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Comparison of the transformation sequence from y-AIOOH (boehmite)
to a-Al,O; (corundum) induced by heating and by ball milling
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Abstract

This paper presents the X-ray diffraction investigation of ball-milling-induced transformation of boehmite (-AIQOOH)
and of gibbsite {Al(OH);) to corundum {a-Al,O;). The results are compared with the transformation observed in heating
experiments, and the conclusion is drawn that equivalence exists between the high energy ball milling and the thermal

process.

1. Introduction

In a recent publication [1] we have shown that the
well-known temperature-induced transition from y-
boehmite (y-AIOOH) to corundum (a-Al,O;) [2-6]
could also be obtained by high energy ball milling,
Since, upon heating, the transformation of boehmite to
corundum occurs over a series of transition phases, in
the present experiment an attempt is made to compare
the heating- and milling-induced transition sequences.

Heating of boehmite or of gibbsite (Al(OH);) at over
1000 °C yields a variety of transition aluminas before
the stable corundum is formed [2-6]:

>170°C >500°C >825°C
Al{OH); — x-ALO; — x-ALO; — a-ALO;, (1)
(gibbsite)

>350°C >600°C =900°C
y-Al{OOH) — y-Al,O, — 6-ALO, — 6-ALO,
(boehmite)
> 1000°C

The transition temperatures are somewhat approxi-
mate, but it is worth remembering that, although all
transition aluminas are stable at room temperature,
they are normally activated only at above-indicated
temperatures and cannot be retraced in reverse with
decreasing temperature.

2. Experimental procedure

A commercial boehmite powder (Ventron,
Karlsruhe) and a synthetic gibbsite (Aluminium
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Factory, Mostar) were used as starting materials. The
heating was performed in a well-temperature-
controlled furnace, and the milling in a Fritsch
planetary ball mill. Both the vial and the balls were
made of tungsten carbide (WC). A 1 g mass of powder
and a set of ten balls with a diameter of 10 mm were
used in all experiments. For every milling experiment a
new charge of starting powder was used and then
milled uninterruptedly for the imposed time intervals.
Before and after the heating or milling, the powders
were examined using a Philips PW 1820 X-ray
diffractometer with Cu Ka monochromated radiation.
Transmission electron microscopy (TEM) observations
were performed on a JEOL JEM 2010 microscope.

3. Results

3.1. Heating

The diffuse characteristic and the similarity of X-ray
diffraction (XRD) patterns of non-milled alumina
powders were the main reason that we also performed
the heating experiments in order to be able to deter-
mine which of the transition aluminas appeared in the
milling-induced boehmite- or gibbsite-to-corundum
transition. We performed several heating experiments
200 h long which confirmed the facts [5, 6] that the
transition phases of the aluminas are stable below the
transition temperature and that diffuse broad lines
persist even after long heating.

In Fig. 1, those XRD patterns which we found to be
the most important in identifying the phases in milled
powders are shown. The boehmite and the gibbsite
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transformation sequences obtained by heating and
deduced from our XRD patterns were

>700°C

bOChIl’llte —_— ‘y'Alzo:; - 6 A1203 -_— 6 A1203

>850°C

- a'A1203

>800°C

650°C
glbbSlte - X'A1203 - K A12U3 - qQ A1203

and are in agreement with the published data
(sequences (1) and (2)).

3.2. Milling

Figures 2 and 3 show a series of XRD patterns of
the boehmite and of the gibbsite powders subjected to
milling for different milling times. Although the

(15 1]&“ )’\ kﬁ "

T Y. \ M )

¢ / l
ot PR

Wy, ,«'WW“WH . »{/
Vl* MMMW!*WM "vw . MAWW“ \‘M "

| i] °

At s it |

LR 1WJ L.,.xwﬂm-} e LJLWA 7‘} R

b; )/‘%{” [ U ©
W*W*WMMW W\J\.wWJHW‘"M lﬁ'*‘ww
“WMMWWWMWMWWWm " \CM

,WJ LJ@ J\MM WMWM

°20]

Fig. 1. XRD patterns: curve A, gibbsite, as supphed; curve B,
gibbsite heated at 500 °C for 200 h, x-Al,O,; curve C, gibbsite
heated at 800°C for 200 h, x-Al,O;; curve D, gibbsite and
boehmite heated at 1300 °C for 3 h, a-Al,O;; curve E, boehmite
heated at 500°C for 200 h, y-AL,O;; curve F, boehmite, as
supplied. The diffraction intensity is measured in counts
(arbitrary units).
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Fig. 2. Changes in XRD pattern for boehmite powders with
various milling times (v, a-Al,O5; O, WC): curve A, 0 min; curve
B, 10 min; curve C, 20 min; curve D, 40 min; curve E, 60 min;
curve F, 90 min; curve G, 120 min; curve H, 250 min. The
diffraction intensity is measured in counts (arbitrary units).
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Fig. 3. Change in XRD pattern of gibbsite powders with various
milling times: (v, a-Al,O;; ©, WC): curve A, 0 h; curve B, 0.5 h;
curve C, 1.5 h; curve D, 2.5 h; curve E, 7 h. The diffraction
intensity is measured in counts (arbitrary units).
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patterns showed very broad maxima, with the aid of
XRD patterns obtained in heating experiments (Fig. 1)
we were able to identify the phases which appeared
during milling,

It is clear that the intensities of the boehmite and
gibbsite diffraction peaks weakened and broadened at
the very beginning of the milling. However, before the
boehmite (or the gibbsite) maxima completely dis-
appeared, a broad maximum belonging to the x-Al,O,
phase could be observed. On further milling of the
boehmite, broad peaks of the y phase gradually dis-
appeared and the peaks of the x phase appeared. On
further milling, a-Al,O; peaks appeared and gained
intensity while those belonging to the x phase gradually
disappeared. On milling the boehmite for 1.5 h the
corundum diffraction lines could be observed on XRD
patterns, but for gibbsite the corundum lines were
observed after milling for 7 h.

The peaks of WC became visible on XRD patterns
of both boehmite and of the gibbsite powder milled for
30 min, indicating contamination of milled powders
caused by the wear of balls and of the vial. For longer
milling, the WC contamination was of such a high level
that it could even mask the milling results of the
original powders. The contamination turned out to be
very drastic during the milling of the gibbsite. We
suppose that this contamination prevented us from
observing the x phase during the milling of the gibbsite.

3.3. Transmission electron microscopy and high
resolution electron microscopy

The boehmite used in the ball-milling as the starting
powder and examined by high resolution electron
microscopy (HREM) has very fine grains from 1.5 to
2.5 nm (Fig. 4). The corresponding selected-area
diffraction (SAD) pattern is given in Fig. 4 as the inset,
showing partly amorphous material A and partly
crystalline material. The boehmite rings belonging to
reflections (031), (131) and (002) are indicated in the
SAD pattern, and the rows of white dots having a
spacing of 0.198 nm and belonging to (131)-type
boehmite planes are imaged (see inset). The boehmite
appears to be beam sensitive and, during electron
microscopy observation, y-Al,O; spots develop on
boehmite rings in the SAD pattern. In the inset of Fig.
4, the rows of white dots have a 0.453 nm spacing
which correspond to the spacing of the (111)-type
planes in y-AlL,O;. The fine-grained boehmite
observed in Fig. 4 provides an explanation for broad
boehmite lines on XRD pattern (Fig. 2, curve A).

Low magnification view of a-AlLO; powders,
produced by the milling of boehmite for 2.5 h, together
with the corresponding SAD pattern and qualitative
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Fig. 4. High resolution electron micrograph of very-fine-grained
(1.5-2.5 nm) boehmite powders used in ball milling with corre-
sponding SAD pattern, showing partly amorphous material A
and partly crystalline material. The lattice image of (131)
boechmite (¢=0.198 nm), and (111} of y-AlLO; (d=0.45 nm),
are given in the insert.

energy-dispersive X-ray analysis {energy-dispersive
spectroscopy (EDS)), is shown in Fig. 5. The SAD
pattern of a-Al,O, shows (012),(104),(110) and (113)
reflections, revealing a polycrystalline distribution of
a-ALO; grains. Separate grains having sizes from 15 to
200 nm could be seen. Since XRD patterns of the
milled sample showed an appreciable amount of WC
contamination, the regions observed by TEM were
controlled by EDS to be sure that we are examining
AlLO, powders. Small traces of copper appeared
because of the copper grids. Every particle seen on a
micrometre scale analysed by TEM, as in Fig. 5, was
composed of small crystallites having a nanometre
range (Fig. 6).

The distribution of nanocrystals of a-Al,O; having
sizes from 4 to 16 nm with the lattice planes differently
oriented is shown in Fig. 6. So, in grain A in Fig. 6,
lattice planes (042) with an interplanar spacing
d=0.344 nm and lattice planes (104) in grain C with
d=0.255 nm are imaged with two-dimensional resolu-
tion; at intersections of these two families of planes, the
atoms lying in these planes are separated by 0.255 nm
and 0.344 nm respectively. The (116) planes with
0.160 nm spacings, are resolved in region B (Fig. 6).

In Fig. 7, the transmission electron micrograph and
SAD pattern of a-AlL,O; obtained by heating the
boehmite powder for 3 h at 1300°C are shown (the
corresponding XRD pattern is given in Fig. 1, curve D).
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Fig. 5. Low magnification view of a-Al,O; powders produced by milling the boehmite for 2.5 h, together with the EDS and SAD
pattern of the examined area. Grain sizes from 15 to 200 nm can be seen.
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Fig. 6. High resolution electron micrograph of a-Al,O;. The
lattice planes (012), (104) and (116), having interplanar spacings
d of 0.344 nm, 0.255 nm and 0.160 nm respectively are imaged
in the a-Al,O; obtained by ball milling of the boehmite.

The large thick single crystal A which has some trans-
parent edges and a size greater than 100 nm is oriented
in the [110] direction. The grains shown in Fig. 7 were
not suitable for HREM examination.

Fig. 7. Transmission electron micrograph and SAD pattern of
a-Al,O; obtained by heating the boehmite powder for 3 h at
1300°C.

4. Discussion

Although very high temperatures (over 900 °C) are
needed to transform gibbsite (or the boehmite) to
stable corundum, we undoubtedly showed that this
transformation could be obtained by ball milling also.
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Irrespective of whether the starting powder was
gibbsite or boehmite, the ball-milling-induced trans-
formation sequence found was

boehmi
.oe r.mte — y-ALO,; — x-ALO, — a-ALO; (3)
gibbsite AR o -

showing the similarity of ball-milling- and heating-
induced transitions of boehmite and of the gibbsite.

In their work, Trudeau et al. [7] showed that the
transformations induced by a thermal process can
be very different. However, our experiments showed
on the contrary that the thermal-process-induced and
high energy ball-milling-induced transformations could
be equivalent. Although temperatures higher than
1100 °C are required to produce a-Al,O; within a few
hours, and regardless of the controversy regarding the
so-called “local effective temperature” [7, 8], it is hard
to believe that the effective temperature could reach
over 1000°C. The fact that the transformation of
gibsite (or boehmite) to corundum is not direct but
undergoes a sequence of phases as in the heating
experiments implies that the internal energy of the
starting phase is raised by ball milling as a result of
atom disordering (we observed an appreciable amount
of line broadening) and of the rise in the local effective
temperature. When the disordered phase attains a state
of higher energy than the next phase in the transition
sequence (3), a transformation takes place.

At present we are not able to explain why during the
milling of boehmite the phases y and x appeared as
transition phases and not y and &, as observed in
heating-induced sequence (2).

During the milling and before the final conversion to
a phase, the XRD patterns always showed the
coexistence of two phases: boehmite (or gibbsite) and
x, or ¥ and x, or x and a. We believe that this behav-
iour resulted from the non-uniform milling and does
not usually occur.
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TEM and HREM examination confirmed the ball-
milling-induced boehmite-to-corundum transition, and
that the a-Al,O, grain sizes are much smaller in milled
than in heated powder.

5. Conclusion

The ball-milling-induced traisition sequence from
boehmite (or gibbsite) to a-Al,O, was found to be

" boehmite AIOOH

- X-AIZO; - K'Al'_»O;

gibbsite  AI(OH),

showing ({a) similarity with the heating-induced
sequences (1) and (2) and (b) that high energy ball
milling could be equivalent to a thermal process.
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