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The effect of MgO additions on the
kinetics of hot pressing in Al,O,

M. P. HARMER, R.J. BROOK

Department of Ceramics, University of Leeds, Leeds, UK

The kinetics of hot pressing of Al,0, with and without MgO additives have been
measured at 1475 and 1630° C and at 5 to 20 MPa using Al,O; powders of different
grain size and using different additive levels. Data obtained within the solid solution
regime are interpreted in terms of diffusional creep processes. MgO additions accelerate
densification within this regime; the consequent reduction in pore size, and hence in pore
drag, can explain the function of MgO as sintering additive for Al,0;.

1. Introduction
Through the use of additives, many ceramics [1]
can now be sintered to theoretical density. Unfor-
tunately, the choice of a suitable additive remains
largely empirical primarily because of the wide-
spread disagreement that still exists concerning the
specific function of additives. A classic example
in this respect is the case of MgO-doped Al,0;.
Although some twenty years have elapsed since
Coble [2] discovered that a small amount of MgO
prevents the onset of abnormal grain growth in
Al, 05 (this striking effect is illustrated in Figs 1
and 2), the operative mechanism remains a
strongly debated issue [3].

Some important factors contributing to the
difficulty of understanding how an additive
works are discussed below.

1.1. The possibility of multiple roles
There is a wide range of possible roles to choose
from. In solid solution an additive may:

(a) Alter diffusion coefficients by modifying
point defect concentrations [5].

(b) Inhibit boundary migration by a solute drag
mechanism [6].

(c) Alter the surface energy/boundary energy
ratio and influence the driving force for densifi-
cation [7] and pore morphologies [8].

(d) Assist in sintering by easing the emission
and absorption of point defects at grain boundaries
where interface reactions are important [9].

As a second phase at the boundary an additive
may:
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(1) Provide high diffusivity paths [10].

(2) Inhibit boundary migration by pinning [11].

Precise identification of the operative mechan-
ism is further complicated by the fact that an
additive may operate by a combination of these
mechanisms. This occurrence of different mechan-
isms under different experimental conditions, for
example, of grain size or temperature, can explain
many of the contradictory findings reported in
the literature. Peelen [4] has demonstrated two
modes of operation for MgO in Al,O; depending
on the MgO content; his work provides a clear
demonstration of the need, in the first instance, to
separate effects due to second phases and those
caused by impurity solutes alone.

1.2. Problems associated with
characterization

The small amounts of additive used in sintering
can make microstructural identification of the
additive a very difficult task. Standard methods
such as X-ray diffraction and optical microscopy
are often not good enough in terms of both the
resolution required and detection limits involved.
As a consequence the presence of second phases
can, for example, go unnoticed. Furthermore,
uncertainties can occur when indirect measure-
ments techniques such as microhardness are
used [12]. To overcome these problems, some
attention has been given to surface analysis tech-
niques such as Auger electron spectroscopy [13]
and to high resolution electron microscopy using
techniques such as lattice fringe imaging [14].
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Figure 1 Scanning electron micrograph of Al,O, sintered
without additive.

Even then, uncertainties remain and the merit of
using a range of different techniques has been
recognized.

1.3. identification of the rate controlling
sintering mechanism

The behaviour of an additive during sintering can-
not be properly identified unless the rate con-
trolling mechanism responsible for densification is
known. This in itself can present a substantial
problem, the difficulties being: (a) the occurrence
of processes which may interfere with and impede
growth; (b) the diversity of possible densification
mechanisms and transport paths; (c) the complex
geometries of real powder compacts; and (d) the
lack of reliable supporting data such as diffusion
coefficients.

All of these complexities make it difficult
to design experiments from which convincing

A
Figure 2 Scanning electron micrograph of AL O, sintered
with 200 ppm MgO as additive.
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conclusions may be drawn concerning the role of
an additive. One obvious solution to this problem
is to try to minimize the complexity. This may be
done by (i) working on simplified and well con-
trolled microstructures (particularly in terms of
the presence or absence of second phases) and
(ii) by designing the experimental conditions to
favour the process of interest, in this case densifi-
cation, so that it predominates over interfering
processes such as surface diffusion and grain
growth.

Enhancement of densification can be achieved
by two methods. The first is hot pressing in which
external pressure is used to increase the driving
force for densification without substantially
altering the driving forces for surface diffusion
or grain growth, This technique is now showing
considerable promise for isolating and identifying
single controlling mechanisms [15]. The second
method is to use zone sintering [16] developed
specifically for the fabrication of f-alumina
ceramics. In this process the sample is sintered
for a short time at a very high temperature.
The resulting enhancement of densification is
believed to stem from the generally higher acti-
vation enthalpies of densification mechanisms
(such as lattice and grain boundary diffusion) as
compared with the enthalpies of the surface dif-
fusion mechanisms often responsible for the rival
processes.

In other papers [17, 18] we have reported our
findings on the behaviour of MgO in the zone
process and a qualitative model to account for the
role of the additives has been advanced. The pur-
pose of the present work has been to study the hot
pressing behaviour of Al,O3, pure and doped with
increasing amounts of MgO, with the objective of
quantifying the easlier findings concerning the role
of the additive, and of clarifying the atomic mech-
anisms responsible for densification in Al,O3.

2. Experimental procedure

2.1. Powder preparation

Small grain size powders (0.3 um) were prepared
from high purity Linde A alpha alumina powders.
Larger grain size powders (3, 7 and 10 um) were
prepared by classifying a coarser grade alumina
powder (Analar grade) into the required particle
size fractions using a Zig-Zag particle size classifier
(Alpine Itd.). Tron impurity was unavoidably
introduced into the powders during classification
and was subsequently removed (to 10ppm,.



checked by atomic absorption) by dissolving in a hot
acid solution (50:50 HCI:HNOQ;) for 48 h followed
by repeated filter washing in distilled water.

Magnesium-doped alumina was prepared by
mixing an alcohol solution of Mg(NO3), (Analar
grade) into a slurry with the alumina and evaporat-
ing off the alcohol under an infra-red lamp while
stirring continuously. Each batch was calcined at
600° C to decompose the nitrate and sieved after-
wards to break down agglomerates.

2.2. Hot pressing procedure

The hot press and its ancillary equipment are
described fully elsewhere [19]. Specimens were
hot pressed in high purity graphite dies (nuclear
grade) with either a 2.5 or a 1.25 cm bore diameter
using high density graphite punches. The inner die
walls and the contact surfaces of the graphite
punches were coated with a thin layer of boron
nitride powder to prevent the alumina from
reacting with the graphite. Equal amounts of
powder were used for each hot pressing (7g for
the 2.5cm die and 2.5g for the 1.25cm die).
The hot-pressing procedure was identical to that
used by Bowen et al [20]. Shrinkage of the
sample was monitored continuously throughout
sintering. The final density and thickness of the
hot-pressed discs were measured to compute the
density~time curves from the displacement data.
Densities were measured by water immersion or
mercury immersion for high or low density speci-
mens respectively.

3. Results

Densification rates were measured as a function
of the three process variables: applied pressure,
grain size and MgO content. Measured rates were
obtained at constant values of relative density
(usually 0.85, although 0.75 was used for low
densification rates) by measuring the slopes of the
tangents drawn to the density—time curves at the
appropriate density values. The advantages of
taking measurements during the late intermediate
stage of sintering are (i) that relative densities of
0.85 and 0.75 should be well beyond those where
densification by particle rearrangement is still
important [15], (ii) that the differences between
the alternative suggestions for a stress concentra-
tion factor {21, 22] are not so important at this
stage of sintering and (iii) that the surface energy
contribution to the total driving force is minimal
in the intermediate stage [23].
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Figure 3 Pressure dependence of the densification rate in
doped ALO,.

3.1. Dependence of the densification rate
on pressure

The dependence of the densification rate (at
0.85 relative density, 1630° C) on applied pressure
for Al,03 doped with 200 ppm MgO is shown in
Fig. 3. (This additive level is below the solubility
limit [24] at the temperature used.) The data
show an approximately linear dependence of
densification rate on applied stress.

3.2. Dependence of the densification rate
on grain size

The dependence of densification rate on grain size
was measured for three sets of experimental
conditions, namely for pure and for MgO-doped
(200 ppm) Al,O; at 1630°C (0.85 relative den-
sity) and for pure Al,03 at 1475° C (0.75 relative
density). The low temperature data (Fig. 4) for
pure Al,Oj indicate a proportionality between
densification rate and (grain size)™2. At the higher
temperature of 1630° C, the data for pure and
for MgO-doped Al,0; indicate mixed behaviour
with a shift in the grain size exponent from
—2 at small grain sizes to —3 at larger grain sizes.
The MgO-doped material densifies noticeably
more quickly than the pure materials in the
smaller grain size range.

3.3. Dependence of densification rate on
MgO content

Data showing the dependence of the densification

rate (0.85 relative density) on the MgO content

over a wide range of additive levels starting from

below the theoretical [24] solid solution limit
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Figure 4 Grain size dependence of the densification rate
of pure and MgO-doped aluminas.

(~ 250 ppm at 1630° C) are shown in Figs 5 and
6. Inspection of the data shows that, at very low
additive concentrations (up to ~ 400 ppm MgO), a
linear increase in densification rate with MgO
content is observed. At higher dopant levels,
saturation occurs and the rate levels off. At very
high MgO concentrations (= 1wt%), a further
increase in rate with MgO content is observed.

4. Discussion

4.1. Interpretation of the hot pressing data
4.1.1. Pressure dependence

The observation of a stress exponent of approxi-
mately unity suggests that a diffusional creep
mechanism is responsible for densification [25,
26]. The results may therefore be usefully inter-
preted in terms of one of the diffusional creep
models suitably modified for hot pressing [27].
The two pertinent models relate the densification
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Figure 5 Dependence of the densification rate of ALO,

on the MgO content within the solid solution regime.

Other solubility data are included in the figure for com-

parison,
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Figure 6 Dependence of the densification rate of Al,O,
on the MgO content showing enhanced densification in
both the solid solution regime and the second phase
regime at high dopant levels (possibly due to enhanced
diffusivity within the second phase particles).

rate to the effective stress (o.g) on the particles
by the equations

1dp _ 40D.0

pdt kTGP )

corresponding to conditions where the diffusion
step is through the lattice (Nabarro—Herring
creep), and

1dp _ 478 DpQ

pdr . KIG)y e ©)

where the diffusion step is along the grain boun-
dary region (Coble creep).

Here D is the diffusion coefficient (m?sec™!),
& is the effective boundary width (m), Q is the
molecular volume (3.1 x 1071 m3 for Al,03) and
G is the grain size.

4.1.2. Grain size dependence
The observation of a grain size exponent of — 2 for
the pure Al,O; at low temperature (1475° C) is
consistent with control by a lattice diffusion
mechanism. At higher temperatures, the grain size
dependence for both pure and MgO-doped Al;04
shows mixed behaviour and indicates a shift from
lattice control (6 « (GS)™?) at small grain sizes to
grain boundary control (¢ « (GS)™®) at larger grain
sizes. This shift can be best explained in terms of a
gradual transition from control by Al lattice dif-
fusion at small grain sizes to control by oxygen
boundary diffusion at larger grain sizes.

Tracer diffusion studies [28, 29] and dif-
fusional creep experiments [26] in Al,Oj; suggest
that 8D% > 6D%; and D%,;> D§ so that four con-



trolling diffusion steps are in principle observable
as the grain size is raised, the expected sequence
being:

Dy Dk D§ D8
expected
grain size -3) - (2) = (3) = (2
dependence

direction of increasing grain size

A gradual change in the grain size exponent from
—2 to —3 with increasing grain size as observed in
the present data signifies a shift in the process
step, in accordance with the above sequence, from
D%, to DY. Further evidence for a shift in mecha-
nism from AI** lattice control to O% boundary
control is given by the temperature dependence of
the grain size exponent for pure Al,0;. At the
lower temperature (1475°C) the exponent for
undoped Al,O; is —2 consistent with AI** lattice
control. At the higher temperature (1630° C), the
grain size exponent shifts to predominantly —3
consistent with control by 0% diffusion along the
grain boundaries. The switch in mechanism occurs
in this case because the lattice diffusion process
has the higher activation energy. According to
the data, doping with MgO has a greater effect on
aluminium lattice diffusion than it has on oxygen
grain boundary diffusion.

4.1.3. Calculated diffusion coefficients

Values for DX and DY may be calculated from the
densification data to compare with other values
available in the literature. Applying Equation 1
and using Coble’s [21] expression for the effective
stress, a value of 2x107® m?sec™ was cal-
culated for D%, from the densification data for
pure Al,O;, 1630°C, 1um grain size. Other

TABLE I Aluminium ion lattice diffusion coefficients

estimates of DA; inferred from creep measure-
ments of pure and Fe-doped Al,03;, MgO-saturated
A1,0; and tracer self-diffusion experiments are
listed in Table I for comparison.

The observed value best agrees with the values
obtained from the viscous creep of Fe-doped
Al,03, obtained under similar stress and tem-
perature conditions.

Using Equation 2, a value of 3 x 107™*% m® sec”

was estimated for 8D from the densification data
for pure Al,0s, 1630° C (using the 10y grain size
data). Other estimates of DY calculated from the
creep of Fe-doped alumina, abnormal grain growth
and oxygen self-diffusion are listed in Table II for
comparison.
Also included in the table is an estimate of 6D%,
Two features are noteworthy from the data; first,
that the value for 8D is in close agreement with
the values estimated by Lessing and Gordon for
the creep of Fe-doped alumina and second, that
the value of 8D is about two orders of magnitude
higher than that of DY, estimated by Cannon and
Coble on the basis of the available creep data for
MgO-saturated Al,Os;.

The relationship between the various possible
controlling mechanisms can best be illustrated by
displaying them on a deformation map; Lessing
and Gordon [30] have constructed such maps to
illustrate creep deformation mechanisms in iron-
doped alumina. An updated map (of T against GS)
constructed from the hot pressing data in this
study is shown in Fig. 7 for pure Al,05;. The input
data along with the various assumptions made are
shown below:

1

—578%kJ mol™* -
DY = oo )cm2 sec !

.8 o7
1.87 x 1 exp( RT

Value of D 1{;‘1 at 1630°C Reference Comments

(m? sec™)

2x 10713 This study Hot pressing, 10 MPa,
pure AL, O,

9Xx 10713 Lessing and Gordon [30] Creep; 5 MPa, AL,O,
+ 2% Fe

2x 107 Lessing and Gordon [30] Creep; S MPa, pure
AL,

4 x 107 Cannon and Coble [26] Creep, MgO-saturated
ALO,

3Xx 107 Paladino and Kingery [28] Tracer (extrapolated)

2x 10710 Rossiet al. [31] Intermediate stage

hot pressing, pure
AL O, (extrapolated
from 1350° C).
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TABLE II Boundary diffusion coefficients in ALO,

SD?) (m3®sec™) Reference Comments
3x 107 This study Hot pressure, pure ALO,, 10 MPa
6Xx 107 Lessing and Gordon [30] Creep, ALLO, + 2% Fe, 5 MPa,
oxidizing conditions.
5% 10722 Qishi and Kingery [29] Self-diffusion
b 3. .
8D a3 (m3sec™?)
———‘———2 X 1021 2% 10-4 Cannon and Coble [26] ‘Creep, MgO saturated Al,0,.

b i —440kImol™} ,
6D = 4x10 exp—T cm*sec” ;

-1\

8D%; = 8.6x10™ exp(—f%!;ﬂ) cm?sec™?
A change in the process step from aluminium ion
lattice diffusion to oxygen boundary diffusion is
estimated from the data in Fig. 4 (1630°C) to
occur at 5um. The value of 8DY, is taken from a
review by Camnon and Coble [26]. Activation
energies for DY, and DY were taken from the data
of Cannon and Coble [26] and Lessing and
Gordon [30], respectively.

4.1.4. Additive dependence

The results of Fig. 5 show that, in the first in-
stance, MgO increases the densification rate, with a
linear dependence on additive content, until the
solubility limit is reached; thereupon saturation
occurs and the densification rate levels off. The
solubility limit at 1630° C, estimated from the data,
is ~400ppm which is in reasonable agreement
with other published limits (3> 300 ppm [4] and
250 ppm [24]). Marked on the deformation map

2- .
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boundary
dopant di .
S iffusion
< 1600 AL @©study
& . e
£ lattice diffusion
g
£ 1600
1200

01 1 10
Grain size (y.m)

Figure 7 Deformation map constructed for pure Al O,
from the present hot-pressing data and other sources.
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is the point at which the effect of MgO has been
studied; it may be seen that the dependence of the
densification rate on MgO content has been deter-
mined in the regime where densification is con-
trolled by AI3* lattice diffusion. The effect of the
additive in enhancing densification in the solid
solution range can therefore be interpreted as
being due to the raising of the Al ion diffusion

coefficient.
The calculated dependencies of point defect

concentrations in Al,03 on the concentration of
added MgO for the two most plausible defect
models are shown in Figs 8 and 9. The important
feature is that both models can predict a linear
increase in the concentration of aluminium inter-
stitial ions (Al}") with MgO content. Accordingly,
it is suggested that additions of MgO increase the
sintering rate by generating Al]" defects, since
Dpy=Dayy (Al{"), an argument that is indepen-
dent of the exact nature of the dominant defect
disorder type assumed for pure Al;0;. The
similarity between the Schottky and Frenkel
defect models at high MgO contents presents
a major difficulty in determining the dominant
defect disorder type in pure Al;O; on the basis
of kinetic data.

4.2. Interpretation of the role of MgO in
the sintering of Al,0;

There are many varied interpretations and conflict-

ing accounts concerning the role of MgO in the

sintering of Al,03. Some causes for these dis-

crepancies have already been outlined in the

introduction.

From the present results, it is clear that MgO acts
in solution to accelerate the rate of densification
during hot pressing; it is also known that MgO isan
effective sintering aid in this solid solution region.

In attempting to link these ideas it is useful to
used, as a basis, the function of asintering additive.
This function is now widely agreed to be the
ability of the additive to prevent abnormal grain
growth, i.e. to retain the pores at the grain



boundaries so that the diffusion distances involved
in sintering (from the boundaries to the pores)
are kept short,

The prevention of abnormal grain growth is
achieved if [1]

MF.

7"4]0—" > F,—NF,,
where M,,, My, and F,, F}, represent the mobilities
of, and forces acting on, the pores and boundaries
respectively. NV is the pore density at the boun-
dary. Since F, and FYy, are functions of the geo-
metry of the system, the function of the additive
is through its effect on the (M,/My) ratio. (Quali-
tatively, abnormal growth is prevented either if
My, is low, i.e. the boundaries are slow-moving,
or M, is high, i.e. the pores are capable of rapid
movement; under both conditions the dragged
pores are able to remain in contact with the
boundary.)

Inhibition of boundary migration, My, by
solute drag as originally proposed by Jorgensen
-and Westbrook {32], has been questioned for
several reasons, namely (i) Auger and X-ray photo-
electron spectroscopy (XPS) surface analysis studies
do not reveal any significant enhancement of MgO
at the grain boundaries in MgO-doped Al,05 [13],
(ii) calcium additions, although known to segre-
gate very strongly to the grain boundaries in
sintered Al,O5 [33], are totally ineffective in aid-
ing densification, and (iii)) MgO additions have
been observed to produce an increased grain size

Schot tky

Log (defect concentration)

Log [MgO]
Figure 8 Dependence of point defect concentrations on

the MgO content for impure AL O, (low M?* impurity
content) assuming Schottky Disorder in the pure host.

E ' Mgy
B Frenkel ;
1S model :
S !
[ i
3 :
§ 1
E | AL
o
5

Log [Mg0]

Figure 9 Dependence of point defect concentrations on
the MgO content for impure AL, O, (low M** impurity
content) assuming Frenkel Disorder in the pure host.

[4, 17]. These observations are consistent with the
view advanced earlier [17] that boundary migration
is controlled by the movement of attached pores
rather than by impurities segregated at the grain
boundaries. Consequently, the essential role of the
additive is not seen as lying in its effect on M;,.
Turning to My, it has been suggested [1] that
the most rapid mechanism for pore movement
during sintering is by a process of surface diffusion
of atoms from the front wall of the pore to the
back, for which
DS

s
r4

M, =K

where K is a constant, D¢ a surface diffusion
coefficient, and r the pore radius. Thus an inter-
pretation of the function of MgO can be based on
either a raising of D, or a reduction of r; both
views have been advanced [34, 17].

The present data show that MgO acts to ac-
celerate the densification rate; consequently, the
suggested interpretation for the function of MgO
as sintering additive on the basis of the results is
that:

(a) MgO raises the aluminium lattice diffusion
coefficient by raising the concentration of Al;";

(b) the higher lattice diffusion coefficient in-
creases the rate of pore removal;

(c) at a given stage in microstructural develop-
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ment (grain size), pores will be smaller when MgO
is present;

(d) the small 7 greatly increases M,;

(¢) the large M, prevents separation of the pores
from the boundaries and hence eliminates ab-
normal grain growth.

5. Conclusions

(a) When added in solid solution, MgO is shown to
enhance densification during hot-pressing; for the
conditions of temperature and particle size used in
the experiments, the rate controlling process in
densification is believed to be aluminium lattice
diffusion. Consequently, MgO additions raise
(D a1)1,; this suggests that Al;" is the controlling
defect for aluminium diffusion.

{(b) In view of its ability to raise (Da;)y,, MgO is
expected to cause more rapid pore removal during
sintering. The consequent reduction in pore size, 7,
and enhancement of pore mobility, My, are seen
as important steps in allowing pores to remain
attached to moving grain boundaries, and hence in
avoiding abnormal grain growth. This interpreta-
tion provides a model for the role of MgO as
sintering aid in Al,O; within the sofid solution
regime,
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