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Abstract
Alumina ceramics with high fracture toughness were synthesised by introducing seeds and controlling processing using the in situ self-

toughening technique. The preparation of the high tough alumina materials started with cheap commercial aluminum hydroxide as raw

materials. a-Alumina powder was gained by low temperature calcination of the aluminum hydroxide with seeds, which were introduced by

high purity alumina ball medium during grinding. The alumina powders were hot-pressed, then, the high tough alumina ceramics with

elongated grains were obtained. The elongated grain structure is originally considered to play a significant role in the increment of fracture

toughness. Meanwhile, in order to investigate in situ toughening mechanism of elongated alumina grains, which can produce crack bridging,

crack deflection and pull-out as dominant toughening mechanisms to greatly increase toughness, fractal characteristics and model were

studied in detail.

# 2005 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

It is known that fracture toughness of ceramics such as

Si3N4–SiC (w) is enhanced by the presence of elongated

grains or second phases in the microstructure, promoting

crack deflection and crack bridging [1]. The microstructure

can be achieved by a simple strategy, i.e., dispersing a

suitable second phase in matrix. For example, platelets,

whisker, fiber, or transformable particles can be incorporated

into the matrix [2–4]. As a result, whisker-reinforced

composites appear to have some of the best properties, but

health hazards associated with handling whiskers have

significantly curtailed industrial acceptance and implemen-

tation. Continuous fiber reinforced composites have been

used in only limited applications due to the relatively high

cost of manufacture. On the other hand, these improvements
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in toughness of composites may occur at the expense of

strength, while the second phase acts as a flaw initiation site.

It is well recognized that second phases may also inhibit

densification, making it necessary to hot press or HIP to gain

high densities. This may be attributed to the constraint of the

second phase network.

In situ formation of a second phase with a highly

anisotropic growth habit can be designed for a high

toughness ceramic composite without the sintering diffi-

culty. Hori et al. reported about an in situ composite of TiO2

matrix with dispersed corundum platelets whose anisotropic

growth was promoted by sodium doping. A toughness of up

to 7 MPa m1/2 was attained [5]. Alumina composites

containing in situ formed four kinds of hexaluminate

(LaAl11O18, LaMgAl11O19, SrAl12O19 and Mg2NaAl15O25)

platelets can be fabricated even by pressureless sintering

process to attain high density, and a peak toughness 50%

higher than that of alumina is obtained at the sample

containing 30 vol% of aluminates [6]. Masaki et al. [7]
ved.
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reported that elongated alumina grains in the Al2O3/

LaAl11O18 system were formed by doping with small

addition of silica, on the order of several hundred ppm, sub-

sequent 20 vol% lanthana-alumina was in situ formed. Its

strength of over 600 MPa and high toughness (6 MPa m1/2)

were achieved. Similar results were found in Al2O3 matrix

composites by in situ reaction in the Al2O3–La2O3 system

[8], and in TiO2-doped alumina with anisotropic grain

growth [9].

In research work parallel to the present one, we have

developed a promising and useful process for elongated

alumina grains using homogeneous seeds incorporated into

matrix [10–12], instead of heterogeneous expensive

additives, such as titania or lanthana. The emphasis on

the present work is to demonstrate systematically the

relationships among fractal characteristics, microstructure

and mechanical properties. How to prepare these self-

toughening alumina ceramics with elongated grains is

referred in detail.
2. Experimental procedure

Commercially available high-purity aluminum hydroxide

with a mean particle size of 2.84 mm (purity > 98%, in the

presence of impurities such as Na2O, MgO, SiO2 and CaO,

Wenzhou Alum Institute, China), which was synthesized by

Bayer process, was used as starting material. Alumina

milling ball, as a seed source into aluminum hydroxide

during grinding, was made of high-purity a-alumina with a

mean particle size of 0.3–0.4 mm (purity > 99%, Ceralox,

USA). For a comparative study of the effect of seed-doped

on anisotropic grain growth and microstructure of alumina

ceramics, it was necessary to fabricate traditionally alumina

without seed additive as a reference specimen. Thus, a-

alumina industrial powder with a mean particle size of

2.9 mm (purity > 97%, Henan Xinyuan Co. Ltd., China)

was also used, as tabularized in Table 1.

Aluminum hydroxide powders and alumina balls were

mixed by planetary milling for 72 h using distilled water at a

powder-to-ball-to-water ratio of about 1:15:6. The seed

weight fraction can also be characterized. The as milled

aluminum hydroxide powders were air-dried at 80 8C for

30 h on heating oven. The calcination test in box furnace at

air was performed for these powders. They were initially

heated to 1100 8C at a rate of 5 8C/min, and then were
Table 1

Specifications of raw Al2O3 powder

Purity Al2O3 (wt.%) 99.7

SiO2 (wt.%) 0.05

Fe2O3 (wt.%) 0.03

Na2O (wt.%) 0.05

B2O3 (wt.%) 0.04

L.O.I. (wt.%) 0.1

Crystalline phase a-alumina (>95 wt.%)

Density (g/cm3) >3.96
maintained at this temperature for 2 h, a natural cooling

followed by switching off the power. Therefore, ultrafine a-

alumina powders with a mean particle size of 0.85 mm, were

gained at low temperature calcination while the initial

particles experienced a decomposing and phase-transform-

ing process that could be determined by TG and DTA

analysis [13,14]. The cylindrical pellet of as-heated

treatment powders was uniaxially die-pressed at 100 MPa,

placed on a graphite crucible followed by HP sintering under

argon atmosphere. They were first fired to 1100 8C, and

initially brought pressure to bear on the compact. While the

temperature up to 1600 8C, it was kept for a required time

under the controlling of pressure of 40 MPa. Finally, the

cooling rate was 5 8C/min.

Bulk density was measured by the Archimedes method.

X-ray diffraction analysis (XRD, RAD-RB, Rigaku Ltd.,

Japan) was conducted for phase identification using Cu Ka

radiation (40 kV, 100 mA). Microstructure and crack

propagation behavior observations using electron micro-

scopy (SEM, S-450, Hitachi Co., Japan) were made on

polished and fractured surfaces. Test pieces for bending

strength measurement (3 mm � 4 mm�36 mm) and for

fracture toughness measurement (4 mm � 6 mm � 30 mm)

were respectively sliced from sintered plates using diamond

wheel toward the vertical tensile axis of bend bars. Each

surface of a bar was ground on plane grinding machine

(M7120D, Tianjin, China), and polished by hand using

seven polishing paste in series of 28#, 14#, 7#, 5#, 3.5#, 2.5#

and 1#. Three-point flexural strength test was carried out

with a span of 30 mm, and a crosshead speed of 0.5 mm/min

at room temperature. Fracture toughness was determined by

the single-edge-precracked beam (SEPB) method with a

span of 24 mm, and the length of the precracks for all

specimens was from 1.9 to 2.5 mm.
3. Results and discussion

3.1. Microstructure and mechanical property of alumina

ceramics with elongated grain

Fig. 1 shows SEM micrographs of polished and thermal

etched surface of conventional alumina (no seed source) and

seed-doped alumina, respectively. The grains in the

monophase alumina sintered at 1600 8C, are traditionally

equiaxed as illustrated in Fig. 1(A) and the mean grain size

was about 6 mm. Fig. 1(B) presents that the material

contains a large scale in situ formed alumina with elongated

grain, initially induced by needle-shaped alumina seed. The

different structures between equiaxial grain and anisotropic

grain make them readily distinguishable in electron

micrographs.

The size and shape of these elongated grains are similar.

Its mean grain length can be measured, of 5 mm, and the

length-to-diameter ratio is about 7:1. It implies that a

dependence of seed additive on formation of elongated grain
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Fig. 3. Scanning electron micrograph of fractured surface of self-toughen-

ing alumina with anisotropic grain structure.

Fig. 1. Microstructures observed in (A) monolithic alumina sintered at

1600 8C for 2 h, and (B) seed-doped alumina sintered at 1600 8C for 2 h.
under the condition of HP sintering is quite effective and

strong. Monolithic alumina exhibited a relatively low

fracture toughness of only 4.0 MPa m1/2. However, the

elongated alumina displayed a higher toughness (i.e.,

exceeding 7 MPa m1/2) with an increment of over 75% if

compared with the toughness of monolithic alumina. The

result is in agreement with or even better than that reported

in existing literatures [5–9]. It might be attributed to the

elongated effect by consubstantial seeds in accordance with

alumina matrix.

On the other hand, it is known in later case for the grains

to grow in situ only in specific directions. Also, it is difficult

to attain an in situ identical orientating due to disordered

distribution of original particles, and the resultant toughen-

ing contribution is smaller.

The bending strength is plotted in Fig. 2 as a function of

holding time at high temperature. Interestingly, the strength

remains constant of about 400 MPa in seed-doped speci-

mens sintered at 1600 8C even within the holding-time range

of 0.5–1 h. Nevertheless, a peak strength 40% higher than

that only maintaining 1 h can be seen as increasing the time

up to 2 h. Furthermore, the specimen has the same maximum

toughness compared with the others. The slight reduction in

strength as time of 4 h could be attributed to formation of

defects in the presence of coarser grain with abnormal grain

growth.
Fig. 2. The bending strength of in situ growth alumina sintered at 1600 8C
within holding time range of 0.5–4 h.
3.2. Fractal characteristic and mechanical model of

alumina ceramics with several typical structures through

various process

Fig. 3 shows micrograph observed in the fractured

surface of in situ growth alumina specimen. It reveals a

combined characteristic involving transgranular fracture and

intergranular fracture. The result support our view of self-

toughening mechanism which can produce crack bridging,

crack deflection and pull-out to greatly increase both

fracture toughness and bending strength, suggesting an

increment in toughness is proportional to elongated grain

size of the material.

To elucidate the influence of microstructural feature

including grain shape, size and distribution, etc., responsible

for the increment in toughness, it is necessary to establish a

relevant fractal model on the principle of fractal geometry

where the geometrically irregular surfaces (metal, carbon,

rock, etc.) could be quantificationally described [15,16]. In

the high performance ceramics toughened by second phase,

the combined action of crack deflection and crack bridging

takes place with a significant increase in fracture toughness

[3]. Considering these factors, the fractal characteristic in

fracturing process can be determined involving how crack

propagation along grain boundary (intergranular fracture) or

through grain interior (transgranular fracture).

3.2.1. Diagram explanatory for crack propagation path

Assuming the obtaining of equiaxial hexangular alumina

grains with normal growth in the case of full densification

(as shown in Fig. 1), the grain arrangement in closed packing

way, can schematically be presented in Fig. 4(A) and (B).

Due to intergranular fracture behaving as a dominant

toughening mechanism followed by crack propagation

towards grain boundary of monolithic ceramic, the

alternative crack extending path is shown in Fig. 4(A)

and (B). Meanwhile, Fig. 4(C) illustrates crack extending

path in alumina with different grain size originating from

abnormal growth, for example it sintering at extremely high
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Fig. 4. Crack propagation of several typical alumina ceramics. A, B:

monolithic alumina ceramics with normal grain growth, C: monolithic

alumina ceramics with abnormal grain growth, and D: alumina ceramics

with reinforcement of elongated grains.
temperature or for long time. For in situ formed alumina

with elongated grain, the crack propagation path is

hypothetically shown in Fig. 4(D), where transgranular

fracture simultaneously appears in the process of 3–4. Such

phenomena are also observed in Fig. 3.

3.2.2. Fundamentals of fractal geometry

Based on the fractal geometry deduced by Mandelbrot,

the fractal dimension, df, critical linear crack propagation

forces, Gcrit and microscopic fracture toughness, KMicro
IC can

be expressed in the following equations, respectively [17].

df ¼
logðNÞ

logð1=rÞ (1)

where N is numbers in fractal curve using various scaled

lengths, r is ratio of similarity.

Gcrit � 2gsD
ð1�dfÞ ¼ 2gs

1

r

� �ðdf�1Þ
(2)

where gs is interfacial energy of ceramics, D is grain size,

can be defined as 1/r.

However, classical fracture theory simply regards crack

propagation path as a line, i.e., df = 1, Gcrit = 2gs, so, the

macroscopic fracture toughness is merely formulated as:

KMacro
IC ¼ ðEGcritÞ1=2 ¼ ð2EgsÞ1=2 (3)

where E is an elastic modulus of ceramics. Factually, if

fractal feature considered, crack propagation experiences as

an irregular route (in zigzag way). Therefore, a complete

expression for microscopic fracture toughness is demon-

strated as:

KMicro
IC ¼ ðEGcritÞ1=2 ¼ ð2EgsÞ1=2ð1=rÞðdf�1Þ=2 (4)

3.2.3. Derivation of fractal characteristic and mechanical

models in alumina ceramics

(I) In the case of monolithic alumina with normal grain
growth, the physical parameters can be given accord-
ing to above Eqs. (1)–(4).

N ¼ 4; r ¼ 1

3
; df ¼

log 4

log 3
¼ 1:26 ðFig: 5AÞ

N ¼ 2; r ¼ 3�0:5; df ¼ 2
log 2

log 3
¼ 1:26 ðFig: 5BÞ

GA
crit ¼ 30:26 � 2gs ¼ 1:33 � 2gs;

GB
crit ¼ 1:7320:26 � 2gs ¼ 1:15 � 2gs

KMicro;A
IC ¼ 1:15 � ð2EgsÞ1=2;

KMicro;B
IC ¼ 1:07 � ð2EgsÞ1=2

Under the two circumstances, the same fractal

dimension df in (A) as that in (B) can be found. In

comparison with that in (A), the as obtained GB
crit value

appears to so small that there is an easily occurred path

of crack propagation in the case of (B), and its

microscopic fracture toughness is also small.
(II) I
n the case of monolithic alumina with abnormal grain

growth, assuming that edge length of large grain (the

length of 1–2 as shown in Fig. 5(C)) is 1 as a unit

length, and that of small grain is q (0 < q <1). The

parameters are given as follows:

N ¼ 2ð1 þ qÞ; r ¼ 3�1=2ð1 þ qÞ�1;

df ¼
log½2ð1 þ qÞ	

log½31=2ð1 þ qÞ	

In accordance with Eqs. (2) and (4), the Gcrit and

KMicro
IC can be calculated on the basis of the as given df

and r:

Gcrit ¼ 2gs

1

r

� �ðdf�1Þ

¼ 2gs½31=2ð1 þ qÞ	
log ½2ð1þqÞ	

log½31=2ð1þqÞ	
�1

n o

¼ 2gs½31=2ð1 þ qÞ	 logð2=31=2Þ
log½31=2ð1 þ qÞ	

( )

Logarithm is taken for both left and right in upper

equation. Hence, the complex equation would be

simplified as follows:

log Gcrit ¼ logð2gsÞ þ log½31=2ð1 þ qÞ	

� logð2=31=2Þ
log½31=2ð1 þ qÞ	

¼ logð2gsÞ þ logð2=31=2Þ

; Gcrit ¼ 2 � 3�1=2 � 2gs ¼ 1:15 � 2gs

KMicro
IC ¼ ðEGcritÞ1=2 ¼ 1:07ð2EgsÞ1=2

From the above results, it is not difficult to find that

both the Gcrit and the KMicro
IC in (C) are surprisingly

equal to the relevant values in (B). Whereas, the

changeable df in (C), within the value range of 1.12–

1.26 (0 < q < 1), differs from the constant (1.26) in

(B) or (A). The great discovery might successfully
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Table 2

Comparisons of experimental results (KTest
IC ) with several predictions

(KMacro
IC , KMicro

IC ) using classical fracture theory and the present models

Materials Alumina with

equiaxed grain

Alumina with

elongated grain

KTest
IC (MPa m1/2) 4.0 7.1

gs (J/m2) 18 32 (gss)

E (GPa) 380 380

KMacro
IC in Eq. (3) 3.70 4.93

Deviationa (%) 7.5 30.6

KMicro
IC in fractal models 3.96 Model (I)

(case of B)

6.66

Model (III)

Deviationb (%) 1.0 6.2

a KTest
IC �KMacro

IC

KTest
IC

����
����.

b KTest
IC

�KMicro
IC

KTest
IC

����
����.
interpret why non-toughening effect yields in ceramic

matrix composites (CMC) using spherical or cubical

particles while different size as dispersing agents,

except incorporated with rod-like or whisker with a

large ratio of length-to-diameter [18,19].
(III) I
n the case of self-toughening alumina with elongated

grain, fractal unit of fracture is illustrated as Fig. 5(D)

(from 1 to 6). The parameters are given in the following

expressions:

N ¼ 5; r ¼ 1

ð1 þ 31=2Þ
; df ¼

log 5

logð1 þ 31=2Þ
¼ 1:60

Gcrit ¼ 2:7320:60 � 2gss ¼ 1:83 � 2gss;

KMicro
IC ¼ ðEGcritÞ1=2 ¼ 1:35ð2EgssÞ1=2
Here, gss value is greater than gs in the case of (I) and

(II) owing to a difference between grain interior (46 J/m2)

and grain boundary (18 J/m2) [20]. If an equal extent con-

tributed by transgranular and intergranular is presumed,

gss � 32 J/m2.

Alumina ceramics, subjected to various fabricating ro-

utes, exhibit a great dissimilar microstructure and mechan-

ical properties. As all these auxiliary physical properties

including E, gs and gss are determined (or estimated), the

fracture toughness may be evaluated in accordance with the

existing classical model, derivative models (I) and (III), as

well as the as-tested value intercepted (seeing Fig. 2), are

comparatively listed in Table 2.

It can been seen that there is a big error of 7.5% in the

evaluation using classical theory for fracture toughness of

alumina with equiaxed grain, than that (only 1%) using

presenting fractal model (I) in the B case. Also, the huge

deviation of 30.6% is given as the estimation of KMacro
IC in

adopting Eq. (3). It indicates that the classical is bad in

agreement with prediction for the self-toughening ceramics.

In contrast, the presented model (III) displays accuracy that

the deviation is only 6.2%, while evaluating in alumina

ceramics/refractories toughened by elongated grain.
4. Summary

Instead of expensive additives of lanthana, the

introduction of seeds into alumina matrix is another

novel approach to obtain in situ growth of elongated

grain, which can improve greatly mechanical properties.

Thus, higher toughness can reach to 7.1 MPa m1/2, in

agreement with or even better than that reported in

existing refs [5–9], in comparison with conventional

alumina ceramics/refractories (4 MPa m1/2). The difference

of structures between equiaxial grain and elongated

grain makes them readily distinguishable in electron

micrographs. These in situ formed grains have a uniform

orientation and a similar size and shape, where the mean

grain length is 5 mm, and the length-to-diameter ratio is

about 7:1. The formation and development of elongated

structure is sensitive to the holding time followed by hot

press sintering. As the specimen sintering at 1600 8C for 2 h,

peak strength 40% higher than that only maintaining 1 h can

be attained.

To demonstrate relationships between toughness and

specific microstructure, the fractal characteristic and

mechanical model have been put forward in accordance

with crack propagation path and crack deflection extent. On

the principle of fractal geometry, fractal dimension, critical

linear crack propagation forces and microscopic fracture

toughness are respectively calculated in the following

cases, i.e., monolithic alumina with normal grain growth,

monolithic alumina with abnormal grain growth, and

self-toughening alumina with elongated grain. The pre-

sented fractal models (I and III) exhibit a reasonable

accuracy in predicting microscopic fracture toughness in

which there is a small deviation (1 and 6.2%) for alumina

with equiaxed grain and with elongated grain, respectively.

However, if using classical fracture theory, a large error

appears to exist whose value is 7.5 and 30.6% in above

materials. In addition, the model (II) with the same

theoretical toughness as model in the case of B is derived

from equiaxed grains originating from abnormal growth or

introducing of second phase. It can successfully explain the

fact that there are never any contributions to toughness of

ceramic composites with reinforcement of spherical

particles.
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Appendix A

The term ‘‘Fractal’’ was coined from the Latin adjective

fractus. Fractal geometry was introduced by B.B. Mandel-

brot [15]. For D-dimension standard shapes such as a

rectangle, when it follows for every side ‘‘base’’ b that

‘‘whole’’ make up of the shape can be ‘‘paved’’ exactly by

N = bD parts, each part can be deduced from the whole by a

similarity of ratio

rðdÞ ¼ 1

N1=d

Equivalent alternative expression is written by

d ¼ logðNÞ
logð1=rÞ

For non-standard sharp, in order for the similarity of ratio to

have the same form as the above, the sole requirement is for

the shape to be self-similar. The D obtained in this fashion is

called the self-similarity dimension. A fractal set is a set for

which Hausdorff Besicovitch dimension d strictly exceeds

the topological dimension dT. A fractal often has self-simi-

larity or statistically self-similarity (known as linearly frac-

tal), therefore its dimension can be estimated according to

the self-similarity dimension. When the length L(e) of a

fractal curve is measured with the yardstick length e, then,

according to Mandelbrot’s results [16]:

LðeÞ ¼ e1�df

where df denotes the fractal dimension. In a brittle material,

linear crack propagation forces Gcrit can be characterized

based on fractal theory [16]:

Gcrit � 2gsD
ð1�dfÞ

where gs is interface energy of materials, D is grain size.
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