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Abstract
Fine-grained AlN–AlN polytypoid composites doped with SiO2 were prepared in situ by pressureless sintering of AlN–Al2O3

mixtures (3.7 and 10.5 mol% Al2O3) at 1870 8C using Y2O3 as sintering aid. SiO2-doping (1 wt.%) was used to stabilize the AlN

polytypoids and reduce the average grain size of the polytypoids. The composites consisted of elongated SiO2 containing AlN

polytypoids grains (30 and 61 vol.%) embedded in equi-axed AlN matrix. Vickers hardness and bending strength increased with

polytypoid composite formation. The Young’s modulus showed a maximum at 3.7 mol% Al2O3 (30 vol.% polytypoids). The fracture

toughness increased up to 4.0 � 0.3 MPa m1/2 for the composites. The toughening was caused by crack deflection due to residual strain

both in the polytypoids and the AlN matrix.

# 2004 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

Keywords: A. Grain growth; B. Microstructure-final; C. Mechanical properties; D. SiAlON
1. Introduction

Aluminum nitride (AlN) polytypoids are formed at high

temperatures (>1881 � 6 8C) in the aluminum nitride-

aluminum oxide (AlN–Al2O3) system [1–5]. The poly-

typoids are also known as AlN compositional polytypes due

to their oxygen content. The structure has recently been

described as arrays of alternating planar (oxygen containing)

and corrugated (without oxygen) inversion domain bound-

aries (IDBs) in AlN [6,7]. As AlN polytypoids grow as

elongated or plate-like grains, [8,9] in situ formation of

composite materials consisting of polytypoid grains in an

AlN matrix might represent an effective route to toughen

AlN ceramics. Increased fracture toughness is probably

necessary to initiate the use of AlN ceramics in high

temperature structural applications. Si3N4 and SiC are

examples of ceramics showing highly increased fracture
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toughness by in situ grown elongated grains. The formation

of hexagonal b-Si3N4 and a-SiC during sintering have

increased the fracture toughness of Si3N4 and SiC up to

10 and 8–9 MPa m1/2 [10,11], significantly higher than

the fracture toughness reported for AlN, 3–4 MPa m1/2

[12–17].

Huang and Jih [13,18] reported an increasing fracture

toughness and Vickers hardness and decreasing fracture

strength as platelike AlN polytypoids were formed during

hot-pressing of pure AlN and AlN–SiC materials at and

above 2100 8C. Also Kuzenkova et al. [19] and Tkachenko

et al. [20] have reported reinforcement of AlN composites

(con- taining TiN, TiO2, MoSi2, TiC, etc.) by formation of

polytypoid-like grains. Sakai [21] studied the relation be-

tween phase composition and bending strength for hot-

pressed AlN–Al2O3 materials and found that polytypoids in

moderate volume fractions increased the bending strength,

but in larger fractions the bending strength was decreased.

AlN–AlN polytypoid composites in the Y2O3–AlN–Al2O3

system have been prepared and characterized by Tangen et al.

[5].
ved.
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It is well known that addition of silicon oxide (SiO2)

lowers the stability temperature for AlN polytypoids and

existence down to 1400 8C is reported in the SiAlON system

[6,8,22–25]. Westwood et al. [6] compared the detailed

structure of the polytypoids formed in pressureless sintered

AlN–Al2O3 mixtures with and without SiO2-addition

(�1 wt.%). In the SiO2 doped samples the amount of poly-

typoids was higher compared to the SiO2-free samples and

the number of isolated IDBs in the AlN grains decreased

abruptly. The mechanical properties of AlN polytypoids

containing SiO2 have been studied, but only a small

dependence on the oxygen content of the polytypoids was

reported [8,26,27].

In this work we have taken advantage of the increased

stability of AlN polytypoids by minor SiO2 doping and

developed fine-grained AlN–AlN polytypoid composites

with elongated polytypoid grains in an AlN matrix. The

composites were prepared by pressureless sintering using

Al2O3–Y2O3 as sintering additive. A systematic study of the

influence of SiO2 on microstructure, sintering mechanism

and kinetics of the polytypoid formation is discussed.

Finally, the mechanical properties are investigated and the

possibility for toughening of AlN ceramics due to elongated

polytypoid grains is addressed.
2. Experimental

The composite materials were prepared from AlN

powder (Tokuyama Soda, Grade F, containing 0.6 wt.%

oxygen on the grain surface), Al2O3 (Alcoa, A 16 SG) (3.7

and 10.5 mol% (assuming only AlN and Al2O3)) and

fine SiO2 (1 wt.%) prepared as described by Hæreid et al.

[28] Y2O3 (H.C. Starck, quality Finest) (1.4 wt.%)

was added to form sintering aid with Al2O3. Pure AlN

materials containing 0.2 mol% Al2O3 and 0.9 wt.% Y2O3 as

sintering additives were prepared from the same starting

powders.

The powders were mixed in 100% ethanol by ball milling

for four hours using alumina balls. Soft agglomerates

(<500 mm) were formed by sieving before preparation of

green bodies. The powder was pressed into bars, first

uniaxially pressed at 15 MPa and then isostatically pressed at

200 MPa. Ethyl cellulose (Sigma) (2 wt.%) was used as

binder. The green density of the bars was approximately

56%.

The ceramics were sintered in static N2-atmosphere in a

graphite resistance furnace described by Herstad and

Motzfeldt [29]. The sample temperature was measured

using an automatic pyrometer (Model PZ20-AF5, Keller

GmbH). The composites were sintered in AlN powder bed

in silicon carbide (SiC) crucibles with lids for two hours at

1870 8C. The heating and cooling rate was 300 K/h. The

pure AlN samples were sintered in molybdenum (Mo)

lined graphite crucibles at 1870 8C for six hours. The

density was determined by Archimedes’ method using
isopropanol. The amount of polytypoids was measured by

determination of the area fraction of polytypoids in SEM

images. Based on the estimated content of polytypoids, the

composition of the remaining part of the materials was

calculated, assuming pure AlN, Al2O3 and Y2O3 to be the

other phases. The theoretical density was calculated from

the law of mixtures based on the calculated phase

composition and was not corrected for weight loss during

firing.

The microstructure of the samples was studied by optical

microscopy (Reickert MeF3 A), scanning electron micro-

scopy (SEM) (Hitachi S3500N) with fitted energy dispersive

spectroscope (EDS) (Oxford Instruments Model 7021) and

transmission electron microscopy (TEM)/high resolution

TEM (HRTEM) (Philips CM30). Phase composition was

studied by powder X-ray diffraction (XRD) using a Siemens

D5005 X-ray diffractometer. The samples were ground to

powder using a boron carbide mortar prior to XRD measure-

ments. The AlN grain size was measured by the linear

intercept method on polished and thermally etched (1600 8C
for 0.2 h) surfaces. A total of approximately 400 grains were

measured for each sample. The aspect ratio of the polytypoid

grains was calculated by measuring the maximum and

minimum diameter of the grains from SEM images of

polished samples. The average aspect ratio was estimated as

the mean value of the 10% highest observed aspect ratios

[30]. In total 200–250 elongated grains were measured for

each sample.

Bending strength and Young’s modulus (E-modulus) were

measured using a four point bending test (40/20 mm span).

Sample bars were machined to MIL SPEC 1942 and

dimensions 4 mm � 3 mm � 45 mm by Chand Associates,

MA, USA. All the edges were chamfered. The calculation of

Young’s modulus was based on an equation describing the

deflection of the bar, reported by Sass et al. [31]. A total of 6–

11 specimens were tested for each composition. The fracture

surfaces were studied by SEM to reveal the fracture origins.

The fracture toughness was determined using the single edge

notched beam method (SENB). The sample bar dimensions

used were 4 mm � 3 mm � 45 mm, the depth of the notches

was 1.2 mm and the width about 0.2 mm. Fracture toughness

was calculated using ISO 15732 [32]. A total of 4 specimens

were tested for each composition. The fracture toughness was

also determined at room temperature and at 800 8C in flowing

N2-atmosphere (max 200 ppm O2). Both 4-point bending and

the SENB testing were performed by 4-point flexure 40/

20 mm span in a high temperature mechanical testing rig

described previously [33]. The room temperature mechanical

testing of pure AlN is also described previously [34]. All

measurements were performed in displacement control at a

crosshead rate of 8 mm/s. Hardness was measured using the

Vickers indentation method on polished surfaces. An

Akashi AVK-C1 Hardness Tester was used for the

indentation and a Reickert MeF3 A optical microscope with

a Sony DXC-930P Colour Video Camera and the program

NIH Image for measuring the indentations. The hardness
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Table 1

Phases identified by XRD and HRTEM in SiO2-doped AlN–AlN polytypoid composites

Al2O3 (mol%) XRD HRTEM

AlN Spinel (g-AlON) YAG AlN polytypoids

3.7 + + + + (+) + + + 27R

(27R) IGa: 20H, 27R, 21R

10.5 + + + + + + + + 27R, 16H and 21R

(27R, 21R) IGa: 27R, 16H, 21R

+ + + + main phase; + + + large amounts;+ + medium amounts; + small amounts; (+) traces.
a IG: intergrowth.
was calculated using the equation reported by Anstis et al.

[35].
3. Results

The AlN–AlN polytypoid composites obtained high

density (>99.0%) and low weight loss after sintering,

approximately 0.5% for both composites. The phases

identified by XRD and HRTEM and their semi-quantitative

amounts are given in Table 1. Both composites contain AlN

and polytypoids as the major phases and the polytypoid

content increases considerably when increasing the Al2O3

content. In addition yttria alumina garnet (YAG, Al5Y3O12)

is identified in both materials. YAG solidifies from the AlN

containing Y2O3–Al2O3 liquid during cooling. According to

the binary Al2O3–Y2O3 system and the quaternary Al2O3–

Y2O3–AlN–YN system, YAG is stable at low temperatures

with a low solubility of nitrogen [36,37]. Formation of YAG
Fig. 1. Fracture surfaces from SENB-testing (room temperature, air) and backsca

composites: (a and b) 3.7 mol% Al2O3 material, (c and d) 10.5 mol% Al2O3 ma
is reported to be favored by SiO2 [25]. Only traces of spinel

(g-AlON) are identified in the 3.7 mol% Al2O3 material

while a small amount is identified in the 10.5 mol% Al2O3

material. The main AlN polytypoids are identified by XRD

as 27R in the 3.7 mol% Al2O3 material and 27R and 21R in

the 10.5 mol% Al2O3 material. HRTEM was further used to

identify the polytypoids and 16H was found in addition to

27R and 21R in the 10.5 mol% Al2O3 material. Intergrowth

of several different polytypoids was also observed. The

average oxygen content of the polytypoid phases increased

with increasing Al2O3 content in the materials and the

average Ramsdell number decreased in line with the nominal

composition. The polytypoid containing least oxygen was

20H, identified in intergrowth in the 3.7 mol% Al2O3

ceramic.

SEM images showing fracture surfaces and polished

surfaces of the two composite materials are given in Fig. 1.

The fracture surfaces (Fig. 1a and c) show mainly

transgranular fracture. A small number of elongated poly-
tter SEM images of polished surfaces of SiO2-doped AlN–AlN polytypoid

terial.
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Fig. 2. Elemental mapping showing the content of oxygen, silicon and yttrium in a SiO2-doped AlN–AlN polytypoid composite containing 3.7 mol%

Al2O3.

Fig. 3. Calculated vol.% polytypoids in SiO2-doped AlN–AlN polytypoid

composites (filled diamonds) plotted versus total mol% Al2O3. The open

diamonds and triangles are vol.% polytypoids calculated based on AlN–

Al2O3 composition join proposed by Tangen et al. [5], assuming 39R or

27R, respectively, to be the stable polytypoid with lowest oxygen content at

1870 8C in the SiO2-doped AlN–Al2O3 system.
typoid grains are observed, also these exhibit a transgranular

fracture mode. The elongated grains are more easily seen in

the backscatter images from polished surfaces (light contrast

in Fig. 1b and d) and the number of elongated grains is lower

for the 3.7 mol% Al2O3 material compared to the 10.5 mol%

material. Dark contrast equi-axed AlN grains surround the

polytypoid grains and spinel (g-AlON) is observed as

irregularly shaped medium gray contrast grains in-between

the polytypoid and AlN grains in the 10.5 mol% Al2O3

material (Fig. 1d). The light contrast YAG phase is situated

at grain boundaries and triple junctions. The grain size of

AlN in the composite materials is about 3 mm and the grain

growth is clearly restricted by the polytypoid grains,

especially in the 10.5 mol% Al2O3 material. The aspect

ratio of the AlN polytypoid grains is 18 � 7 and 15 � 4 for

the 3.7 and 10.5 mol% Al2O3 materials, respectively. The

main growth direction of the polytypoid grains is along the

hexagonal a-axis, found by combining low magnification

TEM and HRTEM.

Neither XRD nor microstructural studies identify any

SiO2-based phases in the composite materials. Using

elemental mapping, shown in Fig. 2, silicon is detected in

the polytypoids. Besides the silicon a small amount of

yttrium is identified in the polytypoids, as observed

previously in AlN–AlN polytypoid composites in the

Y2O3–Al2O3–AlN system without SiO2 addition [5].

As the Al2O3 content of the composites is increased, the

amount of polytypoid phases increases. In Fig. 3 the

measured polytypoid amount is plotted versus Al2O3 content
and compared to the theoretical polytypoid amount based on

the phase relation in a binary section in the AlN–Al2O3–

Y2O3 system [5]. The theoretical polytypoid amount

assuming 27R to be the stable polytypoid with lowest

oxygen content is also included. The measured polytypoid

content is considerably lower than theoretical and shows that

equilibrium is not reached. However, if 27R is assumed to be

the AlN polytypoid with lowest oxygen content, near

equilibrium amount of polytypoids is formed in the

3.7 mol% Al2O3 composite.
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Fig. 4. Vickers hardness, 4-point bending strength, E-modulus and fracture

toughness (SENB method) of AlN and SiO2-doped AlN–AlN polytypoid

composites versus polytypoid contents. 30 vol.% polytypoid corresponds to

the 3.7 mol% Al2O3 material, 61 vol.% polytypoid corresponds to the

10.5 mol% Al2O3 material. The line in the hardness plot is the linear

mixing between Vickers hardness for pure AlN and pure SiO2 containing

27R [26]. The filled diamonds are measurements performed at room

temperature and in air. The open diamonds are measurements performed

at room temperature in N2 atmosphere and the open squares are measure-

ments performed at 800 8C in N2 atmosphere. The different symbols in the

fracture toughness plot are shifted for easier reading. The error bars

represent the standard deviation.
The pure AlN material has described in a previous work

[30]. The material consisted of equi-axed AlN with grain

size 7 � 1 mm, and YAG was situated at grain boundaries

and triple junctions. The relative density was 99.1 � 0.2%.
Fig. 5. Optical images showing cracks from high load Vickers indentations (49.05

towards the left of the images: (a and c) 3.7 mol% Al2O3 material, (b and d) 10
4. Mechanical properties

Vickers hardness, 4-point bending strength, Young’s

modulus (E-modulus) and fracture toughness of the AlN–

AlN polytypoid composites at room temperature are

presented in Fig. 4. Fracture toughness in N2-atmosphere

at room temperature and 800 8C is also included. The

Vickers hardness of the composite materials increases

strongly with Al2O3 and polytypoid content. The hardness is

close to the theoretical hardness for AlN–AlN polytypoid

composites calculated by linear mixing based on hardness

for the pure materials. The hardness reported for SiO2

containing 27R by van Tendeloo et al. [26], 14.7 GPa, was

used as a theoretical hardness for the polytypoids. Increasing

hardness with increasing polytypoid content also corre-

sponds to results from hot-pressed AlN-materials [13]. The

hardness of the composites is slightly higher than reported

for AlN–AlN polytypoids without SiO2-doping [5].

The bending strength of pure AlN, 281 � 39 MPa, is in

good agreement with literature values, [13,14,16,38] and is

significantly increased when AlN–AlN polytypoid compo-

sites are formed. The bending strength of the composites, 354

� 47 MPa and 339 � 27 MPa, are high compared to the

bending strength of 313–366 MPa (3-point testing) reported

for pure Si-containing polytypoids (15R, 12H and 21R) [27].

The increasing bending strength with polytypoid formation is

contradictory to what is reported by Huang and Jih [13] and

Sakai [21] for SiO2-free AlN polytypoid-containing materi-

als. The fracture origins were identified as either pores or

large grains. The pores are formed either from volatile

contaminations or inhomogeneous packing of the green body.

The Young’s modulus increases when polytypoids are

formed and a maximum is reached (335 � 5 GPa) for the

3.5 mol% Al2O3 material. The E-modulus for the 10.5 mol%

Al2O3 material is only slightly higher than the pure AlN
N) in SiO2-doped AlN–AlN polytypoid composites. The cracks propagate

.5 mol% Al2O3 material.
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material (306 � 6 GPa and 315 � 8 GPa, respectively).

Both values are in the range of what is reported for AlN

[12,14,38,39].

The fracture toughness of AlN exhibits a significant

increase when polytypoid composites are formed. At room

temperature (in air) the fracture toughness increases to 4.0 �
0.3 MPa m1/2 for the composites. No difference in fracture

toughness was observed between the 3.7 mol% Al2O3 and the

10.5 mol% Al2O3 materials. All the measurements per-

formed in N2 atmosphere resulted in slightly higher fracture

toughness than the ones performed in air, but no trend was

observed when increasing the temperature and retaining the

N2 atmosphere. The measured fracture toughness of the

composites was somewhat lower than what was reported by

Wang et al. [27] for pure high-oxygen SiO2 containing

polytypoids (15R, 12H and 21R), but considerably higher

than what van Tendeloo et al. [26] reported for low-oxygen

SiO2 containing polytypoids (>27R). The fracture toughness

of the composites was also high compared to reported

fracture toughness for AlN [12–17].

The fracture surfaces from mechanical testing exhibited a

mainly transgranular fracture mode, except pure AlN

fractured in air at room temperature, where a large fraction

of intergranular fractures was observed. In Fig. 5 examples

of crack propagation from high load Vickers indentation are

shown. The cracks propagate transgranular through both

AlN and polytypoid grains. Crack deflection is observed, but

the fluctuations are smaller than the measured grain size.
5. Discussion

5.1. Stabilization of polytypoid phases

Due to the lower stability temperature of the AlN

polytypoids in the SiO2–AlN–Al2O3(–Y2O3) system, dense

SiO2-doped polytypoid composites can be prepared in situ

using a lower firing temperature compared to AlN–Al2O3(–

Y2O3) polytypoid composites. The weight fraction of

polytypoids is considerably higher for SiO2-doped materials

compared to AlN–Al2O3(–Y2O3) materials with similar

oxygen content [5,6,8]. Y2O3 addition is reported to cause

non-equilibrium and low polytypoid content in both AlN–

Al2O3(–Y2O3) and SiO2–AlN–Al2O3(–Y2O3) materials

[5,23,40–42]. Tangen et al. [5] explained the deviation

from equilibrium phase content by the combination of low

nucleation rate and rapid grain growth of polytypoids in the

liquid Al2O3–Y2O3 phase. In SiO2 containing materials the

sintering temperature is decreased and the nucleation rate is

expected to increase. Increased nucleation rate will give a

high number density of polytypoid grains in the SiO2-doped

materials contributing to bring the system closer to

equilibrium and simultaneously reduce the average grain

size of the polytypoids.

The identified polytypoids in the SiO2-doped AlN–Al2O3

materials (Table 1) have higher oxygen content than the
polytypoids in Si-free AlN–Al2O3–Y2O3 materials with a

corresponding total Al2O3 content. In the SiO2-doped

materials the polytypoid with lowest oxygen content

identified in intergrowth is 20H and as single phase 27R.

Polytypoids with lower oxygen content are reported in the

SiO2–AlN–Al2O3 system, but either at higher temperatures

or in materials containing a larger amount of SiO2

[13,25,26]. According to Tangen et al. [5] the decomposition

temperature of SiO2-free AlN polytypoids in the AlN–

Al2O3–Y2O3 system increases with decreasing oxygen

content. If a similar trend holds for the SiO2-doped

polytypoids, it is likely that the polytypoids containing less

oxygen than 20H or 27R are not stable at the firing

temperature (1870 8C) and are therefore not formed during

sintering. Assuming 27R to be the stable polytypoid with the

lower oxygen content instead of 39R, (open triangles in Fig.

3), the achieved polytypoid content for the 3.7 mol% Al2O3

material is close to equilibrium. This corresponds well with

the XRD-results as the 3.7 mol% Al2O3 material contains

only traces of spinel (g-AlON) while the 10.5 mol% Al2O3

material has not reached equilibrium, and contains a small

amount of spinel (g-AlON).

5.2. Mechanical properties

The bending strength of the composite materials is higher

than for pure AlN materials, probably caused by the

increasing fracture toughness. The Vickers hardness is in

good agreement with the linear mixing of AlN and SiO2

containing AlN polytypoid as expected from a homogenous,

fine-grained material. The Young’s modulus of the 3.7 mol%

Al2O3 SiO2-doped composites is higher than the other two

materials, pure AlN and 10.5 mol% Al2O3. A corresponding

maximum is however, not observed in bending strength or

fracture toughness. Both the microstructure and the phase

composition of the two composite materials are comparable,

only the fraction of elongated polytypoid grains is different.

The elastic extension of a body is directly related to the

interatomic forces and the structure energy and a mono-

tonous increase/decrease in the E-modulus is expected for a

two-phase composite material when changing the ratio

between the two phases [43].

The fracture toughness is higher in the materials

containing polytypoids compared to the pure AlN material.

Regardless of the improved toughness, no distinct toughen-

ing mechanisms are observed on the microstructural scale

and the crack proceeds through the polytypoid grains as well

as the AlN grains with only small deflections (Fig. 5). The

toughening effect is crack deflection due to preferred crack

growth in specific atomic planes and strain in the matrix due

to thermal expansion or elastic mismatch. The pure AlN

ceramics exhibit an increase in transgranular fractures from

room temperature to 800 8C. Despite this change, the

fracture toughness shows a minor increase indicating that

crack deflection due to preferred crack growth in specific

atomic planes is an important toughening mechanism in



I.-L. Tangen et al. / Ceramics International 31 (2005) 591–598 597
Al2O3–Y2O3 liquid phase sintered AlN ceramics. Corre-

sponding crack deflection is reported for both AlN–TiN and

AlN–SiC particulate composites and AlN–AlN polytypoid

composites [5,30,34]. As the fracture toughness increases

with decreasing average grain size, residual strain has to give

significant contribution to the toughening in the polytypoid

composites. In addition, the elongated polytypoid grains will

increase the toughening effect of residual strain due to the

more anisotropic properties compared to equi-axed second-

ary particles.

No significant differences in fracture toughness between

the two different materials prepared are observed. Tangen et

al. [5] reported a fracture toughness maximum for SiO2-free

composites at 10.5 mol% Al2O3, corresponding to 32 vol.%

polytypoids. The mutual conclusion of these two studies is

that the fracture toughness can be increased by formation of

polytypoids up to approximately 30 vol.% polytypoids,

above which no changes are observed. Faber and Evans

[44,45] reported an analogous limit, in studies of the

toughening effect of crack deflection due to secondary

particles. Further toughening of AlN by elongated poly-

typoids will be dependent on optimization of the grain size

and grain boundary phases.
6. Conclusion

SiO2-doped AlN–AlN polytypoid composite materials

have been formed in situ by pressureless sintering using

Y2O3 as a sintering additive. Materials sintered at 1870 8C
consisted of relatively fine elongated SiO2 containing AlN

polytypoids grains embedded in equi-axed AlN matrix. The

Vickers hardness of the composites increased corresponding

to a linear mixing of pure AlN and SiO2 containing 27R

polytypoid. The Young’s modulus showed a maximum at

3.7 mol% Al2O3 and 30 vol.% AlN polytypoids. Both the

bending strength and fracture toughness of the polytypoid

composites were higher than for pure AlN. Toughening is

mainly caused by crack deflection due to residual strain in

the microstructure. Further toughening of AlN by elongated

polytypoids will be dependent on optimization of the grain

size and grain boundary phases.
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