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Assrnecr

The reactions of micron-sized powders of gibbsite heated in air progressively to 1350' c

are followed by single crystal electron difiraction patterns, r-ray powder patterns, thermo-

gravimetric measurements, infra-red absorption spectlometly and difierential thermal

analysis. The reaction series gibbsite+x-AlzO:+K-Also3+corundum is confirmed, with

x-Alros in the range 2to"-870'c. At about 270' C., the product still retains 25/s'water'

which is lost progressively up to about 800' C. From about 970-1 180' C., K-AIzOa is present

together with e-AlzOa. The product termed K- is probably a mixture, since z-AlrOs and

€tAlzOs have also been observed. Analysis of the diffraction data leads to the conclusion

ihut 
"- 

hu. probably a close-packed hexagonal type structure with o:5'57, c:8.64 h,

,/o:'i.SSt. ihe principal component of 'x-' has a iarge hexagonal ceil, with a:76.7 A. The

continuity of crystallographic orientations in these reactions is clearly demonstrated by the

electron diffraction diagrams.

INtnoouctroN

The thermal reaclions of gibbsite

The work of de Boer and his colleagues (1954a' b, 1956), of Tertian and

Pap6e (1958), and of other investigators has shown that the thermal

reactions of gibbsite are dependent on many variables, and in particular

on the crystal size of the gibbsite, on the atmosphere, and on the rate of

heating. Prior to the realization of the importance of these vallaflsc thc

results were conflicting and poorly understood.

In the present work, fine crystal size, normal atmospheres and slow

heating rates are employed. For crystals finer than about 1 micron, it is

considered by Tertian and Pap6e (1958), de Boer, Fortuin, Steggerda

(1954a, b), and others, that the following reactions take place:

Gibbsite + 1-Al2O3 + x-AIsOa + a-AIzOr (Series I)

For coarse-grained gibbsite, as Brorvn, Clark and Eil iott (1953) first

clearly recognized, boehmite is the first product to be formed as a result

* Contribution No. 60-1 from the College of Mineral Industries, The Pennsylvania

State University, University Park, Pa.
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of the development of a hydrothermal condition in the gibbsite crystals.
subsequently a fissuring of the crystais occurs ancl the remaining gibbsite
then follows reaction series r. The boehmite independently gives rise to a
second reaction series, so that two parallel series of reactions take place.

Gibbsite + Boehmite + 7-Al2O3 + d-AlrOs + a-Alzor (Series II)

\ x-AlzOr r-AlzOs + a-AlzOr (Series I)

Crystallographic aspecls oJ the reactions

crystallographically ordered process, without intermediate products.
This reaction takes place at a relatively low temperature, 450-600" c.
The sequence of crystallographic changes, gibbsite+boshrnils+7-AlrOa
->d-Alzoa, exhibited by coarse gibbsite has been studied by singie crystal
techniques by Saalfeld (1958, 1959), who has demonstrated the follorving
dimensional  re lat ionships :

o(gibbsite) - o(boehmite) - [tIO]7-AtrOz- a,0-AlzOz

2.88 2.86 2.81  2 .81

The crystallographic relations between the phases or products formed
from fine-grained ( ( 1p) gibbsite have not been analyzed, previously,
largely because the fine-grained nature of the material preciudes the use
of single-crystal r-ray analysis, and the *-ray powder data show mainly
broad and il l-defined reflections. Tertian and pap6e (195g) especially
have attempted to clarify the particular features characterizing th" 1-
and r-Alzoa which have been designated as the principal intermediate
stages in the reaction series of f ine-grained gibbsite.

PnrsBxr Sruorns

The present studies have been aimed at elucidating in more detail the
reaction series r for f ine-grained gibbsite heated under normai atmos-
pheric conditions. For this purpose, electron difiraction (E.D.) analysis,
which can be applied to single crystals of micron dimensions, has major
advantages over tc-ray powder studies. rt is also necessary to follow in de-
taii the removal of 'water' from the structure, and for this purpose difier-
ential thermal anaiysis, thermo-gravimetric measurements and infra-red
absorption measurements have been made.



REACTION SBRIES GIBBSITE-x ALUMINA-r ALUMINA 773

Frc. 1. Electron diffraction pattern of a single crystal of gibbsite "shadowed"

with aluminum metal.

Electr on-d,if r acti,on pr o cedur es

Single crystal diagrams were obtained by using well-dispersed samples

and an R.C.A. instrument, Type EMU, with a diaphragm for isolating

single crystals in the field of view' Spacing calibration of the single-

crystal difiraction patterns was obtained by lightly shadowing the sam-

ples wittr metallic aluminum which gave ring patterns of the metal' Fig' 1

.ho*. u typical single crystal spot pattern with superposed calibration

rings.

Specimen preparat'ion

suitable fine-grained gibbsite is essential for these studies. A fine-

grained materiaf with particle size 11 micron supplied by the Reynolds

Metals Company gave a cleat r-tay powder diagram of gibbsite, but

proved unsuitabie for E.D. study; the particles were shaped so that they

look up random orientations in the E.D. camera' By grinding under

water a coarse 'platy' gibbsite supplied by the Aluminum Company of

America, thin platy crystals of sub-micron size were obtained, which were

separated from coarser material by sedimentation in water at a con-
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Frc. 2. (Left) Difierential thermal analysis curves of (i) -200 mesh gibbsite (,,Alcoa,,),
(ii) sample (i) water-ground to less than 1p particre size, (iii) gibbsil, 1p particle size
(Reynolds Metals Co.).

Ftc. 3 (Right) Progressive weight-loss/temperature curve for ( lp gibbsite; 12 hr. heat-
treatment at each temperature.

trolled pH of 6.8-7.2. These crystars were weil oriented in the difiraction
instrument and gave good E.D. patterns (see Fig. 1).

Following heat-treatment, the products were stored in sealed tubes
over P2o6. Preparation of specimens for electron microscope and ci rri c-
tion study was carried out using amyl acetate as the dispersion me i lm.
Fine gibbsite crystals, oriented on a glass plate, were covered by a thi:r
collodion fi lm, and subsequently by a more substantial Formvar rlm.
The combined film was stripped from the glass with the aid of scotch tape
and immersed in ethylene chloride. The Formvar film is dissolved and the
thin collodion film with gibbsite attached is caught on grids for insertion
in the microscooe.

r,ol.r ground
<l/r(ALcoA)

. l / r (R rc )

Tcmp.PC)
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Dehydration studies

Whereas reaction series I is characterized' by essentially the single

endothermic dehydration reaction, series II is characterizedby two de-

hydration processes. Therefore 'f ine' gibbsite is differentiated from

'Joarse'gibbsite by having one endotherm rather than three endotherms

(see Fig. 2). However, the slow loss of water after an init ial rapid loss can

be followed more precisely by thermo-gravimetric measurements' and

also (though less quantitatively) by infra-red absorption measurements'

Therefore all these techniques have been applied to obtain an under-

standing of the lower temperature reactions in which 'water' is involved.

X -ray Powder measurements

These have been made rvith a Phil ips Norelco diffractometer adapted

so that a stream of dry air passed over the sample during the recording

of data.

Expntrrun,NrAr, RESULTS

Dif erentiol thermal analysis d.ota

Figure 2 shows curves obtained with relatively coarse gibbsite supplied

by the Aluminum Company of America, micron-sized gibbsite obtained

by grinding the 'ALCOA' material, and micron-sized gibbsite supplied

by the Reynolds Metals ComPanY.

The micron-sized powde., sho* traces of an endotherm at about

500" C. which may arise from a small amount of boehmite. I lowever, the

more prominent boehmite peak at about 250' C. is not observed from the

fine-grained materials.
X-lray powder analysis shows that only a trace of boehmite is formed

from the micron-sizedpowders, and this small amount does not affect ad-

versely the interpretaiion of the results' Boehmite was not detected in

the E.D. diagrams, despite the fact that its pattern is quite distinct from

[he other patterns observed in these experiments'

T hermo- gr attimetric dal a

Step-wise temperature increments of the order of 5-10o C' at 12 hr'

intervals gave the dehydration curve shown in Fig' 3, where (Aw/w()) rep-

resents weight los a. a fraction of total weight loss' Dehydration pro-

ceeds rapidly in the temperature interval lg0-240" C' up to about75y'6'

and thereafter goes ,rery .lowly to completion at about 800' C'

Isothermal dehydraiion .rr..r., show similar features' Sample size is

important, as was shown previously for kaolinite and halloysite by
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Frc. 4. Isothermal dehydration curves for (1p gibbsite.

Brindley and Nakahira (1959). Figure 4 shows typical curves 1or (wf zas),
where zo' is the weight of unreacted materiar, ptott.a logarithmically
against time for thin powder layers heated isothermally at various tem-
peratures. The initial parts of these curves are not strictly linear, so that
the reaction proceeds onry approximatery according to first-order
kinetics. when the reactions are about 75/s comprete, In ail cases the
reaction rate is reduced almost to zero at the temperatures emproyed.

Single crystal, electron d:ifraction d,ata

Figure 5(A-F) shows a series of diagrams illustrating the various spot
patterns which have been observed, together with the aruminum calibra-
tion rings, for samples heated to various stages of reaction between room
temperature and 1180o c. Ail the patterns are hexagonal in character
and exhibit certain features which are constant or nearly constant
throughout the reaction series. Hexagonal axes af and. ar* ate shown in
e_ach diagram corresponding to the smailest unit ceil compatible with the
data.

Table 1 lists the hexagonal parameters, as, carculated from the various
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d

Frc. 5. Single-crystai electron difiraction patterns, with aluminum calibration rings, for

transition aluminas.

(A) 1-AhO; at 270" C.; approximate formula, AlzO: 0'75 HzO; aa:2'77 A

(B) x-AhO3 at 830'C.;formula AlzOa; aa:5.53 A
(C) r(?)-AlzOr at 970-1180" C.; aa:16.78 A
(D) (?)-AlrO3 at 1030-1180' C'; an:9.70 A
(E) 6/-A1108 at 1180-1350" C'; aa:5.37 A
(F) u-AlzO: at 1030-1180" C'; or:5.54 A

E.D. patterns' The smallest cerl ,  ap:2'77 L (Figure 5A)'  is obtained on

heating at 270" C., with about 75/6 bulk dehydration' This parameter is

about 4/6 smaller than the corresponding value for gibbsite, namely

o(monocl inic)/3:2.87 A. Continued heating and dehydration produces

only small  changes in the E'D. patterns up to 8300 C', when dehydration

is virtual ly comPlete. At ' this stage, i l lustrated by Fig' 58, weak addi-
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'I'esrn 1. vlruns or HrxecoNer peneurrrn, oE, roR Hurno Arumrxas Drnrvro
pnolt Frne-Gurrwn Grsnstrn

Temperature.  I  Probable
Parameter, A_1'rr1:_

1 (initial)

1 (final)

n (?)

E D .
pattern

v

E'
4

a a :  5 . 5 3
o H :  l O  l 6

on: 9 7O

o n :  5 . 3 7

au:  |  .77
a / 2 : 2 . 7 6 5
a / 6 : 2 . 7 9
a/ (4 sin 60) :2 .36
a / 2 : 2 . 7 7
a / 2 : 2 . 6 9

t ional spots are observed corresponding with ar:5.5J A, or asf2
:2.76n A. So-e reorgalization of the structure, probably of the cations,
and a slight contraction have occurred.

rn the temperature interval 860-1180'c., further reorganization of the
structure takes place with the emerE{ence of reflections on a finer scale in
the E.D. diagrams, Figs. 5C and D, corresponding to larger unit cells
which, however, are related in a simple way to the original parameters.

At temperatures in the range 1030-1350" C., patterns are occasionally
found (Figs. 5E, F) agreeing closely with E.D. patterns described by
Cowley (1953) which he labelled {'-alumina (a:5.23 A) and z-alumina
(o:5.53 A;. these patterns are simpler than those obtainedin the tem-
perature range 860-1 180o C. X-ray patterns show that a-AlzOa forms at
temperatures of about 1000o C., but satisfactory E.D. patterns of the
final stage were not obtained, probably owing to sintering of the material.

A statistical survey of the results observed after various heat-treat-
ments is given in Table 2, from which it appears that the principal stages
in the reaction series are as follows: From 270-870" C., E.D. patterns

'ranr.r 2. SrNclr:-cnvsraT 
?^::il1ffi"X1ffiff :"roN 

Ar.uMrxes onsrnvrn

Temperature, "C Number and type of pattern observed

270
830

970-1 180
1 130-1 180
1030-1 180
1 180-1350

> 1000

Fig. 5A
F'ig. 58
Fig. 5C
Fig. 5D
Fig. 5F
Fig. 5E

270"
170"

830-875"
970"

1030"
1 180"

1350"

37 patterns, Fig. 54.
9 patterns, Fig. 5A

52 patterns, Fig. 58
7 patterns, l' ig. 58; 24 patterns, I'ig. 5C

21 pat terns,  Fig.  5C;2 pat terns,  Fig.5D;2 pat terns,  Fig.5F
9 patterns, Fig. 5C; 2 patterns, Fig. 5D;2 patterns, Fig. 5E;
2 patterns, Fig. 5I'
5 patterns, Fig. 5E
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of the type shown in Figs. 5A, B are obtained and these may colrespond

with the material usually Iabelled x-Alzo;. 
' Ihis result agrees broadly

with the conclusion of Tertian and Pap6e (1958) who gave 200-400' C'

up to 900o c. as the temperature range for x-AIzOs. In the temperature

range 950-1 180'C. more complex patterns are obtained, with Fig' 5C

-uinty occurring. This material may correspond with rc-AlzOr' At

1000" C. and higher temperatures, a-AlzOs (corundum) is formed but

satisfactory E.D. patterns of this phase were not obtained'

Rare occurrences of z- and {,-alumina (Figures 5E, F) were found in the

temperature range 1030-1350' C.

X-ray powd,er d.ata

Following the disappearance of gibbsite at about 200 220" C', the r-

ray powder diagrams are mainly diffuse until a-AIzO3 makes its appear-

arrce at about 1000o c. From about 270-800o c., the diagram resembles

mainly that of x-AlrOa as described by Tertian and Pap6e (1958)' At

270" C., slight traces of the strongest boehmite reflections can be de-

tected as stated earlier. At 410" C., the diagram appears to be solely that

of x-AlrOr, and no further changes occur unti l about 830o C', when addi-

tional broad reflections are observed which may be attributed to r-AIzOr.

As the temperature approaches 1000o c., the reflections become clearer,

but the development of a-AlzOs at this temperature hinders the analysis

of the rc-AlzOs. At 970o and higher temperatures' the E'D' patterns have

shown that more than one crystailine form develops so that considerable

the gibbsite. This agrees exactly with the composition AlzOr'0'75 HzO

expected for such poorly crystalline material'
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Frc. 6. X-ray intensity of (002) gibbsite vs. percentage bulk dehydration.

I nfra-red ab s or ption dat a

Absorption spectra were recorded for representative samples from the
various heat-treatments, and the following are the main results achieved.
Material heated at 27o" c. no longer shorvs the sharp absorption peaks in
the 9.5-15p range obtained with gibbsite and the strong hydroxyl absorp-
tion in the neighborhood of 2.9p, is considerably reduced. The latter is re-
duced still further at 470" c. and is eliminated at 830o c. The resulrs are
consistent with progressive removal of 'water' from about 25/6 oI the
init ial amount at 270" C. to complete removal by about g00. C.

Taem 3. Drllnlcrrox Dara lon 1-AruurNl

d:spacings, in A (I):estimated intensity

Present data 470" C
Tertian & Pap6e

(1es8)
d(r) (s00. c.)

Russell el al.
(1es6)
d(r)

d(I), observed

4 .80+0 .1s  (4 )
2.88+0.02 (8)

2 . 4 1 + 0  0 1 ( 1 s )

2 . 1 2 + 0 . 0 1 ( 1 s )
1 .e6+0 .01  (10 )

1.39s+0.00s (30)

calculated

X-ray E.D. (hk, t)E

2 .848 (8)

2.n4Gs)

2.126 (15)

1.e1  (s )

1 .3e4 (3s)

2 .n  @)
2.27 (2)
2 .1 r  ( s )
1 .e8  (2 )

1 . s3  (1 )
I  .3e (10)

2 . 7 9 4
2.401

100
003
110
200

202
104

220

4 . 8 2 2
2.880
2 . 7 8 5
2 . 4 1 1

2.106
|  . 9 7 1

I  l o l

C
o
C

o

x

o to 20 50 40 50 60 70-80 90 bo
06 Dchydro t ion
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Elecrron d.,ifracrion dala 
nrscussrou

therefore the intensity of the reflection is independent of the particular

distribution of cations in these sites. However, quite apart from this par-

ticular type of structure, one can say that a strong reflection at about

d:l.3gi A wil l arise from planes of the type (220) from cubic close-

Therefore, while the existence of a strong reflection at d.-1.395 is evi-

dence for close-packing of oxygen ions with the aluminum ions in inter-

stit ial sites, it does noJclifferentiate between the hexagonal and cubic ar-

rangements.

Ind.exing of electron difraction patterns

Careisneededindrawingconclus ionsfromthehexagonalspotpat terns
given by electron diffraction. Gibbsite provides a warning since this is a

monoclinic structure.

hc :  hn  * l n / 3

h c :  k u l l n / 3

I c : - h a - h n * I u / 3

A cubic structure oriented with [111]c parallel to the electron beam

gives a zero-order reciprocal array satisfying the relation

h c l k c l l c : 0
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Frc. 7. zero-revel reciprocal lattice diagrams for (A) cubic lattice with respect to [111]

axis, and (B) hexagonal close-packed lattice. rn (A), small dots refer to simpleiattice, large
dots to face-centered lattice; cubic indices are given.

or, the cubic indices wil l be of the type (n, k,h+k)c. In the zero_level of
the hexagonal reciprocal lattice, ln:0 and, therefore hu:hc, ka:kc,
and (nafir: lc. In other words, zero-Jevel reflections assigned indices
(h, k, l l !,0)r with respect to hexagonal axes, may also have the indices
(h, k, hIk)c with respect to cubic axes.

Reflections from a s'imple cubic lattice satisfying the relation hclkc
* /c , :g are as fo l lows;

(110), (112), (220), (123), (s30), (224), (134), (440) . . .

For aface-centered cubic Iattice, which corresponds to cubic close-packing,
only the following reflections occur:

(220), (224), (440) . . .

Figure 7A shows these two sets of reflections referred to hexagonal axes,
with the face-centered cubic reflections emphasized and with the strong
reflections of type (440) strongly emphasized.

Figure 7B shows the zero-order array of reflections to be expected from
an hexagonal close-packed system with the strong (1120) reflections
strongly emphasized in the diagram.

rt is evident that the close-packed cubic and close-packed hexagonal
arrangements give rise to similar E.D. patterns in the projection con-
sidered here, but the very strong reflections corresponding to planes with
d.:r (anion) Iie on the &r*, az*, axes in Figure 7A, and between these axes
in Figure 78.

Comparison of obserzted. and calcwlaled E.D. patterns

Figure 5.{ for material heated to 270" C. corresponds exactly with Fig.
78 and it may be inferred that the gibbsite has transformed into an
hexagonally close-packed arrangement of oxygen anions.

Figure 5A gives place to diagrams of the type shown in Fig. 58 at about

h)
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800o C., having weak, additional spots requiring the hexagonal net to be

drawn on half the scale on Fig. 5A. It is inferred that the structure is still

essentially hexagonally close-packed with the aluminum ions taking up

preferential positions which require a doubling of the hexagonal o param-

eters.
As the temperature approaches 1000o C., the E.D' patterns remain

hexagonal, but become more complex. The pattern most commonly seen

is that of Fig. 5C, in which the axes have the same directions as in Figs.

5A and 58, but the parameters are changed by a factor of 6 with respect

to Fig. 5A.
In Figs. 5D and 5E, which occur much less frequently, the strong re-

flections at about d.:1.39-I.40 now lie on the ar*, &2* axes and to this ex-

tent correspond with Fig. 7A, but the indices are of the 
lry: 

(669)-il

Fig. 5D u"a (S3O) in Fig. 5E, and do not correspond with (220) or (440)

as would be expected for cubic close-packing.
In Fig. 5F, which occurs rarely in material heated to 1180o C', the axes

are oriented as in Figs. 5A, B, and C, but the pattern is simpler than in

5C; it approximates to 58 found at lower temperatures, but with more

and better defined reflections.

Ind.e*ing ond unit, cell paramelers for yAl2Oz

Table 3 lists the present observed E.D. and *-ray data for x-AlzOa'

These have been indexed graphically on the basis of an hexagonal cell,

using the indices obtained from the E.D. patterns. The following lattice

parameters 
"" "ol'Ii.l;u c : 8.64 L, c/o: r.55r.

The axial ratio is somewhat less than the ideal value for hexagonal close-

packing, 1.632, and' suggests a contraction of the structure parallel to c

due to the interstitial aluminum ions.
The hexagonal indices and the calculated d-values are listed in Table

3; the observed and calculated spacings are in satisfactory agreement.

The persi,stence of 'waler' to high temperatures

The marked retardation of the dehydration reaction when about 7516

complete has been observed by previous investigators (cf' Pap6e and

Tertian, 1955). The thermo-gravimetric and the infra-red data show that

the remainin C2570 of 'water' is lost gradually over the temperature range

from 270-800" c. In rapid heating, as in thermal analysis, the slight

endothermic effect observed around 500o c. may be connected in part

with this retained water. Although there are traces of boehmite formed

from the fine-grained gibbsite, these traces are insufficient to produce the

first boehmite endotherm (see Fig. 2).
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The absence of any significant change in the E.D. and r-ray patterns
between 270" and about 800' c. suggests that the structure remains es-
sentially constant in type, although the crystall inity is obviously very
poorly developed. At 830" C., when the dehydration is complete, there is
an additional set of spots in the E.D. pattern which can be considered in-
dicative of a more ordered arrangement of the Al cations. The progressive
release of the water apparently does not make the structure sufficiently
unstable unti l the temperature reaches 800" c., or thereabouts, and the
'recrystall ization' (if i t can be so described) sti l l  does not alter the main
structural pattern which is set by the hexagonal close-packing of the
anions. The 'recrystarlization'probabty 

takes the form of a re-distribu-
tion of Al ions giving a lattice parameter six times as large as that set by
the oxygen ions alone.

This recalls the persistence of water in metakaolin discussed in some de-
tail by Stubiaan (1959), although the amount is much less than in
X-Al:O; which might almost be described as a 'meta-sibbsite.'

CoNcr,usroNs

The investigation is concerned with the thermal reactions of sub-
micron sized gibbsite, which are confirmed to be different from those of
coarser-sized gibbsite.

The disappearance of the *-ray and electron diffraction patterns of
gibbsite when the material is about 75/6 dehydrated provides strong evi-
dence for the retention of appreciable 'water, 'probably hydroxyl ions, in
the first reaction product, x-AlsOs. This ,water, is lost gradually in the
temperature range 270-800" C., but the difiraction patterns show little
change. The diffraction data are interpreted in terms of a close-packed
hexagonal type arrangement of oxygen anions, with a:5.57 A, c:8.64 A.
c /  a : 1 . 5 5 1 .

Continuity of the structural changes occurring in the transition
aluminas is shown clearly by the electron diffraction diagrams. At
970" C., a more complex structure with a large hexagonal cell, a:16.78 L,
is observed which may be the form designated r-AlzOa. Above this tem-
perature c-alumina (corundum) forms, but during its formation, from
970-1180' C., other transition aluminas are recorded, in particular the
forms {' and z previously found by Cowley. Therefore it is believed that
powder data must be interpreted with considerable caution.
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Note added in press: Since this work was completed, a further contribution by H'

Saalfeld has appeared (N. Jb. Miner., Abh., 95, 1-87, June 1960) which also discusses the

1-r reaction series. His ,esilt. arrd those reported here agree in some respects' but not in

others




