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A bstruct 

Addition of a-Fe,O, seed particles to alkoxide- 
derived boehmite sols resuIts in the development 
of a highly un$orm and dense microstructure at 
1300°C. Higher temperature treatments promote 
anisotropic grain growth of lath-like OL-A~~O~ grains. 
The fundamental explanation for this is basically 
attributed to the presence of Fe2’ significantly 
improving the mass transport. By controlling time, 
sintering temperature and atmosphere conditions, it 
is possible to obtain an appropriate microstruc- 
tural development that may lead to a new class of 
tough ceramic materials. 0 1997 Elsevier Science 
Limited. All rights reserved. 

1 Introduction 

Grain growth in polycrystalline alumina has been 
studied extensively because of the impact of the 
microstructure on properties. Grain growth 

depends on several factors such as purity, heat 
treatment, grain size, size distribution, grain mor- 
phology, interfacial energy and the presence of 
second phases. On the other hand, small amounts 
of dopants can have a significant effect on grain 
growth. For example, the addition of Mg0’v2 
reduces abnormal grain growth in Al,O, for 
reasons that are still in dispute. Oxides of Ti, Mn, 
Nb, Cu and Ge3 increase the grain growth rate 
in alumina. Increased growth rates have been 
attributed to increased material transport as a 
result of strain in the aluminium lattice, the pres- 
ence of a glassy phase, and increased grain bound- 
ary or surface diffusion. Manganese oxide, ferric 
oxide and titania 4~5 have been reported to promote 
the formation of platelet-shaped or anisotropic 
grains as a result of differences in the growth rates 
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of the bounding interfaces. The fundamental 
explanation for anisotropic grain growth in alu- 
mina is not totally understood but includes 
several proposals: an inhomogeneous distribution 
of the dopant2,b and the presence of a liquid phase 
on the grain boundary.’ In the case of ferric oxide, 
if the Al,O,-Fe,O, system’ is sufficiently pure, a 
liquid phase should not be present in air. The 
effect of iron doping on alumina grain growth has 
also been studied in terms of defect structure and 
diffusional processes. Several studies reportgJO that 
the diffusion coefficients increase with decreasing 
oxygen pressure, and this enhanced diffusivity 
may be attributed to the presence of Fe”. If Fe*+ 
is present, positive defects must form to maintain 
electrical neutrality, interstitial aluminium and 
oxygen ion vacancies; in this way, the mass trans- 
port is improved. 

The aim of this work is to gain knowledge and 
control of the factors that affect the anisotropy of 
grain growth, using ferric oxide as a dopant. To 
study exclusively the effect of the iron in this pro- 
cess, high-purity alumina was synthesized. 

2 Experimental Procedure 

2.1 Preparation of boehmite sol 
High-purity boehmite was synthesized by hydroly- 
sis of aluminium trisec-butoxide. The alkoxide was 
added with vigorous stirring to distilled water 
maintained at SO-90°C. To prevent premature 
hydrolysis, the viscous alkoxide was transferred 
directly from its container under dry nitrogen 
using a peristaltic pump, from inside a nitrogen- 
purged glove box. Nitric acid was added to sta- 
bilize the sol at pH =3. The slurry was then 
transferred to a reflux apparatus, where the tem- 
perature was maintained at -95°C under gentle 
stirring. The dispersed sol was kept in these condi- 
tions for 10 days, after which the sol was fully 
transparent. 
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2.2 Preparation of a-Fe,O, seed particles 
An aqueous solution of 0.15 M Fe(N0,),.9H,O 
was precipitated with an excess of NH,OH under 
vigorous stirring. The precipitate was repeatedly 
washed and centrifuged and then redispersed in 
water at pH =3 adjusted by HN03. The sol was 
refluxed with constant stirring at -90°C for 3 
days. After refluxing the sol was dried and the 
powder was characterized by X-ray diffraction 
(XRD) and differential thermal analysis (DTA), 
and the particle size distribution was determined 
by light scattering (L900-Horiba). 

2.3 Preparation of seeded boebmite sols 
Seeded boehmite sols were prepared by adding the 
a-Fe203 sol in appropriate proportions to obtain 
a seed particle number concentration of 1012-1014 
seed particles per cm3 of a-A&O,. Sol mixtures 
were concentrated at 65°C under vacuum in a 
rotary evaporator to a viscosity near the gel point. 
Gel monoliths of 1 cm* and 500 pm thickness 
were cast in plastic beakers and allowed to dry for 
several days at room temperature. To determine 
the onset temperature of the 8-A&O3 + cw-AllO3 
transformation by DTA, dry powders were heated 
at 10°C min-’ in air. For sintering, the monoliths 
were thermally treated at temperatures up to 1500°C 
for 0.5 to 3 h. Sintered densities were measured by 
Archimedes’ technique using distilled water. 

3 Results and Discussion 

3.1 Preliminary results 
XRD peaks of the seed 
respond to y-FeO(OH) 

sol dried at 100°C cor- 
(goethite). Heating the 

goethite at 10°C min-’ leads to the formation of 
a-Fe,O,, haematite, at 600°C. The median diam- 
eter of the goethite particles is =90 nm and 90% 
of the particles are between 80 and 110 nm. From 
the sol solids content and the number frequency 
of particle size distribution, the number of particles 
of a-Fe,O, per cm3 of a-A&O3 was calculated. The 
8 + a-Al203 transformation temperature is shown 
in Table 1 for various Fe,O, seed concentrations. 

Table 1. Effect of Fe,O, additions on the 0 + a-Al,O, 
transformation temperature 

Number o a-Fe,O, particles 
f per cm of a-AlJO 

Al,O, (0 wt%) 

10” a-Fe20,icm3 (0.1 wt%) 

5 x 10” a-Fe,0,/cm3 (0.4 wt%) 

lOI a-Fe203/cm3 (0.8 wt%) 

5 x lOI a=Fe,03/cm3 (4 wt%) 

lOI a-Fe,0&m3 (8 wt%) 

Temperature (“C) 

1215 

1143 

1134 

1122 

1084 

1067 

i 

7 

f 
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28 

Fig. 1. X-ray diffraction pattern from IOIJ cr-Fe,O? seeded 
alumina heated at 1200°C for 1 h in air. 0, a-AlzOJ. 

The unseeded boehmite transforms to rw-Alz03 at 
-12 15°C. Additions of 1 014/cm3 a-Fe,03 particles 
reduced the peak temperature to 1067°C. McArdle 
and Messing’ ‘.‘* attributed this reduced transfor- 
mation temperature to the reduced nucleation 
barrier as a result of heterogeneous nucleation on 
the surface of the seed particles. In the XRD 
analysis corresponding to 1 014/cm3 seeded alumina 
heated at 12OO”C, Fig. 1, the alumina peaks are 
shifted because the Fe,O, forms a complete solid 
solution with alumina and no Fe,O, was detected. 
According to the phase diagram, (Y-A&O~ can 
absorb up to 12 wt% FezOx in this temperature 
range.13 

The density measurements also confirmed a sig- 
nificant difference between the unseeded and seeded 
aluminas. The seeded samples reach full density at 
13OO”C, whereas the density of unseeded alumina 
is only 80%. The excellent densification behaviour 
of the seeded samples is a result of the uniform 
fine-grained microstructure that is developed dur- 
ing the seeded transformation. 

3.2 Bulk microstructure development 
The samples were polished and then thermally 
etched at 50°C below the sintering temperature 
for 30 min. The samples for scanning electron 
microscopy (SEM) were then gold-coated prior 
to examination. Microstructural development in 
unseeded and cu-Fe,O, seeded alumina gels is 
shown in Fig. 2 for sintering times of 2 h and tem- 
peratures of 1300°C in air. The unseeded and 
seeded samples with a low number concentration 
of seeds (10 , ‘* 1013) show the characteristic vermic- 
ular grain structure of a-A1203. In contrast, sam- 
ples seeded with 1014 seeds develop a dense 
microstructure with a uniform grain structure of 
equiaxed and faceted grains. McArdle and Mess- 
ing “J* explain this difference in microstructural 
development on the effect of nucleation frequency. 
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Fig. 2. Microstructure development of unseeded (A) and lOI 
a-Fe,O, seeded (B) alumina gels, sintered for 2 h at 1300°C 

in air. 

The samples containing 8 wt% a-Fez03 were 
heated in air between 1450 and 1500°C for 0.5 to 
3 h, Fig. 3. The samples heated at 1450°C start 
to develop a bimodal microstructure with large 
grains in a matrix consisting of finer grains. This 
fact is especially evident in samples heated at 1475 
and 1500°C. As seen in Fig. 4, the aspect ratio of 
samples heated at 1475 and 1500°C decreases with 
increasing time. During growth the grains impinge 
on one another, and further growth results in a 
decrease in the aspect ratio of the anisotropic 
grains. The pores found inside the large grains 
could be due, if O2 is released, to the gas evolution. 

To determine the mechanism of anisotropic 
grain growth in Fe,O,-doped A&O, it is important 
to understand the grain boundary chemistry. 
Dufek et al. I4 report no preference for Fe3+ segre- 
gation in high-purity alumina containing 3.0% 
haematite and Sabol” reports, in samples of 
the same nature, no significant differences in the 
iron concentration between grain interiors, grain 
boundaries and triple points. Furthermore, no evi- 
dence of an intergranular glass phase could be 
seen, and the grain boundaries appeared free 
of any second phases. Analysis of samples by 

energy-dispersive spectroscopy (EDS) and electron 
microprobe analysis (EMPA) verifies these results. 
Therefore, we could conclude from these first 
results that chemical segregation to the grain 
boundary is not responsible for the development 
of anisometric grains; however, the evidence 
shows that the formation of anisometric grains is 
a result of the iron content. Therefore, it is neces- 
sary to further consider the role of the iron atoms. 
Previously, it was reported that diffusion coefficients 
calculated from sintering equations increased with 
increasing Fe addition and decreasing oxygen 
pressure. The oxygen partial pressure effect suggests 
that Fe’+ is responsible for this enhanced diffusivity. 

To examine the role of Fe2’ on the anisotropic 
grain growth, alumina samples containing 4 wt% 
a-Fe,O, were sintered in flowing argon. Sintering 
at 1500°C (2 h) reduced a significant fraction of 
the Fe3’ ions to Fe”, as indicated by the dark 
green colour of the samples after sintering in con- 
trast with the light brown samples sintered in air. 
From thermodynamic equations developed by 
Kroger and co-workers’6,‘7 and from the Fe,O,- 
Al203 phase diagram, it is predicted that at 
least 30 wt% of the Fe3+ was reduced to Fe2+ 
in argon. The microstructural development in 
samples containing 4 wt% of a-Fez03 treated 
in air and in flowing pure argon is compared in 
Fig. 5. The sample sintered in air at 1500°C devel- 
oped a uniform grain structure with equiaxed 
grains of between 1 and 3 pm. In contrast, the 
same sample sintered under flowing argon devel- 
oped a bimodal microstructure with large and 
elongated grains and finer grains distributed 
between them. The microstructure contains a 
second phase mainly localized in the grain bound- 
ary. Chemical analysis of this phase by EDS on 
SEM, Fig. 6, indicates a high amount of Fe rela- 
tive to inside the grain. X-ray diffraction analysis, 
Fig. 7, shows some small peaks that correspond to 
FeAl,O, spinel. XRD analysis of samples seeded 
with 8 wt”/o Fe,O, clearly shows the presence of 
FeAl,O, as a secondary phase. These results indi- 
cate that the Fe3+ is reduced to Fe2+ and that it 
segregates to the grain boundary. Zhao and 
Harmer” suggest that this second phase could 
greatly assist in sintering and creep resistance by 
pinning grain boundaries and by accommodating 
grain-boundary sliding at triple points. 

We propose that diffusive mass transport has 
been improved, and can be attributed to the pres- 
ence of high Fe” concentration. The reduction of 
Fe’+ to Fe2+ produces, in order to maintain electri- 
cal neutrality of the crystal, oxygen ion vacancies 
and interstitial aluminium as described in eqns (1) 
and (2). ‘“*‘9 There is a significant driving force for 
segregation of Fe” at the grain boundaries, because 
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Fig. 3. Microstructure development of 8 wt% rw-Fe,O,-doped alumina gels sintered in air at temperatures between 1450 and 
1500°C: (A) 1450°C (2 h); (B) 1475°C (0.5 h); (C) 1475°C (1 h); (D) 1500°C (1 h); (E) 1500°C (2 h); (F) 1500°C (3 h). 

the solubility of Fe*+ in A1203 is 0.7 to 1.9% at 
1450”C.8 It is suggested that grain boundary segre- 
gation of Fe*+ to high-energy nonbasal grain 
boundaries enhances the grain boundary diffusiv- 
ity, resulting in rapid growth. Gordon and 
Ikuma” reported that the presence of iron in alu- 
mina increases the grain boundary diffusivity and 
that the diffusivity increases with decreasing oxy- 
gen partial pressure, suggesting that the diffusivity 
is related to the Fe” content at the grain bound- 
ary. 

Oo* + 2Fe,,* = 2Fe’*, + Vo” + 1/20,(g) (1) 

300* + 2AlAI* + 6FeA,* + 2V, 

= 6Fe’*, + 2Ali”’ + 3/20,(g) (2) 

As previously reported, no secondary phases 
were detected in the grain boundary in 8 wt% 
Fe,O, samples treated in air. However, anisotropic 
grains were clearly detected at temperatures 
2 1450°C. This can be attributed to the depen- 
dence of the concentration of Fe*+ on temperature. 
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Fig. 4. Aspect ratio evolution of 8 wt% o-FezOx-doped alumina 
gels sintered in air at 1475b and 1500°C. 

Fig. 5. Microstructure development by SEM of 4 wt% a-Fe,O,- 
doped alumina sintered at 1500°C for 2 h in air (A) and 

Fig. 7. X-ray diffraction patterns of (A) 4 wt% and (B) 8 wt% 

argon (B). 
ru-Fe,03-doped alumina sintered at 1500°C for 2 h in argon. 

0, a-A&O,; Cl, FeAl,O,. 

Phillips and Muan2’ reported that Fe,O, heated in that Fe” is formed.22 In samples with only 4 wt% 
air loses oxygen at 1388°C. At 1450°C in air, iron Fe,O, and heated at 1500°C in air, probably the 
is primarily in the trivalent state, and only 2% of 
the total Fe3+ is reduced. 22 This amount of Fe2’ in 

amount of Fe3+ reduced is not sufficient to pro- 
mote this anisotropic grain growth, so sintering in 

the case of the highest iron concentration is prob- inert atmosphere or increased sintering temperature 
ably sufficient to promote anisotropic grain (1650°C) is necessary to increase the amount of 
growth, but it is below the chemical detection Fe’+ and promote the anisotropic grain growth. 
limit. The green colour of this sample indicates Figure 8 shows the distribution of the iron in the 

Au 

b 
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Fig. 6. Grain (A) and grain boundary (B) chemical analysis 
by EDS on SEM of 4 wt% a-Fe?O,-doped alumina sintered 

at 1500°C for 2 h in argon. 

A 
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4 Conclusions 

Fig. 8. Microstructure development by SEM and Fe distribu- 
tion by EMPA of 4 wt% a-FezO,-doped alumina sintered at 

1650°C for 2 h in air. 

corresponding microstructure obtained by EMPA 
in a 4 wt% Fe,O, sample sintered at 1650°C in air. 
Clearly, a higher iron concentration is detected in 
the grain boundary. The quantitative analysis 
shows that 15% of the total iron is segregated to 
the grain boundary. 

So, by controlling time, sintering temperature 
and atmosphere conditions, it is possible to obtain 
very different microstructures and such control 
could be very interesting in the design of materials 
for special uses. In this way, 8 wt% Fe203-doped 
samples sintered in air at 1475 and 1500°C permit 
one to obtain bimodal microstructures with 
anisotropic grains and appropriate aspect ratio by 
controlling the sintering time. In this case -2% of 
total iron is reduced to Fe”, below the solubility 
limit, therefore a mechanism based on the creation 
of oxygen vacancies could explain the enhanced grain 
growth process, and the pores inside the grains 
could be evidence to support this. In contrast, sin- 
tering in inert atmosphere or increased sintering 
temperature up to 1650°C reduces a significant 
amount of Fe3+, producing an evident segregation 
of Fe” to the grain boundary resulting to an 
exaggerated grain growth. 

The addition of cw-Fe203 seed particles to alkoxide- 
derived boehmite sols is very effective in reducing 
the 8 + a-Al,O, transformation temperature, pre- 
venting the development of vermicular pore struc- 
ture and permitting complete densification of 
boehmite at 13OO”C, as a result of the uniform, 
fine-grained microstructure that is developed 
during transformation. Higher temperature treat- 
ment promotes anisotropic grain growth of 
a-A&O3 lath-like grains. The fundamental explan- 
ation for this is basically attributed to the pres- 
ence of Fe2+, the creation of oxygen vacancies and 
grain boundary segregation of Fe2’ to high-energy 
nonbasal grain boundaries resulting in rapid 
growth. By controlling time, sintering temperature 
and atmosphere conditions it is possible to obtain 
different microstructural development. Such con- 
trol is interesting in the design of materials with a 
particular microstructure and may lead to a new 
class of tough ceramic materials, since it allows 
the in situ development of a self-reinforcing phase 
in the microstructure. 
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