these studies [12,13]. Also, a

Mossbauer spectroscopy study related to b-SiAlON produced

from iron containing clay expressed that iron was not present in

b-SiAlON structure [15]. Moreover, no published data related

to possible existence of Cr in the b-SiAlON structure is

available.

Therefore, the aim of this paper is to investigate the

possibility of the incorporation of transition metals (Cr and Fe)

into the b-SiAlON structure by using more reliable TEM

techniques in a SiAlON ceramic produced with the use of Fe

and Cr containing b-Si3N4 starting powders.
d.
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2. Experimental

The SiAlON ceramics were produced by sintering the

starting Si3N4 and AlN powders mixed with multi-cation

sintering additives, i.e., yittrium oxide (Y2O3), samarium oxide

(Sm2O3) and calcium oxide (CaO) at 1940 8C for 1 h under

22 bar nitrogen atmosphere in a gas pressure sintering furnace.

The more detailed information about composition and

production method of SiAlON ceramics can also be found in

previous studies [16,17]. However, in this study instead of high

purity a-Si3N4, less pure b-Si3N4 containing transition metal

(Fe and Cr) impurities was chosen as a starting powder to

produce cost effective SiAlON ceramics. The total amounts of

iron and chromium together in b-Si3N4 powder were around

1 wt%.

The densities of sintered pellets were measured by using

Archimedes’ principle. The phase identification in sintered

samples was performed by using powder X-ray diffraction

(XRD) technique (Rigaku RINT-2000). For analytical TEM

investigations, the electron transparent specimen was prepared

by mechanical polishing, followed by Ar-ion beam thinning

and finally carbon coating (Leica Microsystems EM RES101).

Afterwards, the sample was characterized by using 200 kV field

emission TEM (JEOL JEM-2100F) equipped with STEM high

angle annular dark field (STEM-HAADF) detector (Model

3000, Fischione), parallel electron energy loss spectrometer

(PEELS) and energy filter (Gatan GIF Tridiem), and energy
Fig. 1. (a) STEM-HAADF image showing the microstructure of SiAlON sample, (b)

with ‘‘1’’ in (a), (c) selected area electron diffraction pattern (SAEDP) of b-SiAlO

SiAlON along the [0 0 0 1] low index zone axis. Please note that Ref. [24] was us
dispersive X-ray (EDX) spectrometer (JEOL JED-2300T). The

hard X-ray aperture was inserted to reduce the X-rays emitted

from the parts of microscope column and specimen holder. A

corrector was also used to avoid drift during the EDX analysis.

3. Results and discussion

Density measurements showed that sintered pellets were

almost fully dense (99.5%). From the XRD analysis, it was

found that the starting b-Si3N4 powder was converted to

SiAlON phases. The a/b SiAlON ratio was calculated [18] to

be 8/92. Also, a very small amount of Fe–Cr bearing metal

silicides was detected.

The microstructure of SiAlON sample, high resolution TEM

image of one of the b-SiAlON grain, as well as experimental

and matching theoretical selected area electron diffraction

patterns (SAEDP) obtained from 0 0 0 1 direction of a b-

SiAlON grain are given in Fig. 1. Considering the atomic

number (Z)-contrast STEM-HAADF image in Fig. 1(a), the

rare earth element rich silicon–aluminum–oxynitride phases

were clearly observed as white regions when compared to b-

SiAlON grains. The reason of this contrast in HAADF image is

due to the fact that high atomic number sintering additive

elements such as Y, Sm and Ca existing at grain boundaries and

in the quadruple junctions scatter electrons much more than the

b-SiAlON grains containing lighter elements.
HREM image of b-SiAlON grain obtained from the rectangular region labelled

N acquired from the same grain and (d) kinematical SAEDP simulation of b-

ed for the kinematical SAEDP simulation.



Fig. 2. (a) EDX spectrum and (b) EEL spectrum collected from the b-SiAlON grain marked with ‘‘1’’ in Fig. 1(a). EEL spectra of Fe2O3 (middle one) and Cr (bottom

one) are also given in (b) as references. Please note that the diameter of electron beam used in STEM-based EDX and EELS spot analyses was about 1–2 nm and the

backgrounds of EEL spectra were subtracted according to power-law [25].
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Based on the EDX spectrum acquired from rectangular

region marked with ‘‘1’’ in Fig. 1(a) and shown in Fig. 2(a), the

grain was identified as b-SiAlON since the characteristic X-ray

lines from a-SiAlON stabilizer elements such as Y, Sm and Ca

were not visible in the spectrum. On the other hand, two explicit

X-ray lines at approximately 5.4 keV and 6.4 keV correspond-

ing to Cr Ka and Fe Ka, respectively, were detected along with

expected peaks from b-SiAlON elements in the spectrum. More

STEM-EDX analysis was also carried out from other b-
Table 1

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

b-SiAlON Elements (at.%)

Fe Cr Si Al

Grain-1 0.83 0.16 50.28 3.52

Grain-2 0.82 0.18 54.06 3.27

Grain-3 0.81 0.14 54.53 3.79

Grain-4 0.80 0.19 49.22 2.82

Grain-5 0.58 0.24 43.36 2.95

Grain-6 0.55 0.17 56.60 0.65

Grain-7 0.52 0.17 45.82 3.08

Grain-8 0.33 0.14 41.49 3.55

Grain-9 0.28 0.17 44.25 3.02

Grain-10 0.18 0.11 51.33 3.09

Average 0.58 � 0.24 0.18 � 0.03 49.08 � 5.17 2.97 � 0.87
SiAlON grains and their compositions are presented in Table 1.

It can be seen that all the analysed grains contain Fe and Cr

elements and furthermore from Table 1, the average composi-

tion of Fe and Cr containing b-SiAlON grains was calculated as

Fe0.58Cr0.18Si49.08Al2.97O6.67N40.52 (at.%) by using standard-

less Cliff–Lorimer quantification method [19].

Nevertheless, to confirm the novelty of our results, EELS

analysis was also carried out at the same region of b-SiAlON

grain and compared with the reference EEL spectra of Fe2O3
Composition

O N

6.75 38.47 Fe0.83Cr0.16Si50.28Al3.52O6.75N38.47

3.91 37.76 Fe0.82Cr0.18Si54.06Al3.27O3.91N37.76

4.71 35.98 Fe0.81Cr0.14Si54.53Al3.79O4.71N35.98

5.27 41.25 Fe0.80Cr0.19Si49.22Al2.82O5.27N41.25

11.68 41.20 Fe0.58Cr0.24Si43.36Al2.95O11.68N41.20

6.53 35.61 Fe0.55Cr0.17Si56.60Al0.65O6.53N35.61

6.35 44.06 Fe0.52Cr0.17Si45.82Al3.08O6.35N44.06

9.09 45.40 Fe0.33Cr0.14Si41.49Al3.55O9.09N45.40

6.68 45.41 Fe0.28Cr0.17Si44.25Al3.02O6.68N45.41

5.29 40.01 Fe0.18Cr0.11Si51.33Al3.09O5.29N40.01

6.67 � 2.24 40.52 � 3.62 Fe0.58Cr0.18Si49.08Al2.97O6.67N40.52
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and Cr, taken from database of Gatan Digital MicrographTM

software (Fig. 2(b)). In view of the EEL spectrum at the top of

Fig. 2(b), the Cr-L3,2 and Fe-L3,2 edges were clearly seen

together with the N-K and O-K edges, which revealed that Cr
Fig. 3. (a) STEM-HAADF image showing the BN inclusion, (b) EEL spectrum

acquired from the BN inclusion (inset image) in addition to detailed view of 400–

800 eVenergy loss range of N-K edge in inset image, and (c) EEL spectrum of b-

SiAlON grain adjacent to BN inclusion. Please note that the beam positions for the

EELS analysis for BN inclusion and b-SiAlON grain are also shown in (a).
and Fe existed in b-SiAlON grain. In addition, when Cr-L3,2

and Fe-L3,2 edges in b-SiAlON were compared in detail with

reference EEL spectra in Fig. 2(b), it was determined that their

features such as edge shape and positions were almost similar to

the reference EEL spectra of Fe2O3 and Cr. Therefore, these

findings present further evidence of Cr and Fe incorporation

into the b-SiAlON structure. At this point, we state that Cr and

Fe can be incorporated into the b-SiAlON structure. But,

although Cr and Fe were found to be present by using the EDX

and EELS analyses (Fig. 2), a question to be answered here is

whether or not Cr and Fe signals were collected as an artefact

from the parts of microscope column and/or specimen holder

even though hard X-ray aperture were used.

In an attempt to clarify this point, we fortunately identified a

boron nitride (h-BN) inclusion existing in the sample as a

contaminant [20] from the BN spray used to cover the surface

before sintering. Therefore, EELS analysis from the BN

inclusion can be used as an internal standard to solve the

problem whether Cr and Fe were identified as an artefact in the

b-SiAlON grain. Thus, EELS analysis was carried out on the

BN inclusions circled on the STEM-HAADF image in Fig. 3(a)

and shown in Fig. 3(b) and compared with EEL spectrum from

adjacent b-SiAlON grain (Fig. 3(c)). Looking at Fig. 3(c)

showing the 570–740 eVenergy loss ranges, the Cr-L3,2 and Fe-

L3,2 edges were seen in the EEL spectrum of b-SiAlON grain

whereas they were not visible in the EEL spectrum of BN

inclusion (Fig. 3(b)) proving that Cr and Fe certainly entered

into the b-SiAlON structure and they were not observed in b-

SiAlON grains due to the artefacts.

Taking into consideration of experimental results presented

herein, we think that variable ionic radii of Cr and Fe transition

elements are key factor to understand how Cr and Fe can enter

into the b-SiAlON structure. In to explain this phenomenon, it

is sufficient to look at the ionic radii in fourfold coordination of

Si4+ (26 pm) [21] and Al3+ (39 pm) [21] since they exist in the

(Si, Al)(O, N)4 tetrahedrons in the b-SiAlON crystal structure

[22] and to compare with various ionic radii of Cr and Fe in

fourfold coordination, e.g., Cr4+ (41 pm), Cr6+ (26 pm), Fe3+

(49 pm), and Fe6+ (25 pm) [21]. As a result of ionic radii

comparison, it can be deduced that the incorporation of Cr and

Fe into b-SiAlON crystal structure is possible with substitution

mechanism in the (Si, Al)(O, N)4 tetrahedrons. As a matter of

fact, this view was discussed in a theoretical study [23] and

explained that the incorporation of 3d-metal impurities can

come true with a cation substitutional mechanism in silicon

oxynitride (Si2N2O) structure [23].

Furthermore, it was shown that Eu2+ with an ionic radius

of 117–135 pm depending on the coordination number [21]

can enter as a single interstitial atom in the channels of b-

SiAlON crystal structure [8]. Similarly, it might be possible

that Cr and Fe atoms exist in the interstitial sites of b-

SiAlON crystal structure because the ionic radii of Cr2+

(80 pm in sixfold coordination) [21] and Fe2+ (78 pm) [21]

are smaller than the Eu2+ (117 pm in sixfold coordination).

But, to determine the valance states of Cr and Fe and to

decide where they exist in the b-SiAlON crystal structure,

the detailed EELS analysis, atomic-resolved STEM-HAADF
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imaging and further density functional theory (DFT) studies

should be carried out.

Please also note that unfortunately we could not find a-

SiAlON grains to investigate whether or not Fe and Cr also

entered into the a-SiAlON grains.

4. Conclusions

The EDX and EELS analyses carried out in a TEM clearly

showed that Fe and Cr can enter into the b-SiAlON structure.

We believe that our results can be considered as a starting point

for the initiation of new-generation SiAlON ceramics posses-

sing different properties for different applications by means of

transition metals incorporation into the b-SiAlON structure

similar to rare-earth incorporated b-SiAlON materials [6,7] for

white light-emitting diodes (LEDs).
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