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bstract

n increase in the loading temperature during SPS processing can reduce the residual porosity in a spinel and thus attain a high transmission even at
he high heating rate of 100 ◦C/min. This suggests that load controlling is an important factor as well as the heating rate and sintering temperature.

lthough the transmission is lower than the maximum value attained at the low heating rates of <10 ◦C/min, the loading schedule optimization

nables utilization of the high heating rate processing that is a primary advantage of the SPS technique.
 2012 Elsevier Ltd. All rights reserved.
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.  Introduction

In recent years, the spark-plasma-sintering (SPS) technique
as been widely used for the powder densification of various
ypes of materials,1–3 instead of the hot pressing (HP) or hot
sostatic pressing (HIP) techniques. The primary reason is that,
s compared to the well-known HP or HIP techniques, the avail-
ble high heating rates greater than 50 ◦C/min can reduce the
otal processing time of the powder densification.

We have recently confirmed, however, that for the fabrication
f dense alumina (�-Al2O3) and a magnesium aluminate spinel
MgAl2O4) to have a good light transmission, low heating rates
f ≤10 ◦C/min are more effective than the widely used high
eating rates of ≥50 ◦C/min during the SPS processing.4–10 In
he case of the spinel,8–10 for example, the in-line transmission

in increases with a decrease in the heating rate α  and has the
aximum value at α  = 10 ◦C/min.

∗ Corresponding author.
E-mail address: MORITA.Koji@nims.go.jp (K. Morita).
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Although the low heating rate SPS processing can produce
ransparent alumina and spinel ceramics, it requires a long pro-
essing time to reach the desired temperatures, as well as the
P or HIP techniques. Hence, this method may not be realistic

or industrial applications. In order to fully utilize the primary
dvantage of the SPS technique, a high heating rate processing
hould be established to save the processing time.

An increase in the sintering temperature and/or holding
ime reduces the optical and mechanical properties due to the
nhanced grain growth accompanied by pore aggregation9,11 so
hat controlling the loading schedule is a remaining factor and a
andidate to solve this problem. The effect of the loading sched-
le was also examined using several transparent oxide ceramics,
uch as MgO,12 Al2O3

13 and spinel,14 and the transmission can
e improved by the two-step loading method. In order to develop
he optimum SPS processing for the fabrication of transpar-
nt ceramics, understanding the loading effects is important.
owever, the mechanism seems to be unclear. Although Chaim

t al.12 and Grasso et al.13 explained that the loading sched-

le affects the residual pore formation, Zhao et al.14,15 ascribed
he effect of the oxygen vacancy formation that depends on the
oading schedules.

http://www.sciencedirect.com/science/journal/09552219
dx.doi.org/10.1016/j.jeurceramsoc.2012.02.016
mailto:MORITA.Koji@nims.go.jp
dx.doi.org/10.1016/j.jeurceramsoc.2012.02.016
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1100 C and exhibits the highest value of ≈35% at 1300 C. The
Fig. 1. Typical SEM image of as-received raw MgAl2O4 spinel powder.

Therefore, the present study was performed in order to exam-
ne the effect of the loading schedule on the transmission of
pinel polycrystals and discuss a possible densification mecha-
ism.

. Experimental  procedures

A stoichiometric MgAl2O4 spinel powder was consolidated
sing a spark-plasma-sintering machine (SPS-1050, SPS Syn-
ex, Inc., Kawasaki, Japan) under vacuum conditions. The details
ere described elsewhere.8–10 Briefly, a commercially available
igh-purity spinel powder (TSP-15, Taimei Chemical Co., Ltd.,
okyo, Japan) having a purity of >99.97% was used in this
tudy. The main powder impurities provided by the manufac-
urer are 30 SiO2, 50 Fe2O3, 100 NaO, <10 K2O and 70 CaO in
t ppm. The powder almost has a stoichiometric composition;

.e., MgO/Al2O3 ratio of 1.01. As shown in Fig. 1, the powder
aving a particle size of 100–300 nm is well dispersed and no
ignificant agglomeration is found even in the as-received state.
he as-received spinel powder was placed in a graphite die with

 30 mm inner diameter, in which the powder and the die were
eparated by carbon sheets. Under vacuum (10−3 torr) condi-
ions, the sintering was carried out at the high heating rate of

 = 100 ◦C/min and at 1300 ◦C for a 20 min soak by applying
 DC pulse current of 1.8–2.1 kA and a voltage of 3–4 V. Dur-
ng the SPS processing, the temperature was measured on the
urface of the graphite die using an optical pyrometer through a
quare window made in the carbon felt thermal insulator.

In order to examine the effect of the loading schedule on the
interability of the spinel powder, a sintering load of 80 MPa was
pplied under several conditions. Prior to the heating, a small
oad of about 5 MPa, which is the available minimum load of the
PS machine, was applied the graphite die to maintain current
onductivity, and then, a sintering load of 80 MPa was applied at

he desired temperatures and at several loading speeds. By using
his procedure, we fabricated a disk with a 3 mm thickness and
0 mm diameter.

v
m
p
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For the optical characterization, square plates with the dimen-
ions of 12 × 12 mm were machined from the center of the
PSed circular disks with a 30 mm diameter. Both surfaces of the
lates were carefully mirror-polished with diamond pastes and
he final finish was obtained using 1 �m paste. During the polish-
ng procedures, the thickness of the square plate was reduced to
bout 1.8 mm. The in-line transmission Tin measurement in the
isible- and near-IR-wavelength range (λ  = 240–2200 nm) was
onducted using a double-beam spectrophotometer (SolidSpec-
700DUV, Shimazu Co., Ltd., Kyoto, Japan).

The microstructures were examined near the center of the cir-
ular disks using a scanning electron microscope (JSM-6500F,
EOL Co., Ltd., Tokyo, Japan) with an acceleration voltage
f 5–10 kV. The surface of the specimen was mechanically
emoved and mirror-polished with 1 �m diamond paste. In order
o reveal the grain boundaries, the polished specimen was ther-

ally etched at 1200 ◦C for 30 min in air. Before the SEM
bservation, the samples were slightly coated with gold to avoid
harging under the electron beam. The grain size was deter-
ined by counting the number of grains. Assuming the grains

o be spherical, the average grain size, d̄, was determined to be
.225 times the apparent grain size, which was calculated from
he average cross sectional area per grain.16 The pore density, N,
hich was defined as the number of pores per unit area, was mea-

ured by counting the number of pores using the SEM images
aken at a minimum of 4–5 different areas.

. Experimental  results  and  discussion

Fig. 2 shows the effect of the loading temperature on the trans-
ission during which a sintering load of 80 MPa was rapidly

pplied within 10 s at several temperatures. As shown in Fig. 2,
he loading temperature strongly affects the transmission of the
pinel even though the sintering temperature and duration time
ere the same. For the loading at T  ≤  1100 ◦C, the spinel is

lmost opaque, whereas at T  ≥  1200 ◦C, they show transmission
nd the text placed 10 mm below the plates becomes visible with
he increasing loading temperature.

The in-line transmission, Tin, obtained at the different load-
ng temperatures is shown in Fig. 3(a). Tin can be improved
n the wide wavelength range with the increasing loading tem-
erature, though the value is still much lower than the highest
ne (Tin > 80%) reported by the HIP technique.18–20 In order
o clearly understand the influence of the loading temperature,
he in-line transmission evaluated at the visible- and infrared-
avelengths of λ  = 550 and 2000 nm (Tin,550 and Tin,2000) are

hown in Fig. 4(a) as a function of the loading temperature.
in,550(max)- and Tin,2000(max)-values in the figures are the maxi-
um values obtained by the low heating rate SPS processing at

 = 10 ◦C/min.8–10

The Tin,2000-value linearly increases with the temperature
nd reaches ≈74%, which is almost the same to Tin,2000(max).
he Tin,550-value also increases with the temperature at above

◦ ◦

isible light transmission is lower than Tin,550(max) (≈47%), but
uch higher than that (Tin,550 ≈  0%) of the 80 MPa pre-loading

rior to the heating. For the loading at the higher temperature
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Fig. 2. Spinel plates SPS processed at 1300 ◦C for a 20 min soak and at the heating rate of 100 ◦C/min. During the heating process, a load of 80 MPa was rapidly applied
at the temperatures of (a) 1000, (b) 1100, (c) 1200, (d) 1250 and (e) 1300 ◦C. (f) For comparison, the load was applied at 1400 ◦C for 20 min. The 12 × 12 × 1.8 mm
square samples were placed 10 mm above the text.

Fig. 3. (a) Load initiation temperature and (b) loading speed dependent in-line transmission Tin plotted as a function of the wavelength λ. The theoretical transmission,
Tth, expected for a single MgAl2O4 spinel crystal17 is shown by the dash-dotted line. The highest Tin of a submicro-grained spinel with d ≈ 0.4 �m,18–20 which is
HIP treated at 1360 ◦C, is also shown for comparison by the broken line. The data were normalized at the same thickness of w = 1.8 mm using the following equation
o 17) an
a

o
T
s
r
i
b

α

e

F
T

f Tin,1 = (1 − R)2[Tin,2/(1 − R)2]w1/w2, where R is the reflection loss (R = 0.068
nd w2, respectively.

f 1400 ◦C for α  = 100 ◦C/min, transmission is less sensitive at
in,2000, but deteriorates at Tin,550. These results suggest that, for
imultaneously attaining transmission in the wide wavelength

ange from visible to infrared lights, the high heating process-
ng is also available if the load was applied at high temperatures,
ut much higher temperatures are not necessarily suitable. For
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in,2000(max)), which are attained by low heating rate SPS processing at 10 ◦C/min a
d Tin,1 and Tin,2 are the in-line transmission for the specimen thickness of w1

 = 100 ◦C/min, the loading at a temperature of 1300 ◦C is very
fficient for the sintering of the present spinel powder.

The present result shows a trend similar to the earlier result

eported by Wang and Zhao.14 For sintering of the spinel,
hey applied several pre-loads ranging from 5 to 100 MPa dur-
ng the heating process and changed the load to 100 MPa at

(b)

T in 2000T in,2000

T in,550

10 100 1000

5 80MPa Loading Speed at 1300oC,  t (s) 

and (b) loading speed. The maximum in-line transmission (Tin,550(max) and
nd at a 20 min soak at 1300 ◦C,8–10 are shown by dash lines.
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ig. 5. Typical SEM images of spinel SPS processed at a 20 min soak at 1300 ◦
0 MPa was rapidly applied at (a) 1000, (b) 1100, (c) 1200 and (d) 1300 ◦C.

250 ◦C. During the two-step loading method, they also attained
 transparent spinel of Tin,550 ≈  50% when they applied a small
re-load of 5 MPa. They suggested that the pre-loading depen-
ent transmission can be explained by the density of the oxygen
acancies, which were generated depending on the pre-loading
evel.14,15 Based on their explanation, dislocations generated
uring the densification became favorable positions for the oxy-
en vacancies. An increase in the pre-loading level can enhance
he dislocation motion, and hence, increase the density of the
xygen vacancies. This resulted in the lower transmission of the
pinel.14 Indeed, the oxygen vacancies induced by the SPS pro-
essing become the color center and may act as a light absorption
ource. However, their explanation is likely to be contradicted
y the several experimental facts as follows.

First, they argued that, for the lower pre-loading, the disloca-
ion density becomes small and this leads to the lower oxygen
acancy density. This is because, for the lower pre-loading, many
ores remain in the bulk and the pore structures can accommo-
ate the stress and strain. In the case of the porous materials,
owever, the applied load is transmitted through the small area
f the particle contacts21,22 so that a large stress intensification
actor works around the small contact areas. Thus, if a large
oad was applied to the porous materials at high temperatures,
he dislocation motion should be enhanced in contrast to their

xplanation. Second, as they explained, the sintering additive
f LiF may reduce the dislocation density due to the enhanced
ensification by a liquid phase formation. Indeed, a spinel doped

v
o
t
a

h a high heating rate of α = 100 ◦C/min. During heating-up process, the load of

ith LiF exhibits a higher transmission than undoped spinel.23

he Li ion, however, is reported to dissolve into the spinel lattice
nd form excess oxygen vacancies.24,25

Transmittance is known to be affected by the light absorption
nd scattering. For example, the absorption of the present spinel
ith a lower porosity is about 10%.7 The absorption takes place
ue to several factors, such as impurities, second phases and
attice defects (oxygen vacancies). These factors, however, are
nlikely to be the cause for the loading dependent transmission
n the present study.

Since the present spinel powder seems to contain a small
mount of chlorine as a contaminate,7,9 this may act as an absorp-
ion source. In general, however, the impurity level must be
nvariant with the loading condition. If the grain growth would
ccur during sintering, excess chlorine that segregated along the
rain boundaries may precipitate at the multiple grain junctions
ue to the reduction of the grain boundary area, as noted in a pre-
ious study.9 The present spinel, however, has an almost constant
ne grain size of about 0.4 �m irrespective of the loading condi-

ion, and hence, no second phase was found in the fine-grained
pinel as shown in Fig. 5. As noted by Wang and Zhao,14 the
xygen vacancies formed during the SPS processing may act as

 light absorption source. The absorption caused by the oxygen
acancies is reported to be remarkable in the ultraviolet range

f λ  < 400 nm, but becomes low in the ranges from the visible
hrough the infrared wavelengths.7,26,27 The lower transmission
t λ  < 400 nm may be attributed to the absorption caused by the
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xygen vacancies. However, the absorption caused by the oxy-
en vacancies cannot explain the improved transmission in the
ide wavelength range (Fig. 3). For the present study, therefore,

he vacancy formation is unlikely to be the dominant reason
or the loading temperature dependent transmission though it
ay affect the limited transmission at the shorter wavelength of

 < 400 nm.
In contrast to the explanation by Zhao et al.,14,15 the load-

ng temperature strongly affects the residual porosity as shown
n Fig. 5, as well as the results of Chaim12 and Grasso et al.13

or the loading at ≤1100 ◦C, numerous large closed pores of
100 nm are observed to remain at the multiple grain junc-

ions (Fig. 5a and b), and the pore density decreases with
n increase in the loading temperature as shown in Fig. 6.
or the loading at 1300 ◦C, although fine pores are found to
emain in the limited region (Fig. 5d), the pore density can be
educed to the level similar to that for the low heating rate SPS
rocessing.

Such a fine hole may also be formed by pulled-out second
hases and/or grains during the polishing processing and this
ay lead to the miscalculated porosity. However, this is negli-

ible in the present study. This is because, for the fine grained
amples as in the present study, no second phase is found in the
aterials as shown in Fig. 5. In addition, if the fine holes would

e caused by the pull-out of the second phases and/or grains,
imilar fine holes should be found in all the samples irrespec-
ive of the loading condition. In contrast, the porosity obviously
ecreases with the loading temperature. This strongly suggests
hat most of the residual pores shown in the SEM images are not
rtifacts, but are real pores formed during the densification.

For the spinel having a symmetric cubic crystal structure,
irefringent scattering at the grain boundaries is negligibly low.
n the other hand, the scattering by residual pores is known

o have a serious influence on the light transmission from the
isible through infrared wavelengths.9,16 Based on these facts,

herefore, the transmission dependence on the loading temper-
ture can now be mainly ascribed to the light scattering by the
esidual pores.

t
d
s

nd closed-symbols are the Tin values obtained by the loading at 25 ◦C and
300 ◦C, respectively.

Another noteworthy point is that the effect of the heating
ate on Tin is negligible for the rapid loading at 1300 ◦C as
hown in Fig. 7. As reported in previous studies,8–10 when the
oad was applied at room temperature (≈25 ◦C) prior to the
eating, Tin sensitively changes with the heating rate and attains

 high value at α ≤  10 ◦C/min. Particularly, in the visible ranges,
in,550 can be improved from 0% at α  = 100 ◦C/min to ≈47%
t α  = 10 ◦C/min as plotted by the closed symbols in Fig. 4(a).
or the rapid loading at 1300 ◦C, on the other hand, both the
in,550- and Tin,2000-values are insensitive to the heating rate
nd exhibit almost the same values, though the Tin,550-value is
ower than Tin,550(max). This suggests that although the tempera-
ure distribution of the graphite die due to the high heating rates

ay contribute to the densification,13,28 this is less effective for
he densification. The loading condition rather more affects the
ensification of the spinel.

In addition to the loading temperature, the loading speed
lso affects the transmission as shown in Figs. 3(b) and 4(b),
n which the sintering load was increased several times from

 to 80 MPa ranging from 10 to 300 s when the temperature
eached 1300 ◦C. For the fast loading within 10–120 s, both the
in,550- and Tin,2000-values exhibited almost the constant values
f 35% and 75%, respectively, whereas for the slow loading for
00 s, they tend to decrease with the decreasing loading speed.
his result is also likely to contradict the explanation of Zhao
t al.14,15; although the slow loading should reduce the density of
he dislocations, that is, the oxygen vacancies, it tends to reduce
in.

Although a comprehensive understanding of the loading
ependent transmission is still difficult in the present study, den-
ification mechanisms during the SPS processing are likely to
lay an important role in the fabrication of the transparent spinel.

Under the pressure sintering conditions as in the SPS

echnique, several deformation mechanisms contribute to the
ensification depending on the density.29,30 This is because,
ince the applied load is transmitted through the particle contact
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rea,30–32 the effective stress σeff, which actually determines to
he densification, can be expressed as a function of the instanta-
eous density, ρi, as follows33:

eff
1 −  ρ0

ρi
2 (ρi −  ρ0)

σapp

here ρ0 is the initial relative density and σapp is the applied
tress. For the porous materials at the beginning of the densifi-
ation, the particle contact area is low, and hence, a large stress
ntensification factor (1 − ρ0)/(ρi

2(ρi − ρ0)) occurs only around
he contact areas; for example, this factor varies from ∼13 for
i = 60% to ∼3 for ρi = 80%. For densification of the spinel, we
ound that the dominant densification mechanism changes with
he density from plastic flow caused by a partial dislocation

otion to diffusion creep as the density increases.34

For the 80 MPa pre-loading at low temperatures, since a
arge stress intensification factor occurs in the small area of the
owder contact, densification proceeds around only the powder
ontact during the heating process. A nonhomogeneous den-
ification may result in the formation of strong inter-particle
onds. Although no significant agglomeration is found in the as-
eceived spinel powder, the strong inter-particle bonds enhance
he formation of large closed pores between the particles, as
oted in a previous study.9 In order to attain dense bulks, pores
hould be shrunk by diffusions through the continuous pore
hannel during the initial and intermediate sintering stages.31

nce the large closed pores are formed, they are difficult to
emove in the later stages because further sintering for long times
nd/or at high temperatures results in grain growth accompanied
y coalescence of the pores.

On the other hand, for the 80 MPa loading at high temper-
tures, the densification must smoothly take place through the
lastic deformation and diffusion processes, and thereby, the
igh densities can be attained irrespective of the heating rates.
ince the densification mechanisms are related closely to both

he loading temperature and speed, they may affect the densi-
cation as shown in Fig. 5. Therefore, in order to optimize the
PS processing, the loading schedule should be controlled on the
ases of the rate-controlling mechanisms of the densification.

Consequently, the low heating rate SPS processing is likely
o be the best way for the present spinel to attain a good
ransparency.8,35 By controlling the loading schedule, however,
he spinel can attain a reasonably high density and a transmission
f Tin,550 ≈  35% even for the high heating rate SPS processing.
his method may not be suitable for the fabrication of transpar-
nt materials. However, this method can reduce the processing
ime and hence can be available for another application, such as
tructural and functional materials, which is less sensitive to the
esidual pores as compared to the transmission.

. Summary

Load-controlled SPS processing was conducted on the

gAl2O4 spinel to examine the effect of the loading condition

n the transmission. Although the visible light transmission is
ower than the maximum value attained at the low heating rates
f <10 ◦C/min, it can be improved with an increase in the loading

1

eramic Society 32 (2012) 2303–2309

emperature. By loading at a temperature of 1300 ◦C, a reason-
ble light transmission of Tin,550 ≈  35% and Tin,2000 ≈  74% can
e attained even for the high heating rate of 100 ◦C/min. Since
he high temperature loading can reduce the residual pores, the
oading temperature dependent Tin can be mainly ascribed to the
cattering by the residual pores though the lower transmission
<20%) at the shorter wavelength may be affected by the oxygen
acancy absorptions. For the high temperature loading, the den-
ification smoothly takes place through the plastic deformation
nd diffusion, and thereby, the high densities can be attained irre-
pective of the heating rates. In contrast, when larger pre-loads
ere applied at lower temperatures, a high stress intensification

actor working at the small area of the powder contact enhances
he formation of strong inter-particle bonds, resulting in the for-
ation of large closed pores. This suggests that for attaining

ense bulks, load controlling is an important factor for sintering
s well as the heating rate and the sintering temperature.
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