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Sintering and grain growth of ultrapure 
alumina 
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Department of Materials Science and Engineering, Pohang Institute of Science and Techno- 
logy (POSTECH), Pohang, 790-600, Korea 

The kinetics of densification and grain growth of ultrapure alumina ( > 99.999%) were 
measured for clean sintering conditions in a pure-sapphire tube, and compared with kinetics 
measured during normal sintering conditions in an alumina crucible of 99.8% purity. For the 
clean condition, the microstructure of sintered alumina remained homogeneous and only 
normal grain growth was observed up to 1900~ for 5 h. However, under the normal sintering 
condition, both normal and abnormal grain growth were observed depending on the sintering 
temperature and time. Thus, abnormal grain growth in alumina could be effectively suppressed 
without introducing sintering aids (such as MgO) by using an ultrapure powder and by 
preventing the introduction of any impurities throughout the sintering process. This result 
strongly suggests that abnormal grain in commercially pure alumina ( ~< 99.99%) is not an 
intrinsic property of alumina but an extrinsic property controlled by minor constituents that 
can be present in the original powder or introduced during powder processing and 
subsequent sintering. 

1. Introduction 
In recent years, research [1 8] has focused on under- 
standing the effects of minor chemical constituents on 
the sintering of alumina. It has been determined that 
MgO is a beneficial sintering aid [1M], while CaO 
and SiO 2 have a deleterious influence on the sintering 
of alumina [6-8]. However, the detailed role of these 
constituents in the sintering process is still controver- 
sial. This controversy is partly because the amount of 
impurities in alumina powder varies widely depending 
on its fabrication history, the cleanliness of powder- 
processing procedures, and sintering conditions [9]. 
Commercial-purity alumina powders typically con- 
tain several thousand parts per million (p.p.m.) of 
impurities. Impurities may also be introduced during 
powder processing and during firing. Since the level of 
MgO added to control abnormal grain growth is also 
typically in the range of several hundreds to thousands 
of parts per million, a great deal of caution is needed in 
interpreting the influence of impurities in the presence 
of MgO. 

Previous experimental results indicate that abnor- 
mal grain growth in commercially pure alumina is 
strongly correlated with the presence of impurities, 
most notably CaO and SiO 2 which have often been 
found, particularly in the grain boundaries. Bennison 
and Harmer [3] reported that MgO doping inhibited 
grain growth in fully dense alumina and that the 
degree of inhibition depends on the purity of the 
starting powder. Kaysser et  al. [-6] demonstrated that 
the presence of an intergranular liquid phase (anor- 
thite) induces grain faceting and leads to a more 
tabular grain morphology, which would eventually 
lead to abnormal grain growth. Handwerker et al. [7] 

showed experimental evidence that chemical inhom- 
ogeneities in the starting powders are more respons- 
ible for abnormal grain growth in alumina than 
morphological inhomogeneities such as large grains 
or hard agglomerates. Recently, Baik and Moon [8] 
demonstrated that the beneficial effect of MgO might 
be related to its effectiveness in controlling the segre- 
gation behaviour of Ca ions to pore surfaces and grain 
boundaries. 

It becomes interesting to see whether abnormal 
grain growth can be suppressed totally by avoiding all 
impurities throughout the fabrication procedure. If it 
can, then how much CaO and/or SiO2 are required for 
triggering abnormal grain growth, and what is the 
minimum amount of additional MgO required to 
suppress the abnormal grain growth as a function of 
the amount of CaO and/or S i O  2 added initially? The 
purpose of this paper is to answer the first question 
experimentally by investigating the kinetics of the 
sintering and grain growth of ultrapure alumina with 
a purity that exceeds 99.999%. Powder processing and 
sintering were performed under carefully prepared 
clean conditions. No evidence was found of abnormal 
grain growth under such conditions. However, 
sintering under a less clean condition induced exten- 
sive abnormal grain growth. 

2. Experimental procedure 
Samples were prepared from ultrapure a-alumina 
powder (AKP5N, average particle size 0.3 gin) for 
which the manufacturer (Sumitomo Chemical Com- 
pany, Osaka, Japan) claimed a 99.999% purity. The 
chemical data provided by the manufacturer show 
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that total cationic impurities are less than l0 wt p.p.m. 
with individual impurities such as Na, Ca, Si, Fe, and 
Cu being less than 1 wt p.p.m, each. The alumina 
powder was initially dispersed in absolute ethyl 
alcohol (HPLC grade, Aldrich Chemical Company, 
Incorporated, Milwaukee, WI, USA) using polyethyl- 
ene bottles, and dried at 70 ~ for 48 h. The powder 
was cold pressed into disks using stainless-steel die 
and isostatically pressed at 2.0 x 107 kg m 2 in a rub- 
ber bag. The as-received powder was highly agglomer- 
ated. The green densities were about 42% of the 
theoretical density. The surface layer of green bodies 
was scraped off using a thin sapphire plate prior to 
sintering to remove possible contamination during die 
pressing. 

Sintering was conducted under flowing Ar gas in a 
furnace (M60, Centorr Associates, Incorporated, Sun- 
cook, NH, USA) heated with tungsten elements. 
The specimens were heated at a constant rate of 
15~ -1 up to the sintering temperature. Two 
different sintering conditions were adopted. First, the 
sample was loaded on a sapphire tube covered loosely 
at both ends with sapphire disks (the clean sintering 
condition). Secondly, the sample was placed in a 
commercial-purity alumina crucible (99.8%) with a 
thin layer of the ultrapure alumina powder in between 
so that they were not directly in contact, and then the 
crucible was covered with a lid (the normal sintering 
condition). 

The densities of sintered bodies were measured to 
an accuracy of 0.1 kgm -3 using Archimedes' method 
with distilled water as the immersion medium. The 
samples were ground with successively finer grades of 
SiC papers, polished with 6, 3, and 1 ~tm diamond 
pastes successively, and then thermally etched at 
1650 ~ for 1 h on a sapphire plate in a flowing Ar gas. 
The samples were then coated with gold and examined 
by scanning electron microscopy (SEM). The average 
grain size was measured by an intercept method and 
calculated from the relationship, G = 1.5L, where 15 is 
the average grain size and L is the average intercept 
length. Approximately 500 intercepts were counted for 
each sample. 

3. R e s u l t s  
The temperature time regions in which the experi- 
ments were conducted are shown in Fig. la for the 
clean sintering condition in a sapphire tube, and in 
Fig. lb for the normal condition in an alumina cruc- 
ible. No evidence was found for abnormal grain 
growth under the clean sintering condition even after 
5 h at 1900 ~ but, for the normal sintering condition, 
abnormal grain growth was observed even at 1750 ~ 
for sintering times longer than 3 h and at higher 
temperatures for shorter times. The boundary for the 
onset of abnormal grain growth is shown in Fig. 1 by a 
dashed line. This data shows that the time for initia- 
tion of abnormal grain decreases as temperature 
increases. 

Microstructural evolution of ultrapure alumina sin- 
tered under the clean condition at 1850 ~ is shown in 
Fig. 2. The average grain size increases as the sintering 
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Figure 1 The effect of sintering temperature and sintering time on 
the initiation of abnormal grain growth for: (a) the clean condition; 
and (b) the normal condition; ([]) normal grain growth, ( �9 abnor- 
mal grain growth, and ( - - - )  the boundary for the onset of 
abnormal grain growth. 

time increases, but the grain shape remains quite 
homogeneous and equiaxed up to the maximum tem- 
perature and time tested (1900 ~ for 5 h). The major- 
ity of pores are located at the grain boundaries with a 
few isolated pores located within the grains. The shape 
of the trapped pores is almost spherical. Although 
some evidence of pore-boundary separation could be 
observed, no abnormal grain growth could be found. 

The SEM micrographs in Fig. 3 show microstruc- 
tural changes under the normal sintering condition 
which are drastically different to those under clean 
sintering at the same temperature, 1850~ Until 
15 min of sintering there was no sign of abnormal 
grain growth. However, after sintering for 3 0 � 9  
large abnormal grains appeared, and the fraction of 
abnormally large grains increased rapidly as the 
sintering time increased. The size of abnormal grains 
after sintering for 180 � 9  ranges up to few hundred 
micrometres. Some boundaries are highly faceted. The 
majority of pores are trapped within the large grains. 

The density variations with sintering time under the 
two different sintering conditions are plotted in Fig. 4. 
The densification rates in the initial and intermediate 
stage of sintering are much higher for the normal 

41 9 8  



Figure 2 The microstructural development of ultrapure alumina 
during sintering under the clean condition (in a sapphire tube): at 
1850 ~ for (a) 30 rain, (b) 90 rain, (c) 180 rain, and (d) 600 min; and 
(e) at 1900 ~ 300 rain. 

sintering condition than for the clean sintering condi- 
tion. The densification rate for the normal condition 
in the density range 85-93% is about 3 5 times higher 
than that of the clean condition. However, for the 

normal sintering condition, the densification rate 
drops rapidly as abnormal grain growth occurs, and 
the final density, about 93%, is approached asymp- 
totically. A continuous increase in final densities is 
observed for the clean condition, however. Although 
abnormal grain growth could be avoided in the case of 
the clean sintering condition, it was not possible to 
achieve full density in this experiment. 

Fig. 5 shows the dependence of the average grain 
size on sintering time at various temperatures. In the 
regime of normal grain growth, the average grain size 
can be expressed as G 3 -  Go 3 = Kt, where K is the 
growth-rate constant, G is the average grain size after 
a time t, and G o is the initial grain size. For the normal 
sintering condition, before the abnormal grain growth 
set in, the normal grain growth followed the same 
relationship as that for the clean sintering condition; 
however, the growth rate constant was much higher. 
For instance, at 1850 ~ K was 1.1 x 10 - 1 8  m3s -a for 
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Figure 3 The microstructural changes of ultrapure alumina during 
sintering under the normal condition (in a 99.8% crucible) at 
1850 ~ for: (a) 15. min, (b) 30 rain, (c) 45 min, (d) 90 min, and (e) 
180 rain. 

ature following the expression, K = K o exp( - Q/RT), 
where Q is the activation energy for grain growth, The 
activation energies determined by plotting log K 
against homologous temperature were 690 kJmol-1 
for the clean sintering condition, and 640 kJmol -  
for the normal sintering condition, as illustrated in 
Fig. 6. 

the clean condition, and 3.3x 10-18m3s -1 for the 
normal condition. So the growth-rate constant in- 
creases three-fold under normal conditions. The 
growth rate constant, K, is also dependent on temper- 
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4. Discussion 
It has been demonstrated in an earlier study [8] that 
the clean sintering condition adopted in this experi- 
ment results in the formation of contamination-free 
grain boundaries after sintering. When the container 
was changed to the commercial-alumina crucible 
( ~ 99.8%) in the normal sintering condition, contam- 
inants could be easily transferred from the crucible to 
the samples being fired. Because the samples were 
separated from the crucible wall by the ultrapure 
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Figure 4 Density versus sintering time and sintering temperature 
under two different sintering conditions: clean (| O, [5, A) at 
1900, 1850, 1800, and 1750~ respectively; and normal (O, I ,  A) 
at 1850, 1800, and 1750~ respectively. 
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Figure 5 Average grain size versus sintering time at various 
sintering temperatures. The sizes follow the normal grain growth 
kinetics t 1Is dependence, until abnormal grain growth sets in: clean 
(O, O, [], A) at 1900, 1850, 1800, and 1750~ respectively; and 
normal ( L  i ,  A) at 1850, 1800, and 1750~ respectively. 

alumina powder, the only possible route for the trans- 
fer of contaminants was through the vapour phase. 
In conventional sintering practice, the furnace wall, 
the heating element and the heat shield can also be 
sources of contaminants. However, in this study, the 
contaminants should be mainly from the alumina 
crucible. The major impurities present in the crucible 
( ~ 9 9 . 8 % )  according to the manufacturer are 
MgO (1000p.p.m.), Na20  (300p.p.m.), and SiO  2 

(400 p.p.m.), smaller amounts of FeO and CaO are 
also present. The vapour pressures of each component 
up to 1700 ~ are in the order, Na20  > SiO z > MgO 
[10]. It has been reported [11] that N a 2 0  reacted 
with MgO and A120 s to form a 13'"-alumina phase 
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Figure 6 Temperature dependence of the grain-growth-rate con- 
stant for two different sintering conditions: (O) clean, and (0) 
normal. The activation energies are calculated from the slopes of the 
fitted lines. For the normal sintering condition, only the data 
representing normal-grain-growth behaviour are plotted. 

(NaMg2AltsO2s) at elevated temperatures, after 
which the Na20  vapour pressure becomes relatively 
lower. Therefore, the most probable contaminant in 
our case is SiO  2 which is present in the crucible; it 
volatilizes easily by the reaction, 2SIO2 = 2SiOT 
+ 02, and could be transferred to the sample being 

fired. Simpson and Carter [12] have previously dem- 
onstrated that a small amount of SiO2 and CaO can 
be transferred to alumina transmission electron 
microscopy (TEM) samples through a vapour-phase 
process. CaO is also known to be deleterious and its 
vapour transfer is also possible. Attempts were made 
to identify the contaminants by induction coupled 
plasma (ICP) analysis. Unfortunately, specimens pre- 
pared by ICP analysis were even more contaminated 
and the contaminants introduced during sintering 
were not identified. 

As shown in Figs 2 and 3, the microstructural 
evolution of ultrapure alumina is quite different under 
the two different sintering conditions. This result dem- 
onstrates convincingly that the impurities taken up 
during sintering by vapour transfer trigger the pre- 
mature abnormal grain growth in ultrapure alumina. 
This result also implies that abnormal grain growth is 
inevitable in pure alumina during normal sintering 
practices because it is difficult to avoid the introduc- 
tion of low-level contaminants from various sources 
including the original starting powder, powder pro- 
cessing, or sintering. 

Now, the pressing questions are; (i) what determines 
the boundary between the normal- and abnormal- 
grain-growth regions shown in Fig. lb? and (ii) what is 
the role of impurities such as SiO 2 or CaO in the 
change from the behaviour shown in Fig. l(a)? The 
answers to these questions would certainly help in 
understanding the mechanism that initiates abnormal 
grain growth in commercial alumina and in under- 
standing the role of MgO in controlling abnormal 
grain growth. 
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Fig. 5, in conjunction with the microstructures in 
Figs 2 and 3, shows that, even though normal grain 
growth proceeded under the clean condition without 
any changes in the kinetic constants, sintering at a 
higher temperature or for a longer time did not lead 
automatically to abnormal grain growth. Fig. 5 also 
shows that for the normal condition the grain shape is 
equiaxed following similar grain-growth kinetics be- 
fore the onset of abnormal grain growth. Two import- 
ant points can be derived from these observations: 
first, the condition of abnormal grain growth is not 
determined by grain size alone; and secondly, impu- 
rities begin to induce abnormal grain growth at a 
critical grain size. That is, abnormal grain growth 
appears suddenly at a critical grain size in the presence 
of impurities. Fig. 5 demonstrates that this critical 
grain size is in the 15-20 gm range for samples pre- 
pared in the normal sintering condition. Therefore, the 
critical grain size as a condition for abnormal grain 
growth should be interpreted in its connection to an 
impurity effect. 

The sudden appearance of abnormal grains has 
been related to grain boundary chemistry. Kaysser 
et al. [6] proposed that a liquid phase appears sud- 
denly since at some critical grain size in the capacity of 
grain boundaries to keep the concentration of impu- 
rities in the grains below the solubility limit is ex- 
ceeded. The sudden appearance of a liquid can be 
applied to explain the onset of abnormal grain growth 
in Fig. lb. The scenario of impurity incorporation in 
the normal sintering condition can be understood as 
follows; at an early stage of sintering, volatile impu- 
rities, like SiO 2, are transferred by gas diffusion to the 
sample being fired so that they contaminate grain 
boundaries, grain surfaces, and pores. In theory, this 
transfer should continue until the impurities reach 
their solubility limits in the matrix and in the grain 
boundaries. However, as sintering proceeds and grains 
grow, the total grain-boundary area is reduced and the 
impurity concentration in the grain boundaries in- 
creases accordingly. At a critical grain size this con- 
centration exceeds the level required for the formation 
of second phases - -  in our situation, a liquid phase 
that has been previously demonstrated to trigger 
abnormal grain growth in alumina. 

The observation of faceting along certain crystallo- 
graphic planes in abnormal grains (see Fig. 3) supports 
the argument that impurities introduced during the 
normal sintering condition form intergranular liquid 
phases. Correlations among faceted grains, abnormal 
grain growth, and the presence of liquid phases have 
been presented by many researchers. Hansen and 
Phillips [13] reported that in a 99.8% alumina nearly 
all grain boundaries were coated with a thin layer of 
amorphous intergranular material which may have 
induced faceting. Susnitzky and Carter [14] reported 
that a SiO2-deposited boundary in a sapphire bicrys- 
tal was flat and faceted along the (0 0 0 1) plane. Hand- 
werker et al. [7] found extensive faceting in alumina 
containing an anorthite-based liquid phase. 

The role of impurities below the critical grain size 
can be understood from Figs 4 and 5, which show that 
the densification rate and grain-growth rate were 
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enhanced when samples were sintered in the normal 
condition. The activation energies for grain growth, 
690 kJmo1-1 in the clean sintering condition and 
640 kJmol-1 in the normal sintering condition (see 
Fig. 6), are very close to those reported for A1 volume 
diffusion [15]. Coble [1-] reported that the phenomen- 
ological activation energy of grain growth for pure 
alumina was 640 kJmol-1, which is consistent with 
our value in the normal sintering condition. A signific- 
ant point is that the impurities apparently enhance 
grain-growth kinetics by a factor of three without 
altering its mechanisms. 

It is known [16, 17] that the densification rate 
(dp/dt) depends on the grain size following the rela- 
tionship, dp/dt = CD/G n, where C is a constant, D is 
the diffusion coefficient, G is the grain size, and n is the 
grain-size exponent. The exponent, n, is 3 for lattice- 
diffusion-controlled densification and 4 for grain- 
boundary-diffusion-controlled densification. Fig. 7 
illustrates the dependence of densification rate on 
grain size for two different sintering conditions at 
1850~ Only the data representing normal grain 
growth behaviour are plotted in Fig. 7. The grain-size 
exponent calculated from the gradients in Fig. 7 are 
-2 .9  for the clean condition, and -3 .5  for the 

normal condition. The result indicates that lattice 
diffusion is the dominant densification mechanism 
under the clean sintering condition, while the den- 
sification mechanism under the normal sintering con- 
dition is a combination of lattice and grain-boundary 
diffusion. It has previously been reported in the literat- 
ure [3, 16, 17] that the gain size exponent n is - 3.5 
(mixed behaviour) or - 4 . 0  (grain-boundary diffu- 
sion) for undoped commercially pure alumina. The 
divergence may be due to the different purities of the 
starting powders, initial microstructures, or the range 
of density measurements. The densification rate at a 
constant grain size also shows an increase, by a factor 
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of 3 to 5, which is presumably due to the presence of 
impurities. 

It can be asked whether ultrapure alumina would 
exhibit abnormal grain growth if the time and temper- 
ature for sintering increase further under the clean 
condition. If only the morphological aspects of abnor- 
mal-grain-growth conditions are considered, it is im- 
mediately clear that the clean sintering condition is in 
fact much more favourable for abnormal grain growth 
than the normal condition. The density/grain-size tra- 
jectory compiled in Fig. 8 clearly proves the point. 
Bennison and Harmer [3] reported that even fully 
dense alumina of 99.995% purity showed normal- 
grain-growth behaviour. Therefore, it is highly un- 
likely that a simple increase in density or grain size 
would reach a critical point for abnormal grain 
growth. As discussed previously, if the critical condi- 
tion is assumed to be set by the formation of an 
intergranular liquid phase, the possibility of observing 
abnormal grain growth can be ruled out under the 
clean sintering condition. 

In summary, this result suggests that the abnormal 
grain growth may not be an intrinsic property of pure 
alumina induced by structural anisotropy, but rather 
an extrinsic property controlled by minor constituents 
introduced during powder synthesis, processing and 
sintering. Therefore, abnormal grain growth in alum- 
ina could be effectively avoided without introducing 
sintering aids (such as MgO) by using an ultrapure 
powder, and sintering while preventing the introduc- 
tion of any impurities during the sintering process. 
This contradicts the previous belief that pure alumina 
cannot be sintered to full density due to abnormal 
grain growth, and that if abnormal grain growth is 
suppressed then alumina can be sintered to full dens- 
ity. We found that neither pore boundary separation, 
density, nor grain size determined the condition for 
the initiation of abnormal grain growth. The presence 
of large agglomerates in the starting powder, and a wide 
distribution in grain size was not the major factor. 
This result strongly suggests that the chemical effect 
is a far more important factor in triggering discontin- 
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Figure 8 Grain size/density trajectory under two different sintering 
conditions: clean (| O, [], A) at 1900, 1850, 18 ~, and 1750~ 
respectively; and normal (t ,  I ,  A) at 1850, 1800, and 1750~ 
respectively. 

uous grain growth in alumina. It is consistent in part 
with earlier work by Patrick and Cutler [183, 
Kaysser et al. [63 and Handwerker et al. [7]. 

Another important implication of this result is that 
the effect of MgO additions for the purpose of con- 
trolling abnormal grain growth in alumina should be 
considered within the context of its influence to the 
critical impurities which are in fact responsible for 
abnormal grain growth. In recent studies involving 
one of the authors [8, 193, MgO was found to be 
effective in suppressing inhomogeneous CaO segre- 
gation to the grain boundaries of sintered alumina. It 
is now interesting to study more carefully the effects of 
MgO on small amounts of SiO 2 using ultrapure alum- 
ina through the use of controlled doping and sintering. 

5. Conclusions 
The kinetics of densification and grain growth for 
ultrapure alumina have been studied with a clean 
sintering condition which provided a contamination- 
free environment. These results were compared with 
those obtained for a normal sintering condition that 
more closely approximates those conditions routinely 
practised in the laboratory. The results obtained in 
these two conditions were drastically different and the 
analysis of experimental results and final microstruc- 
tures lead to the following conclusions. 

1. In the clean condition, continuous densification 
proceeded without evidence for abnormal grain 
growth up to 1900 ~ for 5 hr. The average grain size 
followed the normal-grain-growth-kinetics law, and 
the grain shape remained equiaxed. 

2. In the normal sintering condition, abnormal 
grain growth was observed at a lower sintering tem- 
perature. However, the densification rate and grain- 
growth kinetics increased by a factor of 3-5 until 
abnormal grains appeared suddenly. Once abnormal 
grain growth occurred, further densification stopped 
abruptly. 

3. Abnormal grain growth in commercial high-pur- 
ity alumina is not an intrinsic property of alumina but 

an extrinsic property controlled by minor constituents 
that can be introduced during powder synthesis, 
powder processing and sintering. 

4. The effect of impurities is likely to be related to 
the alteration of interracial chemistry through prefer- 
ential segregation to specific grain boundaries or pore 
surfaces, and the formation of liquid phases which are 
suspected to be associated with abnormal grain 
growth in commercial alumina. 

5. It is thus necessary to consider the effects of 
MgO in conjunction with the impurities which are 
responsible for abnormal grain growth during the 
final stage of alumina sintering. 
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