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bstract

ensification of nanocrystalline cubic yttria (nc-Y2O3) powder, with 18 nm crystal size and 1 wt% LiF as a sintering additive was investigated.
pecimens were fabricated by spark plasma sintering at 100 MPa, within the temperature range of 700–1500 ◦C. Sintering at 700 ◦C for 5 and
0 min resulted in 95% and 99.7% dense specimens, with an average grain size of 84 and 130 nm, respectively. nc-Y O without additive was only
2 3

5% dense at 700 ◦C for 5 min. The presence of LiF at low sintering temperatures facilitated rapid densification by particle sliding and jamming
elease. Sintering at high temperatures resulted in segregation of LiF to the grain boundaries and its entrapment as globular phase within the fast
rowing Y2O3 grains. The sintering enhancement advantage of LiF was lost at high SPS temperatures.

2011 Elsevier Ltd. All rights reserved.
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. Introduction

Spark plasma sintering (SPS) has been used for rapid den-
ification of different ceramic compositions to full density at
oderate temperatures.1–5 The rapid densification has been
ainly related either to plastic deformation or particle sliding

t the first and the second stages of sintering, hence signifi-
ant effect is attributed to the interfacial processes. Therefore,
eramic nano-powders are excellent candidates for densifica-
ion by SPS due to their large specific surface area. SPS was
uccessfully used for the fabrication of both nanocrystalline and
ptically transparent ceramics.6–11 The main drawback of the
PS technique lies in the application of graphite as the conduct-

ng dies and plungers which form a carbonic atmosphere during
ensification of the powder compact. The dissolved or entrapped
as may introduce physical defects as well as chemical com-

osition changes in the compact, hence affect its densification
ehavior12 and especially degrade its optical properties.13
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Alkali halides have long been recognized as effective sinter-
ng aids towards optically transparent polycrystalline ceramics.
iF was used as a sintering aid for fabrication of transpar-
nt oxides.14–17 Different functionalities were tailored to LiF
dditives such as grain boundary liquid phase formation for dif-
usion enhancement, increasing the oxygen vacancies and thus
he volume diffusion, low-solubility such that it segregates into
solated pockets during the cooling, and finally reaction with
he impurities.18 These functionalities were also used for rapid
ensification of transparent spinel19 and YAG20 by the SPS pro-
ess. Nevertheless, excess LiF additive was found to degrade the
hemical stability of the spinel.21 LiF vapor was suggested to
liminate the carbon by forming a volatile carbon–fluoride gas
uring the SPS processing of the spinel.19 LiF additives were
ffective during vacuum hot-pressing of conventional size Y2O3
owders towards transparent ceramics.21–23 The yield stress for
lastic deformation in LiF polycrystal is 14 MPa at 350 ◦C and
ess than 3.5 MPa at 600 ◦C,24 which assures easy flow of this
dditive under the relatively high pressures applied during the
PS.
Recently, densification of pure nc-Y2O3 powders by SPS
t different temperatures was investigated.25–28 SPS of 18 nm
2O3 particles for 10 min at 1100 ◦C resulted in 95% dense
anocrystalline ceramics with ∼100 nm grains.25,26 Different
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anocrystalline yttria but with similar particle size was sintered
or 1 h at the lower temperature of 850 ◦C to 97% density and
00 nm grain size.27 However, at lower sintering temperature of
00 ◦C, the corresponding densities were below 70%. In the
resent work, the effect of 1 wt% LiF additive on densifica-
ion behavior and microstructure evolution of nanocrystalline
ttrium oxide (nc-Y2O3) was investigated.

. Experimental procedure

Pure nanocrystalline Y2O3 (nc-Y2O3, 99.99%, Cathay
dvanced Materials, China) with 18 nm mean crystallite size

diameter) and micrometer size cubic LiF crystals (99.995%,
igma–Aldrich) as a sintering additive were used. The as-
eceived nc-Y2O3 powder was dry mixed with 1 wt% LiF
owder using zirconia ball mills for 15 min. Discs of 8 mm in
iameter and 1.6–2.6 in thickness were fabricated using the SPS
nit (Dr. Sinter, SPS 2080) of the Plateforme Nationale de Frit-
age Flash (PNF2) du CNRS located at Toulouse. The powders
ere poured and pressed in a graphite die; the powder was iso-

ated by graphite foils from the die wall and plunger surfaces.
ifferent SPS modes were used to reveal the various effects of

he LiF additive on the densification behavior. The starting tem-
erature was either room temperature (mode 1) or 600 ◦C (mode
), using a heating rate of 100 ◦C/min. Specimens were sintered
t four different temperatures; 700 ◦C and 1000 ◦C using mode
, and 1200 ◦C and 1500 ◦C using mode 2. In mode 1, the tem-
erature was raised 2 and 6 min after the process began, for
he LiF-added and the pure nc-Y2O3 powder, respectively. A
hermocouple was used to control the temperature increase to
00 ◦C (mode 1), and further temperature increase (mode 2)
as monitored by an optical pyrometer focused on a small hole

ocated at the surface of the die. A pulsed DC current density
up to 200 A cm−2) of 3.3 ms pulse duration was used. A vac-
um level of 2–3 Pa was maintained during the SPS process.
he pressure in the LiF-added powders sintered at 1500 ◦C was
pplied either at 600 ◦C or at 1500 ◦C, for comparison. The pro-
ess duration was 5 min from the time the SPS temperature was
eached. The applied uniaxial pressure was increased linearly
o reach 100 MPa within 100–150 s from the process start, and
eld until the end of the heating. In addition, LiF-added nc-Y2O3
owders were sintered at 700 ◦C for different durations (5, 10
nd 20 min). The SPS parameters such as temperature, pressure,
uration, ram displacement and its rate, and the vacuum level
ere recorded versus the process time. The following equations

nd data were used to determine the temporary relative density
ersus time. The temporary relative density ρ is expressed by:

= ρ0

(
1 + �V

V

)
(1)

here ρ0 is the green density, V is the temporary specimen vol-
me and �V is the volume change. For uniaxial hot-pressing
here the specimen diameter is assumed to be constant, and
ollowing engineering strains, Eq. (1) can be modified to:

= ρ0

(
1 + �h − �htherm

h0 − (�h − �htherm)

)
(2)

t
a
n
s
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here h0 is thickness of the green specimen, �h is the recorded
am displacement, and �htherm is the ram displacement due to
hermal expansions of the specimen and the graphite die (mea-
ured during the cooling).

The difference (�h − �htherm) in Eq. (2) is the linear shrink-
ge in the specimen thickness due to the densification process.
he relation between the two thicknesses and the two displace-
ents is given by:

0 = h + �h − �htherm (3)

here h is the temporary specimen thickness.
The shrinkage rate was calculated using

(�h − �htherm)/h
]

(1/60�t) where (�h − �htherm)/
t [mm/min] is the recorded ram displacement rate.
The density of the sintered specimens was measured by the

rchimedes method (ASTM standard C 20-92) with an accu-
acy of ±0.5% using distilled water medium. X-ray diffraction
XRD, Philips PW 3710 diffractometer) was used for phase iden-
ification at two different scanning rates: 0.45◦/min in the 2θ

ange (θ is the Bragg diffraction angle) between 15 and 70◦,
nd 0.06◦/min between 35 and 46◦. The specimens for Scan-
ing Electron Microscopy (FEI E-SEM Quanta 200, operated
t 20 kV) observations were prepared by mechanical polishing
ith diamond pastes down to 0.5 �m and thermal etching for
0 min in air at temperatures lower by 100 ◦C than the corre-
ponding SPS temperature. The specimens for Transmission
lectron Microscopy (TEM, FEI Tecnai G2 T20, operated at
00 kV) observations were prepared by conventional mechani-
al and ion milling to electron transparency. About 200 grains
ere counted in each specimen for grain size statistics, using

he largest axis of the grain, using SEM and TEM images,
or micrometer and sub-micrometer grain size analyses, respec-
ively. The standard deviations in the particle size distributions
ere typically wide, 50% of the average grain size. Differen-

ial Scanning Calorimeter (Labsys 1600, Setaram) was used to
haracterize the thermal behavior of the pure and LiF-added
owders, using a heating rate of 10 ◦C min−1.

. Results

The as-received nc-Y2O3 powder has been characterized in
revious works, using XRD and TEM.25,26 X-ray diffraction
pectra from the pure nc-Y2O3, and 1 wt% LiF-added nc-Y2O3
owder showed the cubic crystal structure of Y2O3 and con-
rmed the presence of the LiF additive by two small but distinct
eaks (indexed peaks in Fig. 1b); the latter were related to
1 1 1) and (2 0 0) reflections, the most intense peaks of cubic
iF. The resolved LiF diffraction peaks, albeit its low vol-
me fraction (2%), can be related to the relatively large size
f its crystals dispersed within the nanocrystalline Y2O3 pow-
er. Clear broadening of the Y2O3 peaks from the as-received
owder was visible, resulting from its nanocrystalline charac-

er (Fig. 1a and b). The LiF peak was still present after SPS
t 700 ◦C (Fig. 1c). However, the Y2O3 peak widths become
arrower after the 700 ◦C treatment, indicating the presence of
ome particle coarsening and grain growth during the densifica-
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ig. 1. X-ray diffraction spectra from (a) pure nc-Y2O3, (b) as mixed nc-Y2O
eaks (red squares); cubic Y2O3 peaks (black triangles). The intensity was plot
eferences to colour in this figure legend, the reader is referred to the web versi

ion. Yet, in the diffraction spectrum of the specimen after SPS
t 1500 ◦C, no visible LiF peaks were detected. This particle
oarsening at 700 ◦C can be related to the activated surfaces of
he nano-particles due to the presence of LiF with carbonic gas,
nd is discussed below. The relatively narrow diffraction peaks
bserved from the specimen sintered at 1500 ◦C (Fig. 1d) were
ndicative of the significant grain growth which occurred during
he SPS process, leading to loss of the nanocrystalline character.
arrowing of the peak width also resolved the diffraction peak
riginating from the K�2 radiation. SPS of similar pure nc-Y2O3
anopowder at 1500 ◦C and 180 ◦C min−1 heating rate resulted
n an average grain size of 5.5 ± 2.0 �m compared to 2.5 �m in
he present experiments (heating rate of 100 ◦C min−1).26

The changes in the relative density, temperature, and pressure
ersus the SPS duration for selected specimens were plotted in
igs. 2 and 3. The green density was around 30%. The relative
ensity of pure nc-Y2O3 specimens sintered at 700 ◦C (Fig. 2a)
nd 1000 ◦C (Fig. 2b) increased with the pressure application
nd stabilized around 42–44% when the desired pressure of
00 MPa was reached after 2 min. It should be noted that no
urther densification was observed prior to the heating start.
herefore, the observed densification is related to rearrange-
ent and sliding of the particles during the cold compaction.

he temperature increase, which began about 6 min after the
rocess start, led to further increase in the relative density up to
5% and 93.5% at 700 ◦C and 1000 ◦C, respectively. The corre-
ponding shrinkage rate for the 700 ◦C treatment increased from

a
w

i

wt% LiF powder, and after SPS for 5 min at (c) 700 ◦C and (d) 1500 ◦C. LiF
a logarithmic scale to highlight the faint LiF peaks. (For interpretation of the

this article.)

× 10−4 s−1 to 2.1 × 10−3 s−1 near 680 ◦C. However, the rel-
tive density seemed to stabilize at 700 ◦C, and an increase of
nly a few percents was recorded during this isotherm. In the
ase of pure nc-Y2O3 specimen sintered at 1000 ◦C (Fig. 2b), the
ighest shrinkage rate (∼2.1 × 10−3 s−1) was similarly reached
t 680 ◦C and persisted up to 880 ◦C. The densification ceased
bove 880 ◦C, before reaching the final SPS temperature.

The corresponding relative density curves of the 1 wt% LiF-
dded nc-Y2O3 specimens sintered at 700 ◦C (Fig. 2c) and
000 ◦C (Fig. 2d) exhibited similar trends (as mentioned above),
lbeit with two main differences. First, the temperature was
ncreased immediately after the maximum pressure was reached.
till, the density increased negligibly during the heating (at

he first 5 min) under constant pressure. Second, in both treat-
ents, the temperature at which the maximum shrinkage rate

tarted (∼600 ◦C) was lower by 80 ◦C than that observed for
he pure nc-Y2O3 specimens. The highest shrinkage rates for
he LiF-added specimens sintered at 700 ◦C and 1000 ◦C were
.1 × 10−3 s−1 and 4.5 × 10−3 s−1, respectively, higher by more
han two times than measured for the counterpart pure nc-Y2O3
ompacts. It is of noteworthy that the relative densities in the
ure nc-Y2O3 specimens at 700 ◦C and 1000 ◦C were 65% and
3.5%, respectively, compared to 95% and 95.3% in their LiF-

dded counterpart specimens. Again, no noticeable densification
as observed at the isotherms.
The relative density curves of the LiF-added nc-Y2O3 spec-

men sintered by mode 2 at 1500 ◦C showed a high degree of
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ig. 2. Relative density versus process temperature, pressure and time. Pure nc
t (c) 700 ◦C, and (d) 1000 ◦C.

ensification at the heating pulse (∼100 s) while under 50 MPa
ressure, before reaching the maximal pressure (Fig. 3a).
nother run has been performed with a similar thermal cycle
ut with pressure only applied at the SPS isotherm (Fig. 3b).
ven though the pressure was negligible (6–12 MPa) during the

emperature increase, a significant densification started already
t 700 ◦C and reached 77% at ∼1000 ◦C. These experiments
evealed the strong effect of the capillary forces due to the high
pecific surface area of the nanocrystalline powder, aided by
he presence of viscous LiF as discussed below. The maximum
hrinkage rates determined around the inflection points of the
ensity curves were 2.6 × 10−2 s−1 and 5.4 × 10−3 s−1, with
nd without pressure application, respectively.

It was found that ∼3 min after the SPS process had started, the
iF-added nc-Y2O3 specimen reached over 95% final density
nder 100 MPa with a heat pulse at 600 ◦C (Fig. 3a). The cause
or the decrease in the relative density at longer durations may
e associated with the thermal expansion mismatch between the
ense specimen and the graphite plungers; it ceased at the end
f the heating stage. Some chemical reaction of LiF with carbon
nd gas formation may also be present.18

Important densification behavior was noted in pure nc-Y2O3
◦
eated to 1500 C (Fig. 3c). Densification started with the pres-

ure increase and continued with a heat pulse at 600 ◦C; it ceased
t a relative density of 62% when the maximum applied pres-
ure of 100 MPa was reached at 600 ◦C (200 s in Fig. 3c). Further

p
s
(
s

3 after SPS at (a) 700 ◦C and (b) 1000 ◦C. 1 wt% LiF-added nc-Y2O3 sintered

ncrease in temperature at constant pressure did not contribute to
urther densification. Nevertheless, occasional pressure release
at 400 and 580 s in Fig. 3c) and reload steps (at 450 and 610 s in
ig. 3c) led to further increase in the relative density to 77% and
8%, respectively. This effect revealed the jamming tendency of
he pure nc-Y2O3 powder during the compaction, even at very
igh temperatures. Any change in the stress distribution in the
ammed powder compact (i.e., pressure release and reload) is
xpected to release the jamming (until the buildup of the next
am).29,30 Jam release initiated by decrease in the applied pres-
ure is associated with negligible shrinkage, due to the elastic
ature of the jamming. Only after reloading, the particle sliding
an contribute to further shrinkage, hence further densification,
s observed. This is in strong contrast to the easy compaction
nd high shrinkage rate of the LiF-added counterpart specimen
Fig. 3a), revealing the strong lubricating effect of LiF on the
ompact densification.

The relative densities of the different specimens versus the
PS temperature are shown in Fig. 4. Generally, all densities

ncreased with the SPS temperature increase, in contrast to the
ensity decrease observed above 1400 ◦C, when a heating rate
f 180 ◦C min−1 was used.25 However, the main point of this

lot is the significant increase in the density of the LiF-added
pecimens already at 700 ◦C (95%), compared to pure nc-Y2O3
65%). At higher SPS temperatures, the density of the LiF-added
pecimen is higher only by a few percents than that of pure nc-
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ig. 3. Relative density versus process temperature, pressure and time for sin-
ering at 1500 ◦C and different pressure application regimes. (a) and (b) 1 wt%
iF-added nc-Y2O3 and (c) pure nc-Y2O3.

2O3. Further increase in the SPS duration to 20 min at 700 ◦C
esulted in a relative density of 99.7%, with an average grain
ize of 130 nm. On the other hand, the average grain size mea-
ured versus the SPS temperatures exhibited significant grain
rowth with the temperature increase in the LiF-added speci-
ens (Fig. 5); the average grain size increased from 84 ± 30 nm

t 700 ◦C to 17 ± 10 �m at 1500 ◦C.
TEM images of the LiF-added specimen sintered at 700 ◦C
evealed some micrometer size elongated grains (Fig. 6a) in
he otherwise relatively homogeneous nanostructure matrix with
quiaxed grains, smaller than 200 nm in diameter (Fig. 6b).
icrochemical composition analysis by EDS of the elongated

F
l
n
8

ig. 4. Relative density after 5 min at the SPS temperature showing a significant
ncrease in the density of 1 wt% LiF-added nc-Y2O3 at 700 ◦C. The accuracy of
he relative density is ±0.5%.

rains confirmed their composition to be Y2O3. The elongated
2O3 grains were randomly distributed within the matrix, with
o relation to the loading direction. Higher magnification of the
anocrystalline grains revealed the presence of closed nanomet-
ic pores at many grain corners (arrowed in Fig. 6c).

After SPS at 1000 ◦C, a rather non-homogeneous microstruc-
ure was observed (Fig. 7), containing regions with micrometer
ize (∼10 �m) and submicrometer size (500 nm) grains as well
s pores. A lens-shaped LiF-rich second phase was observed
t several grain boundaries (gb) of the larger grains (Fig. 7b),
ndicating a low solubility of LiF in Y2O3. The observed mor-
hology of this second phase and the grain boundaries which
ere associated with it, resemble grain growth affected by Zener
recipitate/pore drag.31 The non-homogeneous microstructure
bserved after sintering of the LiF-added specimens, both at
00 ◦C and 1000 ◦C, may result from a very low volume frac-
ig. 5. Grain size after 5 min at the SPS temperature, plotted on a semi-
ogarithmic scale, revealing the significant grain growth in the LiF-added
c-Y2O3 with the temperature increase. The average grain size increased from
4 ± 30 nm at 700 ◦C to 17 ± 10 �m at 1500 ◦C.
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ig. 6. TEM images from the 1 wt%LiF-added nc-Y2O3 after SPS at 700 ◦C
elatively homogeneous nanostructure matrix with equiaxed grains, smaller tha
orners (arrowed).
TEM images of specimens sintered at 1500 ◦C showed a more
omogeneous microstructure with large micrometer-size grains
Fig. 8). Most of the grain boundaries in the LiF-added speci-
en were free of LiF-rich second-phase particles, which were

o
l
p
t

ig. 7. TEM images showing the inhomogeneous grain and pore microstructure in th
mixture of nanometer and micrometer size grains. (b) LiF-rich lens-shaped second
in revealing (a) some micrometer size elongated grains in (b) the otherwise
nm in diameter. (c) Closed nano-pores are visible at the nanometer-size grain
ccasionally observed as spherical globules occluded within the
arger grains or at the gb quadruple nodes (Fig. 8a). The globular
hase also appeared as pores inside the grains, apparently due
o their preferred ion milling during the TEM specimen prepa-

e LiF-added nc-Y2O3 specimen after SPS at 1000 ◦C. (a) Matrix comprises of
phase particles along the grain boundaries.
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ig. 8. TEM images showing the main microstructure features of the specimens
b phase at the corners of the larger dislocated grains in LiF-added nc-Y2O3. (b)
quiaxed submicrometer size grains.

ation. The second phase at the gb corners was featureless and
xhibited an amorphous appearance; nevertheless, it was crystal-
ized during the TEM observation (heated by the electron beam
rradiation, i.e., the spherical particle at the triple junction at the
eft side of Fig. 8a), confirming the amorphous and metastable
ature of the gb phase. The pores were distinguished from
he second-phase particles and amorphous pockets by tilting
xperiments using TEM. Further microchemical composition
nalysis by EDS of the globular particles revealed the presence
f a fluoride compound; lithium was not detected because of
he detection limit of the EDS detector. Therefore, the globu-
ar as well as the gb phase at the grain corners were believed
o be residue of a LiF-rich phase, which segregated to the
rain boundaries during sintering, in agreement with previous
ndings.22,23 The other important microstructure feature was the
resence of dislocation networks resembling low angle grain
oundaries (LAGBs) inside several large grains in LiF-added

Fig. 8a) and in pure Y2O3 (Fig. 8b) specimens. For comparison,
EM images of the pure nc-Y2O3 specimen sintered at 1500 ◦C
howed dislocation-free regions with submicrometer size grains
Fig. 8c). These observed dislocation networks are the remnant

4

i

red at 1500 C by SPS. (a) LiF-rich globular occluded particles and amorphous
ation networks within the larger grains of pure Y2O3 versus (c) dislocation-free

f the high temperature strain releasing mechanisms associated
ith particle sliding and rotation through which larger grains

volve.
The differential scanning calorimetric curves of the pure nc-

2O3 and its LiF-added counterpart are shown in Fig. 9. The
ure nc-Y2O3 exhibited a slight heat absorption with the temper-
ture increase, which may be associated with partial sintering.
owever, very large endothermic peak spanning from ∼400 ◦C

o 1400 ◦C with a maximum around 1180 ◦C was observed in
he LiF-added powder. This endothermic peak may be associated
ith reaction between the highly active surfaces of the nc-Y2O3

nd viscous LiF or its constituents vapor, as LiF experiences
rastic softening at 400 ◦C.24 Finally, a small endothermic peak
hatched area in Fig. 9) overrides the larger peak, starting from
he LiF melting temperature (∼846 ◦C) and ending at ∼985 ◦C,
nd resembles the LiF melting.
. Discussion

All the SPS experiments confirmed that densification starts
mmediately as pressure is applied to the cold powder, pre-
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Fig. 9. Differential scanning calorimeter curves showing the endothermic reac-
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ion in 1 wt% LiF added nc-Y2O3 powder extending from 400 C to 1400 C,
ogether with the endothermic melting peak of LiF (hatched peak). The LiF

elting point (846 ◦C) is shown by the arrow.

umably by particle rearrangement and sliding. A further rapid
ncrease in the density occurs with the temperature increase, as
as observed for the specimens sintered at 700 ◦C and 1000 ◦C.
his further increase occurs by the aid of diffusional processes.
et, this increase takes place to a larger extent and at a lower

emperature for the LiF-added specimen than for pure nc-Y2O3
ompact. As was mentioned above, LiF has been used as an
ffective sintering aid for densification of yttrium oxide to opti-
al transparency.22 However, densification of 1 �m size Y2O3
articles with LiF additive necessitated application of vacuum
ot-pressing at high temperatures, i.e., 1300 ◦C. Full densifica-
ion of 1–6 �m size particles also with LiF at lower temperatures,
.e., 950 ◦C and 70 MPa, was possible only after very long dura-
ions, up to 48 h.23 In all reported experiments, a pressure of
everal tens of MPa was applied at the hot-pressing tempera-
ure. Therefore, the effect of LiF on enhanced densification in the
resent nanocrystalline powders should be carefully examined.

On one hand, LiF single crystals undergo an easy slip
lready at room temperature under a relatively low applied
ressure of 3.4 MPa.24 A deformation mechanism map for
oarse grained LiF clearly indicates massive plastic deforma-
ion above 100 ◦C.32 Our preliminary SPS experiments (not
hown here), using the pure green compact of the present LiF
icrocrystals, showed significant plastic flow under 100 MPa

lready at room temperature, leading to almost full densification
t 500 ◦C. LiF single crystals easily deform under compres-
ion of 1.4 MPa at 500 ◦C and 0.7 MPa at 700 ◦C.24 This is
xpected to enhance the densification of the nc-Y2O3 pow-
er compact in the vicinity of the LiF particles, subjected to
low (6 MPa) holding pressure at 600 ◦C. The large elon-

◦
ated Y2O3 grains observed at 700 C can be a manifestation
f this process. Nevertheless, the Y2O3 nanoparticles were
venly compacted at 700 ◦C into a dense structure through-
ut the specimens. Since the amount of 1 wt% (2 vol%) of LiF

p
fl
p
a
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icrocrystals is not sufficient to be homogeneously distributed
long all nc-Y2O3 grain boundaries, plastic deformation of LiF
icrocrystals alone cannot explain the enhanced densification

t 700 ◦C.
On the other hand, similar enhanced and homogeneous den-

ification was reported during low temperature (i.e., 575 ◦C) hot
ressing of 100 nm MgO powder with 2 wt% LiF additive.33

heir differential thermal analyses (DTA) showed no liquid for-
ation at temperatures below the LiF melting point (846 ◦C).
he authors deduced that if eutectic liquid forms, its compo-
ition and melting temperature should be very close to those
f LiF. Consequently, the even distribution of LiF, below its
elting point, throughout the powder compact was related to
ass transfer by the vapor phase to facilitate particle rearrange-
ent; the relatively high vapor pressure of 3 × 10−3 Pa was

stimated at the hot-pressing temperature.33 Similar evapora-
ion of LiF and condensation on the Y2O3 nanoparticle surfaces
ay take place in the present system (see large endothermic

eak in Fig. 9), albeit with much faster kinetics due to the
igher heating rates and the applied electric field. In this respect,
hemical reaction between LiF and the carbonic species such as
puttered carbon at the particle surfaces and CO gas present
ithin the die atmosphere, may be responsible for the formation
f gaseous graphite fluoride, (CF)n, and Li ions, as suggested
y Reimanis and Kleebe,18 Meir et al.19 and Nakajima.34 The
olubility of Li+ ions in oxides such as spinel,21,35 MgO,14,36

nd BaTiO3
37 was reported. Adsorption of the very active Li+

ons in the Y2O3 nanoparticle surfaces may enhance their sur-
ace activity, improve the surface diffusivity, and the wetting
bility by forming point defects.16,17 Surface modification may
nable rapid shrinkage as it diminishes friction between parti-
les, so that further compaction can take place. This is most
mportant especially in nc-Y2O3, as was shown to experience a
amming effect in its pure composition. Therefore, enhanced
ensification aided by viscous flow and vapor condensation
long the nanoparticle surfaces is in agreement with the very
igh shrinkage rates observed in the presence of LiF (i.e.,
.6 × 10−2 s−1).

Furthermore, at temperatures above ∼846 ◦C, LiF exists as a
elt along the grain boundaries. At this stage, the available nc-
2O3 particle surfaces may be modified by absorption of viscous
iF or its dissociated ions, and as a result of the small length-
cale, high capillary force gradients may be present. Aside from
his chemical driving force, additional electric field effects which
nhance the diffusivity at the interfaces may also be present.38,39

hese effects apparently lead to accelerated diffusion, hence to
uch higher densification rates in the LiF-added specimens. The

iscous LiF under the relatively high applied pressure (100 MPa)
s thus distributed more evenly in the Y2O3 compact. According
o hot-pressing experiments, the liquid LiF flows along surfaces
nd grain boundaries, into unfilled pores and finally towards
he compact surfaces33,40; and is finally diminished by evapo-
ation. Similar behavior was observed in the LiF-added yttria

roduced by hot forging where no LiF was detected using the
ame photometry analysis.23 However, the addition of LiF in the
resent study practically influences the SPS process of nc-Y2O3
t the lower temperature (700 ◦C) only, as it enables reaching the
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nal sintering stage (characterized by isolated pores and density
92%) within 5 min. This effect is highlighted by the much lower
nal density of 65% measured for the additive-free nc-Y2O3.

Once the melting temperature of LiF (846 ◦C) is reached, LiF
an flow throughout the specimen, and enhance densification
y modification of the particle surface and the grain bound-
ry compositions. However, the specimens reach the dwell SPS
emperatures when already at final stage sintering; further den-
ification is prone to significant grain growth. Therefore, both
he enhanced grain growth to the micrometer size grains, and
he apparent low solubility of LiF, lead to LiF segregation as
he second phase precipitates in the grain boundaries. This was
he main reason for the degraded optical properties reported for
ncreased hot-pressing temperatures in Y2O3; uneven distribu-
ion of LiF caused to abnormal grain growth and reduced optical
ransmittance.22

Finally, the non-homogeneous microstructure observed in
he LiF-added specimens at low temperatures is due to the
ery low volume fraction of the LiF microcrystals dispersed
ithin the Y2O3 nanoparticle matrix. In the regions adjacent

o the LiF crystals, Y2O3 grain growth may be enhanced by
mmediate reaction with the viscous sintering additive. The LiF-
ich regions at 1000 ◦C led to large micrometer-size grains,
hile neighboring LiF-lean regions remained in the submicrom-

ter range. Higher SPS temperatures are also associated with
aster chemical reaction of LiF with the carbonic gaseous atmo-
phere and decomposition of LiF as reported for spinel.19,41

owever, not all the LiF was able to leave the specimen. The
ccluded LiF-rich globules inside the grains, observed by TEM
mages, confirmed this. During the very rapid sintering pro-
ess and due to the low solubility of LiF in Y2O3, excess
iF segregates to the grain boundaries and may be entrapped
ue to the higher mobility of the grain boundaries at high
emperatures.

. Conclusions

Nanocrystalline cubic yttria (nc-Y2O3) powder, with and
ithout 1 wt% LiF as a sintering additive, were densified by

park plasma sintering at 100 MPa pressure, between 700 ◦C
nd 1500 ◦C. Sintering at 700 ◦C for 5 and 20 min durations in
he presence of LiF resulted in 95% and 99.7% dense specimens;
he corresponding grain sizes were 84 and 130 nm, respectively.
he presence of LiF at low sintering temperatures assisted rapid
ensification by particle sliding and decreasing the jamming
endency. Higher sintering temperatures resulted in LiF segre-
ation to the grain boundaries and its entrapment as a globular
hase within the fast growing grains. The sintering enhancement
dvantage of LiF was lost at high temperatures, where enhanced
rain growth took place.
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