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electron microscopy (TEM) can clarify some of these prob-
lems, but, unfortunately, electron diffraction contrast does not
provide information about the atomic positions in a crystal
structure. On the other hand, high-resolution electron micros-
copy (lattice imaging) can reveal the crystallographic relations
between the phases and allows the atomic structure to be de-
termined through a comparison of the experimental images
with those calculated by computer simulation. Lattice imaging
of the interfaces between the Al2O3 polymorphs can provide
additional information about the transformation mechanisms.
However, until very recently, little high-resolution work on the
polymorphic phase transformations in Al2O3 has been reported,
and, as a result, the structure of most transition aluminas has
not been finally determined, nor are the mechanisms of the
polymorphic phase transformations understood.
The most comprehensive review of Al2O3 polymorphs is

that presented by Wefers and Misra1 in 1987. Since then, many

studies that have used modern experimental and theoretical
methods have reported on different aspects of polymorphism in
Al2O3. The goal of the present contribution is to provide an
updated review of the known metastable Al2O3 structures and
to summarize the current understanding of the mechanisms
involved in a number of the phase transformations.

II. Common Processing Routes and Precursors for
Production of Transition Aluminas

Metastable Al2O3 phases commonly are obtained by one of
the processing routes summarized in Table I. Differences in the
phase transformation sequence usually are ascribed to differ-
ences in the precursor structure.2,3 The temperature ranges of
stability given for the transition aluminas are only approximate
and depend, among other things, upon the degree of crystal-
linity, the presence of impurities in the starting materials, and
the subsequent thermal history. All the phases observed in the
transition aluminas are reproducible and remain stable at room
temperature, but the sequence of transformations is not revers-
ible when the temperature is decreased.1 The sequences of the
phase transformations reported in the literature on passing from
the metastable Al2O3 structures to the final stable !-Al2O3
phase also are approximate. For example, no direct experimen-
tal evidence has confirmed the existence of a direct " ! #
transformation or disproved a direct $ ! ! transformation.

III. Structure of Al2O3 Polymorphs Based on
Face-Centered Cubic Packing of Oxygen Anions

Al2O3 polymorphs based on fcc packing of oxygen are rep-
resented by eight powder diffraction files,‡ based mainly on
X-ray analyses performed 30–40 years ago. These files de-
scribe structures denoted $, %, ", and #, with a few additional
files in which the same phase notation is used for similar but
not identical spectra.

(1) Cubic, Spinel-Type Aluminas: !- and "-Al2O3
$- and %-Al2O3 have been described as defect spinel struc-

tures.1 The ideal spinel structure AB2O4 is represented by a
2 ! 2 ! 2 array of an fcc packed oxygen subcell, with the A and
B cations occupying the 8a (of the 64 available) tetrahedrally
and the 16d (of 32) octahedrally coordinated interstitial sites
(Fig. 1). The symmetry of the spinel structure is described by

‡International Centre for Diffraction Data, Newtown Square, PA.

Table I. Common Processing Routes Resulting in Formation of Different Metastable Al2O3 Structures and the Sequences of
Phase Transformations toward the Stable #-Al2O3 Phase

Approximate packing of oxygen for the metastable Al2O3 structures

hcp

!-AlOOH (diaspore)""""!
700°–800°C

!-Al2O3

$-Al(OH)3(gibbsite)""""!
150°–300°C

& """"!
650°–750°C

' ""!
1000°C

!-Al2O3

5Al2O3(H2O (tohdite)"""!
700°–800°C

'! """!
750°C

' ""!
900°C

!-Al2O3
Vapor (CVD)! ' ! !-Al2O3

fcc

$AlOOH (boehmite)"""!
300°–500°C

$ """!
700°–800°C

" """!
900°–1000°C

# """"!
1000°–1100°C

!-Al2O3

!-Al(OH)3 (bayerite)""""!
200°–300°C

% """"!
600°–800°C

# """"!
1000°–1100°C

!-Al2O3
Amorphous (anodic film)! $ ! " ! # ! !-Al2O3
Melt! $ ! ",# ! !-Al2O3

Fig. 1. Three-dimensional view of the spinel structure. White balls
represent oxygen ions located at 32e Wyckoff positions. Larger dark
balls represent 16d, octahedrally coordinated sites, and the smaller
balls represent 8a, tetrahedrally coordinated Wyckoff positions. Pres-
ence of empty interstitial positions (16c, 48f, 8b) also can be observed.
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3. -  
Experiments are carried out in a modified tube-type furnace produced by Xerion. The 
furnace is constructed such that it can be supplied with both liquid and gaseous substances, 
Figure 1. A total gas flow of 150 ml/min are used during testing. Circular specimens are 
placed in a holder of Kanthal A1, which is preoxidised prior to testing in order to develop 
an inert surface layer -Al2O3.  
 

 
Figure 1: Schematic image showing the experimental set-up.  
 
The gaseous environment used for laboratory testing is summarised in Table 2. Two 
different environments were tested. In exposure 1 and 2 0,3% SO2 was used in the gas 
while in exposure 3 the SO2 was replaced by 0,3% water.  
 
Table 2: Gas composition used for laboratory testing. 
 O2 [vol-%] H2O [vol-%] Ar [vol%] SO2 [vol-ppm] Pressure [bar] 
Exposure 1&2 69,5 - bal. ~3000 1 
Exposure 3 69,5 31 - - 1 
 
The testing was made using a repeated thermal cycling, Figure 2. Specimens were heated 
in the furnace at a rate of 30 °C/min and thereafter held at a temperature of 900 °C for 65 
hours. The temperature was then lowered at a rate of 30 °C/min down to 650 °C where the 
furnace was moved and the tube was cooled to room temperature. The exposure was 
conducted at ambient atmospheric pressure. A picture of the movable furnace is shown in 
Figure 3. 
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software using the apparent porosity contrast, was 25% in the ex
situ salt hot corrosion test while it was 15% in the case of the Na2-
SO4(g) method.

According to the above, the corrosion attack seems to have
passed into the propagation stage already after 100 h in both types

of exposures. The main differences in scale structure between the
two hot corrosion exposures are the formation of a liquid surface
film (Fig. 4), and the formation of TiO2 crystals at the scale/gas
interface (Fig. 7) in the Na2SO4(g) exposure. The microstructure
of the solidified film was not easy to access either by XRD (because
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Fig. 3. Cross-section SEM micrographs of samples after (a) oxidation in synthetic
air; (b) ex situ salt hot corrosion test and (c) the Na2SO4(g) test. The scale is compact
and uniform in the case of oxidation.

Fig. 4. SEM top-view micrographs of samples after 100 h at 900 !C. (a) Oxidation;
(b) ex situ salt hot corrosion test; (c) Na2SO4(g) test. Blades, typical for alumina are
observed on both the oxidized and the corroded samples. In the case Na2SO4(g) test
the blades are embedded in a thin film covering the surface.
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02,!\0%'*10+$!<*02$03%1)2$!#8!"K>F;!#HN#O^!.;!"JJI"JE;!

c?;! #;! Éà*,2à$8! É;! Ie;! S5'2$$)28! 02,! d;! I`;! É)&02$$)28! MD(% [,D"3"*"W(% \--()*% +-%
M0.)(/%+-%'R7%+,%*D(%RN"<.*"+,%+-%[0+,$!D71,0%1)2!)9!\'%0+$8!T??J;!HMYFIE[^!
.;!MTcIMMF;!

c";! g;! X'3&0*$G:! 02,! X;! z050+1]8! U/2,06'2%0+$! )9! X)(,'*! Q199*03%1)2! 02,!
S%*/3%/*0+!V&0*03%'*1R0%1)2!)9!\0%'*10+$!S.*124'*!S31'23'I_/$12'$$!\',108!
L'(!Ñ)*G^!T??F;!

cT;! Q;! É;! S%)G'$8! !X*1231.+'$!02,!.*03%13'!)9!50*10=+'!.*'$$/*'P'251*)26'2%0+!
$3022124! '+'3%*)2! 613*)$3).:;! É)&2! N1+':! á! S)2$! d%,8! i;! |;8! $'3)2,!
',1%1)2^!"KKc;!

cJ;! É;! d18! MD(% -+)2/(<;"+,;3(.5%5")0+/)+=(%5+0(% *D.,% .% =0()"/"+,% "+,%5"99",#%
5.)D",($! É)/*20+! )9! %&'! \12'*0+$8! \'%0+$! 02,! \0%'*10+$! S)31'%:8! \0*3&!
T??E;!CK^!.;!TcIJ";!

cM;! &%%.^PP(((;4+)=0+$12);3)6Pe\P.04'J>K";&%6+;!
cF;! Q;! _;! N1++106$! 02,! V;! _;! V0*%'*8! <*02$61$$1)2! e+'3%*)2! \13*)$3).:P$

16041248! S.*124'*!S31'23'!j!_/$12'$$!\',108! S'3)2,!e,1%1)2^!T??K;!F^! .;!
Jc";!

cE;! N;! z&)/8! '%! 0+;8!').,,",#%Q")0+/)+=1%-+0%:.,+*()D,+9+#1O%M()D,"_2(/%.,<%
J==9").*"+,/$!S.*124'*!S31'23'8!T??E;!

cc;!!!!!!!&%%.^PP(((;0$612%'*20%1)20+;)*4P,)3/6'2%$P"?"KTP">>ccEKP06."ET!
!!!!!!!!!!!!!?F.?JM;.,9P,9c"TM09I'?T"IMJ0FIK>EJIJ,JF009T"9>0;!
c>;! &%%.^PP(((;'=$,;3)6P12,'7;.&.P'=$,I'7.+012',P12%*),/3%1)2I%)I'=$,;!
cK;! &%%.^PP(((;)79)*,I12$%*/6'2%$;3)6P.*),/3%$P613*)020+:$1$P'=$,$%
>?;! W;!S5'2$$)28!'%!0+;8![,-92(,)(%+-%8*%+,%*D(%5(*.9G+N"<(%",*(0-.)(%<20",#%D"#D%

*(5=(0.*20(% +N"<.*"+,% +-% :"J9% 329P% 5.*(0".9/$! V)**)$1)2! S31'23'8! T??K;!
C#YJ[^!.;!FJKIFME;!

>";! W;!d018!'%!0+;8!e"#D%M(5=(0.*20(%I+00+/"+,%+-%:";^./(<%J99+1/%'IJK7?L%.,<%
[:TV7$!D71,0%1)2!)9!\'%0+$8!T?"J;!KMYFIE[^!.;!F?FIF"E;!
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>T;! \;!X02'*/8!'%!0+;8!I+00+/"+,%Q()D.,"/5%+-%J99+1%C&A%J2/*(,"*")%'*((9%3(,(.*D%
:.I9%Z(=+/"*%2,<(0%c.01",#%'R7%I+,)(,*0.*"+,/%",%.,%RN1;-2(9%I+532/*"+,%

J*5+/=D(0($!e2'*4:!á!U/'+$8!T?"J;!!JY"?[^!.;!FEKKIFc?F;!
>J;! S;! |0*+$$)28! '%! 0+;8! bI9;[,<2)(<% e"#D% M(5=(0.*20(% I+00+/"+,% +-% *D(%

J2/*(,"*")% '*.",9(//% '*((9% CAKiGMD(% [,-92(,)(% +-% 'R7$! \0%'*10+$! S31'23'!
U)*/68!S'.%'6='*8!T?"";!HLH^!.;!TTMITTK;!

>M;! L;!\/8!|;!É/248!\;!L;!Ñ020*8!'%!0+8!MD(%\--()*/%+-%U.*(0%c.=+0%.,<%e1<0+#(,%
+,% *D(% e"#D;M(5=(0.*20(% RN"<.*"+,% +-% J99+1/$! D71,0%1)2! )9! \'%0+$8! É/2'!
T?"J;!JL^!.;!ME"IMcT;!

>F;! #;!SG1+=*',!02,!m;!W0/4$*/,8!MD(%\--()*%+-%U.*(0%c.=+20%+,%*D(%I+00+/"+,%
+-% '.,<W"P% '.,(0#1% eM% l,<(0% Z2.9% J*5+/=D(0(% I+,<"*"+,/$! D71,0%1)2! )9!
\'%0+$8!T?"J;!JLYFIE[^!.;!EJKIEFM;!

>E;! S;! m;! É;! S0/2,'*$8! \;! \)2%'1*)! 02,! U;! m1RR)8! MD(% +N"<.*"+,% 3(D.W"+20% +-%
5(*.9/% .,<% .99+1/% .*% D"#D% *(5=(0.*20(/% ",% .*5+/=D(0(/% )+,*.",",#%E.*(0%

W.=+20O%J%0(W"(E$!X*)4*'$$!12!\0%'*10+$!S31'23'8!T??>;!CFYF[^!.;!ccFI>Jc;!
>c;! #;! Éà*,2à$8! É;! Ie;! S5'2$$)2! 02,! d;! I`;! É)&02$$)28! [,-92(,)(% +-% 'R7% +,% *D(%

RN"<.*"+,% +-% CAKi% '*((9% ",% R7%L%KAXe7R% .*% SAA%aI$! D71,0%1)2! )9! \'%0+$8!
T??>;!HLYJIM[^!.;!TMKITEJ;!
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