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The influence of magnesium, phosphorus, and iron additions
on the low-temperature (<1000°C) sintering of nanocrystalline
�-Al2O3 derived from �-AlOOH has been investigated.
�-AlOOH powder with a surface area of 50 m2/g yielded
�-Al2O3 products with surface areas of 150 and 80 m2/g after
dehydration at temperatures of 400° and 500°C, respectively.
However, these products were prone to sintering at >600°C,
and the surface area was reduced to 15 m2/g within only 1 h at
1000°C. Although magnesium and iron doping had no discern-
ible effect, the presence of phosphorus inhibited sintering and
surface-area loss significantly. Samples doped with 1%–2%
phosphorus had surface areas of >31 m2/g after 100 h at
1000°C. Atomic force microscopy studies of �-Al2O3 pseudo-
morphs derived from �-AlOOH single crystals also demon-
strated the inhibiting effect of phosphorus, as the rate of crack
elimination was reduced on phosphorus-modified surfaces.
The effects of the dopants are discussed with regard to their
potential influence on �-Al2O3 surface energy and diffusivity.

I. Introduction

TRANSITION aluminas, such as �-Al2O3, are readily synthesized
in nanoparticulate forms with surface areas of �100 m2/g.1–5

These metastable phases resist coarsening and sintering at temper-
atures up to �900°C, which has contributed to their widespread
application as adsorbents and heterogeneous catalyst supports.6

Through the incorporation of dopants that inhibit their transforma-
tion to corundum (�-Al2O3), their ranges of stability and use can
be extended up to almost 1200°C, although typically at surface
areas of �70 m2/g.7–12 Although transition aluminas are well-
suited for many applications, experimental results have indicated
that �-Al2O3 could be superior in certain cases, if it could be
prepared in a comparable nanocrystalline form. For example,
rhodium, which is an active component in three-way automotive
emissions catalysts, maintains catalytic activity up to 900°C when

supported on �-Al2O3, whereas �-Al2O3-supported rhodium be-
gins to lose activity at �650°C.13 Similarly, MoS2-based hy-
drodesulfurization catalysts supported on �-Al2O3 have been
reported to exhibit higher specific activities than those supported
on �-Al2O3.14

In contrast to the transition aluminas, nanocrystalline �-Al2O3

traditionally has been difficult to synthesize. An established route
is through the dehydration of diaspore (�-AlOOH), which is a
natural constituent of some bauxites and can be synthesized
hydrothermally.1–5 �-AlOOH decomposes topotactically (pseudo-
morphically) to �-Al2O3 at �400°C and, under appropriate con-
ditions, yields nanocrystalline products with surface areas of �150
m2/g.15–20 Over the past year, two new routes to nanocrystalline
�-Al2O3 have been identified.21,22 An exciting aspect of these
processes is that they use precursors that are both synthesized and
transformed to �-Al2O3 at ambient pressure. Hence, they circum-
vent the principle difficulty associated with synthesis from
�-AlOOH and may well offer additional advantages. A major
obstacle to support and adsorbent applications still exists however,
because nanocrystalline �-Al2O3 is prone to rapid sintering and
surface-area loss between 500°C and 1000°C, temperatures where
�-Al2O3 and the other transition aluminas resist coarsening.6,18

Recent microcalorimetry measurements have evaluated the
anhydrous surface energies of �-Al2O3 and �-Al2O3 as being 2.7
and 1.7 J/m2, respectively.18,19 This observation might, in part,
account for the disparate low-temperature-sintering behavior of
these phases; however, differences in their transport characteristics
probably also make a contribution. Water (H2O) chemisorption
(surface hydroxylation) reduces the surface energies of both
polymorphs but has a greater effect on �-Al2O3, because equili-
brated �- and �-Al2O3 powders exhibit virtually equivalent ambi-
ent hydroxyl coverages (�17 OH molecules per square nanome-
ter) and surface energies.18,19 However, at 500°–900°C, �-Al2O3

maintains an almost-constant hydroxyl coverage (�9 OH mole-
cules per square nanometer) that is 2–3 times greater than that of
�-Al2O3.19 This difference is significant because, along with
enhancing hydroxylation, H2O vapor accelerates a number of
low-temperature processes in aluminas that are likely controlled by
surface diffusion, including the growth of �-Al2O3 nuclei in
transition alumina beds,23–25 transition alumina coarsening,5,10,25

and surface-area loss in nanocrystalline �-Al2O3 that has been
derived from �-AlOOH.26 Because hydroxylation should reduce
the driving force (i.e., surface energy) for at least the latter two
processes, it must also enhance the transport kinetics. Hence, the
susceptibility of �-Al2O3 to hydroxylation may establish condi-
tions where the accompanying reduction in surface energy is offset
by a disproportionate increase in diffusivity.
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Prior studies have shown that dopants and impurities can have
significant effects on the coarsening of transition aluminas and
their conversion to �-Al2O3,3,7–12 as well as sintering and micro-
structure development in bulk �-Al2O3.27–29 Although the mech-
anisms underlying such effects are often subject to debate, dopants
have the potential to impact both the thermodynamic (e.g.,
interfacial energies) and kinetic factors (e.g., diffusivities and
boundary mobilities) that are pertinent to the respective process-
es.28,29 The objective of this study was to investigate the feasibility
of using surface dopants/modifiers to inhibit low-temperature
(�1000°C) sintering and surface-area loss in nanocrystalline
�-Al2O3 derived from �-AlOOH. Little has been reported on the
influence of dopants on �-Al2O3 sintering at temperatures below
�1400°C. Therefore, several modifiers (magnesium, phosphorus,
and iron) that have been shown to have rather different effects on the
coarsening of transition aluminas and their conversion to �-Al2O3 has
been investigated. Phosphorus inhibits both processes, whereas
magnesium and iron generally either moderately enhance them or
have no effect.3,7–12,27,30 Although the mechanisms by which the
dopants modify coarsening and conversion behavior are not well
understood, both processes require long-range diffusion. Thus, the
kinetics of transport, as well as the driving force, could potentially
be altered.7,23 The influence of the dopants on �-Al2O3 sintering
has been examined through specific surface area measurements
and atomic force microscopy (AFM) studies of samples that were
derived from �-AlOOH powders and single crystals, respectively.
Phosphorus inhibits sintering and surface-area loss, whereas mag-
nesium and iron have no discernible effect. Hence, the dopants
have similar effects in both transition aluminas and �-Al2O3.

II. Experimental Procedure

(1) Powder Preparation, Sintering, and Characterization
Coarse �-AlOOH powder was synthesized hydrothermally and

then dry-milled to a surface area of 50 m2/g using �-Al2O3

media.17 Previous microscopic observations have shown that such
powders are comprised of platy, (010)-oriented particles that can
be reasonably modeled as square plates of edge length l and
thickness d, having an aspect ratio m of �3 (m � l/d).20 Based on
this model, an average �-AlOOH particle size (�l) on the order of
60 nm would be expected for the 50 m2/g powder. Even allowing
for the possibility that m could vary over a range of 2–6,
comparable particle sizes of 48–93 nm would still be expected.
Magnesium, phosphorus, and iron were incorporated onto the
�-AlOOH powders as salts using a solution impregnation ap-
proach. Aqueous solutions were prepared using Mg(NO3)2�6H2O
(ACS reagent, Fisher Scientific, Pittsburgh, PA), H3PO4 (85%,
Alfa Aesar, Danvers, MA), Fe(NO3)3�9H2O (ACS reagent, Alfa
Aesar), and deionized H2O. In a typical synthesis, 0.3 g of
�-AlOOH was suspended in 15 mL of solution with a concentra-
tion appropriate for the desired doping level. Bulk dopant concen-
trations of 0.1–5 at.% (metals basis) were examined, correspond-
ing to �-AlOOH surface loadings of �0.2–10 dopant atoms (Mg,
P, or Fe) per square nanometer. After stirring for 2 h at room
temperature, the sols were dehydrated by heating (�90°C) under
constant stirring. The impregnated powders were then loaded into
�-Al2O3 crucibles and calcined in static air at ambient humidity in
a muffle furnace. The powders were annealed in two stages. The
first was a 6 h soak at moderate temperature (400° or 500°C) to
cause decomposition of the salts and �-AlOOH. The temperature
was then increased at a rate of 5°C/min to the desired sintering
temperature (up to 1000°C), where the samples were held for a
predetermined period of time.

The specific surface areas of the calcined products were
characterized by nitrogen absorption, using the multipoint
Brunauer–Emmett–Teller (BET) method (Model NOVA 1000,
Quantachrome Instruments, Boynton Beach, FL). Before measure-
ment, the samples were outgassed for 3 h at 250°C under vacuum.
Repeated trials of several samples, which had surface areas of
10–40 m2/g, over the course of study demonstrated day-to-day
and measurement-to-measurement variability of less than �1

m2/g. The surface areas reported in Section III have been rounded
to the nearest 1 m2/g to reflect this variability. Powder X-ray
diffraction (XRD) was used to assess the phase composition of
select products. Samples were analyzed using a �–� diffractometer
(Rigaku, Tokyo, Japan) with CuK� radiation supplied by a
rotating-anode generator that was operated at 60 kV and 300 mA.

(2) Single-Crystal Atomic Force Microscopy Studies
Atomic force microscopy (AFM) was used to characterize the

effects of various thermal and doping treatments on the morphol-
ogy and pore structure of �-Al2O3 pseudomorphs derived from
�-AlOOH single crystals. Natural specimens of �-AlOOH were
supplied by the National Museum of Natural History of the
Smithsonian Institution in Washington, DC (Smithsonian catalog
number 81900-1). The specimens were originally collected in
Chester, MA. The crystals were characteristically platy (�3 mm 	
4 mm 	 1 mm) with large {010} faces and had optical appear-
ances ranging from colorless and transparent to translucent and
gray. Only colorless specimens were used. Following the doping
(described below) and thermal treatments, the former {010}
surfaces of the calcined �-AlOOH crystals, now �-Al2O3 pseudo-
morphs, were characterized using AFM (Model Nanoscope E,
Digital Instruments, Santa Barbara, CA) in an argon-filled glove
box with H2O and oxygen-gas (O2) levels of �5 ppm. Observa-
tions were made in the contact mode using pyramidal silicon
nitride (Si3N4) cantilevered tips and load forces of 0.1–8 nN.

The �-AlOOH(010) surface and its pseudomorphic �-Al2O3

decomposition product were the focus of study for several reasons.
�-AlOOH powder particles are characteristically platy with large
{010} faces. Hence, {010} surfaces are expected to comprise a
large fraction—in excess of 60% for m � 3—of the total surface
area of �-AlOOH powder samples and, correspondingly, of their
�-Al2O3 decomposition products.20 Furthermore, fresh {010}
surfaces for study are readily formed by cleavage with a razor
blade. The single-crystal surfaces were “doped” by dipping them
into a dopant solution of known concentration to attain a thin
surface film, which was then allowed to dry at 120°C. Single
crystals were first cleaved in half normal to the [010] axis to form
pairs of crystals with mated {010} surfaces. Then, one crystal from
each mated pair was doped, while the other was left undoped, so
it could be used as a control sample for comparison.31 Then, the
doped and control surfaces were subjected to the same heat
treatment. Typically, two or three areas on three or four mated
pairs of surfaces were examined, to ensure that the observations
were characteristic and not the result of spurious impurities in any
particular crystals or crystal regions. Similar mating approaches
were also used to compare the effects of different thermal
treatments. Noticeable differences in the behaviors of
�-AlOOH{010} surfaces, mated or not, that had been treated
under identical conditions were not observed.

III. Results

(1) Sintering of �-Al2O3 Derived from �-AlOOH
The 50 m2/g �-AlOOH powder yielded �-Al2O3 products with

surface areas on the order of 150 and 80 m2/g when it was calcined
for 6 h at 400° and 500°C, respectively. Subsequent anneals at
higher temperatures resulted in substantial reductions in surface
area. For example, after treatment for 6 h at 500°C and then 1 h at
700°C, the surface area was reduced to 33 m2/g. If the �-Al2O3

was instead held for 1 h at 1000°C, the measured surface area was
only 15 m2/g. After 24 h at 1000°C, the surface area was decreased
to 11 m2/g. Although the surface areas of products calcined at 400°
and 500°C were initially much different, their surface areas
differed by less than the uncertainty of the measurement (�1 m2/g)
after subsequent anneals of �1 h at 1000°C.

The {010} cleavage surfaces of �-AlOOH single crystals were
characterized by atomically flat terraces that were separated by
steps that were an integer multiple of b/2 (0.47 nm) (see Fig. 1(a)).
Following decomposition, the �-Al2O3 pseudomorph surfaces
were marked by arrays of pore channels or cracks that were
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oriented along the [100] and [001] axes of the parent �-AlOOH
crystals (see Figs. 1(b) and (c)), which is consistent with previous
optical microscopy observations.16 Based on the well-known
topotactic relationship between �-AlOOH and �-Al2O3, the
pseudomorphs are comprised of assemblages of �-Al2O3 crystal-
lites with their [0001], [112�0], and [11�00] axes parallel to the
parent [100], [010], and [001] axes.15,16 The most conspicuous
difference between surfaces decomposed at 400° (Fig. 1(b)) and
500°C (Fig. 1(c)) was that the former had a higher density of
cracks. These defects presumably formed to relieve stress as water
evolved from the crystals during dehydration. Comparable cracks
were probably absent from the powders, because the distances
between adjacent cracks on pseudomorph surfaces were always
greater than the average particle size (50–100 nm) of the
�-AlOOH powder. Although they were not resolved in AFM
images, nanometer-scale pores have previously been observed in
transmission electron microscopy (TEM) studies of �-Al2O3

derived from particulate �-AlOOH.32 The reduced surface area of
powders calcined at 500°C was presumably due to coarsening of
these nanopores.32,33

Under the idealized assumptions that each �-AlOOH powder
particle ultimately yields one fully dense �-Al2O3 pseudomorph
and inter-pseudomorph sintering (i.e., the formation and growth of
necks between pseudomorphs) does not occur, one would expect
50 m2/g �-AlOOH to yield �-Al2O3 with a surface area of 48
m2/g. This value is based simply on the surface area of the parent
powder and the respective molecular weights (59.99 and 101.96
g/mol) and densities (3.44 and 3.98 g/cm3) of �-AlOOH and
�-Al2O3. It is independent of the morphology of the parent
particles, as long as the product maintains this morphology.
�-Al2O3 that has been derived from �-AlOOH at 400°–500°C is
porous at the nanometer scale.32 Therefore, it is not surprising that
the products had initial surface areas well in excess of the idealized
48 m2/g. However, after 1 h at �700°C, the surface areas were
appreciably less than this value. Therefore, in addition to pore
coarsening and elimination within individual pseudomorphs, the
loss of surface area must also involve inter-pseudomorph sintering
and/or changes in pseudomorph morphology that reduce their
surface-to-volume ratio. Although a change in pseudomorph mor-
phology cannot be excluded, simple geometric calculations show
that this factor alone could not account for the large decreases in
surface area at �700°C, because surface areas of 37–27 m2/g
would be expected, even if the ideal platy pseudomorphs (m 

2–6) were to evolve into the form of spheres during annealing.

(2) Influence of Magnesium, Phosphorus, and
Iron Additions on the Sintering of �-Al2O3

�-AlOOH precursor powders with magnesium, phosphorus, and
iron loadings of 0.1% and 1% were prepared by solution impreg-
nation and subsequently calcined for 6 h at 500°C and 24 h at
1000°C. The surface areas of the resulting magnesium- and
iron-doped �-Al2O3 products were all within �1 m2/g of that of an
undoped sample (11 m2/g) that had been treated under identical
conditions. On the other hand, additions of 0.1% and 1% phos-
phorus resulted in appreciably greater �-Al2O3 surface areas (16
and 34 m2/g, respectively). The surface areas of doped and
undoped products were all 80 � 4 m2/g after the initial dehydrat-
ing treatment (500°C). The time-dependent evolution of the
surface areas of undoped and 1%-phosphorus-doped samples
during anneals at 1000°C is presented in Fig. 2. After 1 h, the
surface areas of the undoped and phosphorus-doped �-Al2O3 had
been reduced from �80 m2/g to 15 and 45 m2/g, respectively.
After 100 h, the undoped and phosphorus-doped products had
respective surface areas of 10 and 32 m2/g. Similar trends were
observed at 900°C. After 50 h, the 1%-phosphorus-doped �-Al2O3

had a surface area of 43 m2/g, whereas the undoped samples and
those samples that had been doped with 1% magnesium and 1%
iron had coarsened to �14 m2/g.

Because significant differences were observed between the
surface areas of samples doped at 0.1 and 1% phosphorus,
additional concentrations were investigated. Series of �-AlOOH

Fig. 1. Topographic AFM images of (a) a freshly cleaved �-AlOOH(010)
surface, (b) an �-AlOOH(010) surface (now an �-Al2O3 pseudomorph)
after a 12 h anneal at 400°C in air, and (c) an �-AlOOH(010) surface after
a 12 h anneal at 500°C in air. The black-to-white contrast in Figs. 1(a), (b),
and (c) corresponds to topographic ranges of 7, 100, and 90 nm,
respectively. The crystallographic directions in Figs. 1(b) and (c) are
shown with respect to the parent �-AlOOH crystals.
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precursors with phosphorus loadings up to 5%, at 1% intervals,
were prepared using phosphoric acid (H3PO4). The powders were
then treated for 6 h at 400°C and 24 h at 1000°C. The surface areas
of the products are presented in Fig. 3. A maximum of 36 m2/g was
observed at a phosphorus loading of 2%. Additional trials were
also conducted with 2 and 5% magnesium and iron; however, no
differences (�1 m2/g) were observed between the surface areas of
doped and undoped samples after 24 h at 1000°C. XRD analysis
revealed that products that had been doped with 4%–5% phospho-
rus contained small amounts of aluminum phosphate (AlPO4)
(cristobalite type). Because the phase-detection limit of XRD is
�5%–10%, the formation of aluminum phosphates at the lower
concentrations cannot be excluded. Using the specific surface
areas and bulk doping levels of the calcined products, upper limits
can be placed on the average phosphorus concentrations at their
surfaces. This procedure requires the assumptions that all the
phosphorus resides at external surfaces (those probed by the
surface-area measurement) and that there are no losses (for
example, due to solid solubility, evaporation, or AlPO4 precipita-
tion). For the samples that have been doped with 1% and 2%
phosphorus, which had corresponding surface areas of 31 and 36
m2/g, the average surface concentrations had to be less than or
equal to 4 and 7 P atoms per square nanometer, respectively. For
comparison, the average surface site densities of Al and O,
calculated based on the bulk density and molecular weight of
�-Al2O3, are �13 Al and 17 O atoms per square nanometer.

One concern with the phosphorus doping procedure was that
some portion of the �-AlOOH powder might dissolve in the acidic

H3PO4 solutions (initial pH �2.1 for 2% phosphorus). Any
material dissolved was expected to precipitate as other aluminum
hydroxides, most likely boehmite, as the sols were dried. When
calcined, these hydroxides would yield transitions aluminas, which
resist coarsening and conversion to �-Al2O3 when doped with
phosphorus.10,12 Although transition phases were never detected
via XRD in the products, it seemed reasonable to investigate a
less-aggressive doping solution. Precursors with 1%–5% phospho-
rus were prepared in 1% increments using ammonium phosphate
((NH4)2HPO4, ACS reagent, Fisher Scientific), which is a mildly
basic salt, in place of H3PO4. The precursors were then treated for
6 h at 400°C and 24 h at 1000°C. The specific surface areas of
these products did not differ from their counterparts that had been
doped with H3PO4 (Fig. 3) by more than �1 m2/g. Hence,
solution–precipitation phenomena during doping had little effect
on the final surface areas of the products. This finding could also
be inferred from the fact that the surface area decreased as the
phosphorus loading increased (Fig. 3), because �-AlOOH solubil-
ity and, thus, the potential for transition alumina formation should
have been enhanced by the increasingly acidic H3PO4 doping
solutions.

AFM experiments with �-AlOOH single crystals demonstrated
that the presence of phosphorus slowed the rate of crack/pore
elimination on �-Al2O3 pseudomorph surfaces. AFM images of
doped and undoped surfaces following a treatment of 12 h at
400°C and 10 h at 1000°C are presented in Fig. 4. The doped
precursor (�-AlOOH) surface was dip-coated with a 0.1M H3PO4

solution before the anneal. Through treatments of �24 h,
phosphorus-doped surfaces maintained a noticeable fraction of the
cracks introduced during decomposition (see Fig. 4(a)), whereas
few cracks persisted on undoped surfaces treated for �6 h (see Fig.
4(b)). Most regions were smooth and featureless over areas of �10
�m2, which indicated that many cracks had healed perfectly.
When cracks did not heal perfectly, grain boundaries were left
behind, most frequently along the [100] axis of the parent
�-AlOOH crystal. The phosphorus concentrations on doped
pseudomorph surfaces were difficult to quantify, because the
thickness of the liquid doping films could not be measured
directly. Because the H3PO4 solutions wetted the �-AlOOH(010)
surface, it is reasonable to assume that the films were �100 nm
thick. Considering values between 10 and 100 nm, the phosphorus
concentration on an �-AlOOH surface that was coated with 0.1M
H3PO4 (as in Fig. 4(a)) should have been 0.6–6 P atoms per square
nanometer, which would correspond to bulk powder concentra-
tions in the range of 0.3%–3% phosphorus.

IV. Discussion

The results of our surface-area and AFM experiments clearly
demonstrate that phosphorus inhibits sintering and surface-area
loss in �-Al2O3 powders that have been derived from �-AlOOH.
However, even optimally doped powders sintered significantly, as
the surface area was reduced from 150 m2/g just after decompo-
sition (400°C) to only 36 m2/g after 24 h at 1000°C. The majority
(�100 m2/g) of this loss can be attributed to the elimination of
pores within individual pseudomorphs, i.e., intra-pseudomorph
sintering. This attribution is supported by the expectation that
powders comprised of fully dense pseudomorphs would have
surface areas of only 48 m2/g, even in the absence of inter-
pseudomorph sintering. Furthermore, within 10 h at 1000°C,
cracks had healed over areas of �1 �m2 on both undoped and
phosphorus-doped pseudomorph surfaces that had been derived
from single crystals (Fig. 4). Hence, it is unlikely that nanometer-
scale pores could have persisted up to 24 h at 1000°C in
pseudomorphs that were derived from �-AlOOH powder with an
average particle size of �100 nm. The idea that the pores are
eliminated at 1000°C is also supported by the fact that the surface
areas of comparably doped products were virtually insensitive to
the �-AlOOH decomposition temperature (400° or 500°C) and,
therefore, the initial �-Al2O3 surface area (150 or 80 m2/g). For
example, undoped and magnesium- and iron-doped products that

Fig. 2. Specific surface areas of undoped and 1% phosphorus-doped
�-Al2O3 products plotted versus annealing time (t � 1, 12, 24, and 100 h)
at 1000°C. The �-AlOOH precursors were dehydrated at 500°C (for 6 h)
before annealing at 1000°C. The surface areas of the undoped and
phosphorus-doped products each were 80 � 4 m2/g after the initial
dehydrating treatment (at 500°C). Curves are intended solely to guide the
eye.

Fig. 3. Variation of the specific surface areas of �-Al2O3 powders
relative to the level of phosphorus doping (atomic percent) after 24 h at
1000°C. The �-AlOOH precursors were dehydrated at 400°C (for 6 h)
before annealing at 1000°C.
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were decomposed at 400° and 500°C all evolved to have surface
areas of �11 m2/g after 24 h at 1000°C. This convergence
indicates that the final surface area was determined by pseudo-
morph size, which was constant and fixed by the �-AlOOH
particle size, and the extent of inter-pseudomorph sintering, rather
than the pore structure of the pseudomorphs.

Considering the microstructure of the �-Al2O3 pseudomorphs,
one would certainly expect intra-pseudomorph sintering to proceed
rapidly, compared with inter-pseudomorph sintering. Because of
the topotactic nature of the decomposition reaction, �-Al2O3

particles within a pseudomorph are ideally in the same crystallo-
graphic orientation.15,16,32 Consequently, the formation and
growth of interparticle necks will not, as a rule, require the creation
of new grain-boundary area. At the most, some low-angle bound-
aries might be formed, although our AFM studies have shown that
areas much larger than the �-AlOOH powder particle size were
free of boundaries. Conversely, adjacent �-Al2O3 particles at
pseudomorph–pseudomorph contacts will, in general, be arbi-
trarily oriented with respect to each other, necessitating that new
high-angle boundaries be formed. Thus, the driving force for
transport at pseudomorph–pseudomorph contacts should be less
than that within a pseudomorph. Because of the large surface-area
losses at 1000°C, inter-pseudomorph sintering must also have

occurred, but the presence of phosphorus seems to have inhibited
this process substantially. Hence, it should be possible to stabilize
higher surface areas in phosphorus-modified �-Al2O3 by simply
starting with finer �-AlOOH powder.

The effect of phosphorus doping on inter-pseudomorph sinter-
ing can be assessed within a framework analogous to scaling
laws.34–37 Because the �-Al2O3 powders were all derived from the
same �-AlOOH, inter-pseudomorph sintering began with geomet-
rically identical systems (i.e., �48 m2/g powder comprised of
dense pseudomorphs) that likely progressed in geometrically
identical manners, only at different rates. Hence, it was largely the
interfacial and transport characteristics of the doped and undoped
powders that might have differed. For geometrically identical
systems that sinter via the same diffusive transport mechanism, the
time required to achieve a certain microstructural change (for
example in surface area) in one system (t1) relative to that in a
second (t2) at fixed temperature can be expressed as follows:

t1

t2
�

�D��2

�D��1

where Di, i, and �i are the respective diffusion coefficient,
diffusion width, and specific surface energy of system i. For the
case of lattice diffusion, the i would be dropped from the
equation. Because the vapor pressure of Al2O3 is negligible at the
temperatures studied, we will not consider the case of evaporation–
condensation.23 The effect of phosphorus on the quantity D� can
be assessed by comparing the times required to achieve compara-
ble surface areas in pure and phosphorus-doped powders. For
example, at least 100 h at 1000°C were required to attain a surface
area of 30 m2/g in phosphorus-doped �-Al2O3, but ��1 h was
necessary in undoped samples. Assuming these conservative
values, the presence of phosphorus reduced the quantity D� to
1% of its intrinsic value at 1000°C. Although this is a rough
approximation, it likely represents an upper limit, because the
times selected were conservative and the surface area of undoped
�-Al2O3 was reduced to 33 m2/g within 1 h at only 700°C.

Data regarding the effect of magnesium, phosphorus, and iron
doping on the surface energy of �-Al2O3 at 1000°C are not readily
available. However, a qualitative assessment of the influence of
the dopants on the surface energy can be made based on the
surface energies of the corresponding liquid oxides at their melting
points. Estimates of the surface energy for liquid alumina (Al2O3),
magnesia (MgO), and iron(II) oxide (FeO) all are in the 0.55–0.66
J/m2 range.38 Surface energies in the solid state at 1000°C should
be appreciably higher. The surface energy of phosphorus oxide
(P2O5), which is a liquid at 1000°C, is �0.05 J/m2, which is an
order of magnitude less than the other oxide melts and as little as
2% of that of solid �-Al2O3 (� 
 2.5 J/m2).19,38 Hence, magne-
sium and iron adsorption should have only a minor effect on the
surface energy of �-Al2O3, whereas phosphorus adsorption could
reduce it substantially, although certainly not by the two orders of
magnitude that would minimally be needed to explain the sintering
behavior.

To discuss the effect of phosphorus on the kinetic aspects of the
sintering process, notably D and , the controlling transport
mechanism must be identified. Considering the low temperatures
investigated and the negligible vapor pressure of Al2O3 at these
temperatures,23 surface diffusion is the most likely candidate. Prior
studies have concluded that surface diffusion controls the initial
stage of sintering in much-coarser �-Al2O3 powders up to
1100°C.36,39 Furthermore, recent time-dependent measurements of
grain-boundary groove profiles in �-Al2O3 were consistent with
surface-diffusion-controlled grooving at even 1400°C.40 Assum-
ing that the presence of magnesium and iron did not appreciably
modify the surface energy of �-Al2O3, as argued earlier, it seems
that their presence also did not have a significant effect on the
transport kinetics at 1000°C, at least on a time scale of 24 h.
Because it is unlikely that phosphorus could have reduced the
surface energy of �-Al2O3 by a factor of �10, it must have also
reduced the value of D and/or . Such a reduction could be
accomplished through a variety of mechanisms, on which we can

Fig. 4. Topographic AFM images of (a) phosphorus-doped and (b)
undoped �-Al2O3 pseudomorph surfaces derived from �-AlOOH(010)
after 12 h at 400°C and then 10 h at 1000°C. The black-to-white contrast
in the images corresponds to 60 nm. The crystallographic directions are
shown with respect to the parent �-AlOOH crystals.
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only speculate at this time. One reasonable possibility is that the
presence of phosphorus increases the activation energy for surface
diffusion (Q), which might be expected, because of the covalent
nature of the POO bond. Because D is dependent exponentially on
Q, only a modest (�10%) increase in Q would be needed to
decrease D by a factor of 10, assuming an intrinsic value of 250
kJ/mol in �-Al2O3.41

V. Summary

Specific surface area measurements and atomic force micros-
copy (AFM) were used to investigate the influence of surface
additions of magnesium, phosphorus, and iron on the low-
temperature (�1000°C) sintering of nanocrystalline �-Al2O3 that
was derived from �-AlOOH. Synthetic �-AlOOH powder with a
surface area of 50 m2/g yielded �-Al2O3 products with surface
areas of 150 and 80 m2/g on dehydration at 400° and 500°C,
respectively. Subsequent anneals at higher temperatures resulted in
substantial reductions in surface area, and the powder products
coarsened to 15 m2/g within only 1 h at 1000°C. Magnesium and
iron additions of 0.1%–5% had no detectable effect on this
surface-area loss. Phosphorus doping, on the other hand, inhibited
surface-area loss significantly, and �-Al2O3 samples that were
doped with 1%–2% phosphorus had surface areas of �31 m2/g
after 100 h at 1000°C. AFM observations of �-Al2O3 pseudo-
morphs derived from �-AlOOH single crystals also demonstrated
the inhibiting effect of phosphorus, as the cracks that formed
during dehydration were eliminated at a reduced rate on
phosphorus-doped surfaces. Using a scaling model, it was deduced
that phosphorus doping reduced the product D� (where D is the
surface diffusivity, � the surface energy, and  the width) to �1%
of its intrinsic value in �-Al2O3 at 1000°C, probably by reducing
both the surface energy and surface diffusivity.
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