Densification of Al,O5; powder using spark plasma sintering
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Al,O; powders with four different particle sizes were densified using a spark plasma
sintering (SPS) apparatus under three different sintering conditions: holding time,
heating rate, and mechanical pressure. Th®Apowder compact sintered at a higher
heating rate produced a sample with a higher density and a fine-grained microstructure,
while abnormal grain growth and a lower density resulted when a lower heating rate
was applied, though the sintering temperature and holding time were the same in both
cases. This revealed that rapid sintering by SPS was effective for promoting the
densification of the powder. However, the powder with a coarse particle size was hard
to sinter at a higher heating rate. Microstructural observation revealed that the edge
part was denser than the inside of the sample when the holding time was short.
Increasing the holding time made it possible for the inside to be sintered almost as
dense as the edge part. Mechanical pressure was found to enhance densification of the
Al,O; powder. On the basis of these results, the SPS process is discussed.

I. INTRODUCTION tion among some bronze alloy grains after the SPS proc-
Plasma activated sintering (PAS) and spark plasm&SS and suggested that the neck formation was attributed

sintering (SPS) apparatuses were developed in 1988 af@ the effect of spark plasma caused by the pulse electric
1990, respectively. Since then, a variety of materials current. Furthermore', in sintering of nqn-metalllc mate-
such as metallic materiaf<® structural ceramics® oxide rials, plasm_a generation by pulse ele_ctrlc current was also
superconductord? ceramic composited® polymerst®  suggested in both PASand SPS. Risbudet al*° ob-
thermoelectric materiafs and functionally graded ma- S€rved clean grain boundaries in the PAS-sintered alu-
terials (FGMs}2**have been prepared by SPS and PASMINUM nitride (AIN) ceramics from hllgh—purlty AIN
SPS and PAS apparatuses are somewhat like the convepwder and suggested that plasma might be generated
tional hot-press. However, a pulse electric current and/ofMengd the AIN particles and be effective for the removal
a direct current are applied directly to the graphite mold®f impurities anﬁg/or oxide layers on the surface of AIN
in SPS and PAS. Thus, the graphite mold and punches aPgticles. Omori” reported several unique phenomena
as heating elements, which is different from the case ofPServed during the SPS process as follows: a lightening-
the hot-press. In SPS, a pulse electric current is employe€ discharge pattern on the surface of CeSy@iram-
for heating, while generally in PAS a pulse electric cur-ICS: an etched pattern on polypropylene fibers, and
rent is first applied for a short period and then a direciStructural transformation from an insoluble poly(mono-
current is used. Details of the PAS and SPS apparatus&ethylsilane) to its soluble isomer. Omori mentioned
can be found elsewhefé:15 that these observed phenomena might imply the genera-
Recently, there has been growing interest in clarifyingt'on of plasma by the pulse electric current during the
the sintering process of SPS and PAS, focusing orph o Process. _ _
whether plasma is generated or not by the pulse electric Kinemuchi et al.™= found that the chemical reaction
current. According to Ishiyam¥, PAS is a technique to P€tween carbon and N, was promoted when the
sinter metallic powder, possibly resulting in the genera.caron-coated g, powder compact was sintered by
tion of plasma among the metallic particles when pulse>P>: However, such an effect was not observed when the
voltage is applied, which would purify and activate the powder compact was sandwiched between two insulating

particles to be sintered. Tokifaobserved neck forma- Poron nitride (BN) pellets. They suggested that the pro-
moted reaction was caused by electric conduction

through the carbon layer on the surface ofNgi par-
- . 19 .
dPresent address: Shanghai Institute of Ceramics, Chinese AcaH-CIeS' Furthermore, Tominet al.~ measured the electric

emy of Sciences, 1295 Dingxi Road, Shanghai 200050, People’sUrrent path in a graphite mold and in an,®, powder
Republic of China. compact sintered by the SPS process and reported that
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the electric current went only through the mold andof the sintered samples were ground and polished (some
punches. Similarly, Sunet al?° examined the tempera- of them were thermally etched) for microstructural ob-
ture distribution within a graphite mold and &); pow-  servation by scanning electron microscopy.
der compact during the PAS process. They found that
the temperature of the mold was higher than that of the
compact. Il. RESULTS AND DISCUSSION
On the basis of the above findings, it can be seen thak. Effect of particle size, holding time, and
one’s understanding of the SPS and PAS processes is stample size
unclear, including whether plasma might be generated or
not and in what way SPS and PAS are more advant
geous tha?‘ hot pressing. In-our opinion, ”?e“'?‘“.'c aNChressure of 30 MPa, these samples were heated at a rate
non-metallic materials should be considered individuall o X . o :
. . of 200 °C/min and sintered at 1550 °C for 0 to 30 min

when attempting to clarify the SPS and PAS processes, o : o

, o e hoted as 200 °C/min—1550 °C-30 MPa, hereafter). It
Previously, effects of PAS conditions on densification of

copper powder were carried ottt was indicated that can be seen that the smaller the particle sizes of the

the powder was heated by Joule heat caused by the eles(,:t_arting powder, the higher the relative density under the

. . ame SPS conditions. Evidently, the particle size of the
tric current passing through the powder compact and that,_ .. . .
) i .__starting powder played an important role in the SPS proc-
the pulse electric current was effective for promoting

densification of the copper powder. The purpose of the=s ash conventional sintering process.

present study was to help clarify the SPS process con-
cerning the sintering of nonmetallic powder, i.e., @}
powder. Effects of SPS conditions, such as heating rategraphite mold
holding time, mechanical pressure, and particle size of
the starting powder, on the densification and microstruc-
tural development of AlO; powder compacts were
investigated.

_ Figure 2 shows the effects of particle size and holding
gime on relative densities of AD; samples. Under a

|

Pressure

Thermocouple

[I. EXPERIMENTAL PROCEDURE

Four kinds ofa—Al,O; particles (in purity >99%) with
different particle sizes were used. One was from Sumi-
tomo Chemicals (Tokyo, Japan), with an average particle
size of 0.33um. Three others were the products of
Showa Denko (Tokyo, Japan), the average particle sizes
(D-50) being 21.40, 3.46, and Opdm, respectively. The
powder with the particle size of 3.46m, which was the  \5cuum chamber
one being used in discussing the effect of SPS conditions
on the sintering process, contains 0.37 wt%_S6003 wt%
T-Na,0, and 0.02 wi% Fg£,. The others contains the
same impurities at almost the same level.

Figure 1 shows the main components of the SPS ap- 1%
paratus (SPS-1050, Sumitomo Coal Mining Co. Ltd., Ja-
pan). A 6-g amount of AlO; powder was poured into the & 98 |
graphite mold (inner diameter 20 mm, outer diameter 4G=

Pulse electric
current generator

FIG. 1. Main components of the spark plasma sintering apparatus.

20

Temperatures of the samples during sintering were meag-
ured by a sheathed 13% Rh/Pt—Pt thermocouple, which 4, |
was inserted into the wall of the graphite mold, as illus- T

& —¥— 033 pm g
mm) and then sintered at 1550 °C for O to 30 min. Theg o - —o— 0.40 Um Ed
heating rate varied from 20 to 300 °C/min. The appliedg —@— 346um | Jg, 2
mechanical pressure was in the range of 20 to 40 MP& e | - 2140 pm g.

trated in Fig. 1. A multipen recorder recorded tempera- L BT " ! L 70
tures and shrinkage displacements of the powder 0 5 10 15 2 25 30 35
compacts. Holding time {min)

DenSit'ieS of the sintered samples were determined. b¥IG. 2. Effects of particle size and holding time on relative densities
the Archimedes method. The surfaces and cross sectionsAl,O, samples (sintering condition: 200 °C/min-1550 °C—-30 MPa).
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It is well known that the driving force of densification
is greater for a powder with a finer particle size than for|
the one with a coarser particle siZelt is therefore seen
that the powder with a finer particle size was easily sin
tered to a higher density in the present case. Additionall
in SPS, the powder was brought directly to the high
temperature regime by application of a higher heatin
rate and then densification of the powder was furthe
promoted, as suggested by Harmer and Brookat
rapid sintering may maximize densification with mini-
mum microstructural coarsening. Application of a highe
heating rate did not work effectively on the powder with
a coarse particle size (214m), because its driving force
was lower. The above results implied that selecting
powder with a fine particle size and sintering it at a higha)
heating rate facilitate producing a fine-grained, fully
densified material.

Relative densities of these samples increased wit
lengthening the holding time, as revealed in Fig. 2. Rela
tive densities of the samples (starting powder: 3.4%)
increased from 92% to 98.7% and 99.4% theoretic
density (TD) when the holding time was increased
from 0 to 10 and 30 min. For the sample with a relative
density of 98.7% TD, microstructure observation wa
carried out on a polished cross section parallel to th
direction of mechanical pressure (Fig. 3). The edge pal
was revealed to be fully dense while the inside wa
not; namely, there were more pores toward the insid
on the cross section of the sample. With increase
the holding time to 30 min, this sample was sintered to ¢
relative density of 99.4% TD and possessed a more Welf—b)

densified microstructure than that with a holding time of7'G: 3. Microstructures at the (a) edge and (b) inside of thgAl
10 min mentioned in Fig. 3 sample on the polished cross section parallel to the direction of pres-

. : L. sure (starting powder: 3.46.m; sintering condition: 200 °C/min—
As for the microstructure inhomogeneity in the sample;ssg °c x 10 min-30 MPa).

sintered with a holding time of 10 min (Fig. 3), such case
was also observed in AD; sintered bodies prepared by
PAS from the same starting powd&rin the PAS proc-
ess, a direct current of 1300 A was used for Joule heating
after a 30-s pulse electric current (800 A) was applied.
Similar microstructures of the AD; sintered bodies
were obtained in both processes, indicating that the two
processes were similar. Microstructure inhomogeneitx\;
may imply the occurrence of differential densification at i
the edge of and inside of the sample. Assuming the elecz 98 |-
tric current went only through the mold and punches in§ :
sintering ALO; powder by SPS, as per the result of ¢ o7 |
Tomino et al.? it is suggested that the present,@®, %
powder was sintered by the heat transferred from the
graphite mold and punches. Subsequently, differential I
densification process occurred due to the thermal gradi- : | . | I |
ent in the samples during the SPS process, similar to the 9% T30 4.0 5.0 6.0 7.0 8.0 9.0
case of pressureless sinterftg. Sample thickness (mm)

TO furtherl 90n_f'rm the relationship bgtween_the foer— FIG. 4. Effect of the sample size on relative densities of thgOAl
ential densification and thermal gradient, sintering ofsamples (starting powder: 3.46n; sintering condition: 200 °C/min—
several ALO; samples with different thickness (by 1550 °C x 10 min—20 MPa).

100

99 B

96 -
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changing sample weight) was carried out. Figure 4 shows 199
the effect of the sample size on relative densities of
Al,O5 samples. The starting powder had a particle size o9 | 0
of 3.46 pm and was sintered at 200 °C/min—-1550 °C x ~ I ©

10 min—20 MPa. The smaller samples have higher deni;

sities. On assumption of the & powder being sintered ‘e
by the heat from the graphite mold and punches, only thé
edge part could be sintered to nearly full density and thé’ 7
inside could still remain less dense when the sample wa3
sintered for a short holding time (e.g., 10 min). So, undef® o5 |
the same sintering conditions, an increase in the sample
thickness resulted in an increase of undensified volume N T T T VU S
and therefore a decrease of average relative densities of " ¢ 50 100 150 200 250 300 350

the sintered AlO; samples.

98 P

Heating rate ('C/min)

) FIG. 6. Relative densities of the AD; samples sintered at different

B. Effect of heating rate heating rates. (The sintering condition is that shown in Fig. 5.)

Figure 5 displays the effect of heating rate on shrink-
age displacement of AD; powder compacts, and Fig. 6
shows the relative densities of A); samples sintered at
different heating rates. The starting powder (34)
was sintered at 1550 °C x 10 min—30 MPa. When thessss
heating rates were higher than 50 °C/min, the shrinkagfs
of these samples stopped before the holding time wag=
over. As can be seen in Fig. 6, the densities of thesfX
samples reached about 99% TD. However, when th
heating rates were lower than 50 °C/min, the samples had
not shrunk sufficiently by the end of the sintering sched-£
ule. For example, the sample sintered at a heating ra
of 20 °C/min kept shrinking till the end of the sched- i§
ule. Consequently the relative density of this sample A
was only 97.6% TD. It is thus clear that the heatingfi &=
rate is an important factor in densification of /&, J
powder by SPS. )

Figures 7(a) and 7(b) show microstructures of the up@x
per surfaces of AlD; samples sintered at a heating rate
of 200 and 20 °C/min, respectively. The heating rate ofa)

Heating rate
g n (9C/min)
y T
A 1| (V2 g R \ IR
c |z \
g 0 \ \ —-— 50
Y - — 100
g “ | —— 200
R ' ——— 300
=) \
[ [ \ \ !
e L -
T \ A
= [
® -3 L ] L P S B R
0 20 40 60 80 100 120
Time (min) (b)

FIG. 5. Effect of heating rate on shrinkage displaement ofCAl FIG. 7. Microstructures of the upper surfaces of@J samples sin-
powder compacts (starting powder, 3.48n; sintering condition:  tered at a heating rate of (a) 200 °C/min and (b) 20 °C/min (starting
1550 °C x 10 min—-30 MPa). powder: 3.46um; sintering condition: 1550 °C x 10 min—-30 MPa).
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200 °C/min resulted in a homogeneous microstructure 100
and an average grain size of aboyi® in the obtained
Al,O; sample; i.e., the particle size of the starting® 99 |
powder was retained in the final product [Fig. 7(a)]. 2
Rapid sintering of SPS (by means of a higher heating? o3 |-
rate) made it possible for the sample to skip over the®
low-temperature regime where the nondensifyingz o,
mechanism (surface diffusion) is active and to proceeds
directly to the elevated temperature regime where densf
fying mechanisms (grain boundary and volume diffu-
sion) are predominarff Therefore, the powder was
nearly fully densified and the size of the starting pow-
der (3.46pm) was retained in the final microstructure.
Similar retention of the size of the starting powder _ _ B
was also reported in the final microstructures off': ?' Effect of mec'zjanfca' pressure on relative densities oDAI
A|203,4 Si3N45 and AIN16_sintered by SPS and -PAS. igrgopo%s >((sELeE)rtlnr;ign)p.ow er: 3.4an; sintering condition: 200 °C/min—
However, abnormal grain growth was found in the
sample sintered at a heating rate of 20 °C/min [Fig. 7(b)]
though the starting powder was the same powder
(3.46 um). The appearance of abnormal grain growthadvantage of applying mechanical pressure was also re-
in commercial alumina is strongly correlated with the vealed in the present SPS process, the same as in the case
presence of impurities, especially when Sifesented of hot pressing?
with other oxide®2?7 It is evident that the powder  In our previous report, the effect of PAS conditions on
(3.46 pm) containing impurities (SiQ Na,O, and densification of copper powder was investigatétt.was
Fe,0;) meets the prerequisite for abnormal grainfound that a higher mechanical pressure resulted in a
growth. Abnormal grains appeared only when thelower rate of temperature increase and a lower densifi-
powder was sintered for long sintering time (due to acation rate of a copper powder compact, which is con-
lower heating rate, 20 °C/min). Subsequently, the grairirary to the present case. In the sintering of the copper
growth decreased the driving force for densificationpowder compact by PAS, the compact was mainly heated
and resulted in a sample with poor density (Fig. 6). Inby the Joule heat caused by the electric current passing
the case of conventional sintering methods such as pretrough the compact. The Joule he@ € I1°RY) is pro-
sureless sintering or hot pressing, abnormal grain growthortional to the resistanceR) of the compact under a
easily occurs in AlO, ceramics and secondary phasesconstant electric current. However, the resistance of the
(e.g., MgO) are often added to inhibit surface diffusioncompact decreased when a higher mechanical pressure
and to promote densification when &, powder is was applied. Therefore, mechanical pressure exerted in-
sinterec?® fluence on densification of the copper compact mainly by
In a word, the SPS process makes rapid sintering pos/arying its temperature. However, the decrease in resis-
sible by application of a high heating rate, and it alsotance of an AJO; powder compact is considered to be
produces a sample with a low relative density and abslight since the resistance of £, is very large. More-
normal grains (as in samples made by a conventionadver, it has been reported that the electric current passing
method) when a lower heating rate is employed. through an AJO; powder compact in SPS was only
100 wA when the temperature increased to 100G%*C
) (while, generally, the current passing through the graph-
C. Effect of mechanical pressure ite mold is more than 1000 A). Therefore, mechanical
Figure 8 shows the effect of mechanical pressure opressure would not influence the temperature in sintering
relative densities of AlO; samples. The starting powder of Al,O5; powder but simply contribute to the removal of
had a particle size of 3.46m, and the sintering condition pores in the powder compact and to augmentation of
was 200 °C/min-1550 °C x 10 min. The relative densitydriving force for densification.
of Al,O; samples increased with increasing mechanical In any case, heat transfer is effective because the
pressure. Generally speaking, pressureless sintering dgraphite mold and punches are heating elements in SPS
pends on the capillary pressures resulting from surfacenlike in hot pressure. The AD5 powder in the graphite
energy to provide the driving force for densification. Ap- mold could be sintered by rapid sintering when a high
plication of mechanical pressure during sintering is help-heating rate was applied in SPS. To avoid microstructure
ful to remove pores from the powder compact and toinhomogeneity, the conditions of the sintering process of
provide additional driving force for densification. The SPS should be optimized.

96 |-

95 1 1 1 1 1
15 20 25 30 35 40 45

Mechanical pressure (MPa)
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V. CONCLUSIONS 3.
From the experimental results mentioned above, somey,

conclusions are drawn as follows:

(1) SPS was effective in the preparation of fine- 5.

grained, nearly fully dense AD; ceramics from the
powder with a smaller particle size by employing a high
heating rate. However, rapid sintering of SPS by a high

heating rate did not work so well when the particle size s.

of the starting powder was too large (e.g., 21.rh)
because its driving force for densification was low.
(2) Abnormal grain growth was found in an /&,
sample when a slower heating rate was applied during the
SPS process, prohibiting further densification of the

sample, similar to the case of pressureless sintering or hég.

pressing.

(3) Microstructure inhomogeneity, that is, the edgell'

was denser than the inside of the sample, appeared in

the sample sintered at 1550 °C for a short holding timei2.
(10 min). When the holding time was 30 min, the inside13.

could be sintered almost as dense as the edge of the
sample. This result suggested that,®J powder was

heated by the heat from the graphite mold and punchegy,

It also implied that optimization of the SPS process with
regard to the starting powder, sample size, heating rate,

holding time, and mechanical pressure is necessary fd: : _ :
16. S.H. Risbud, J.R. Groza, and M.J. Kim, Philos. Mags®B 525

preparation of AJO; or other nonmetallic materials with
a homogeneous microstructure.

transfer, because the graphite mold and punches were the

heating elements, and to application of a high heatindg®-
20.

rate in SPS.

21.
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