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Optically transparent ceramics by spark plasma sintering of oxide
nanoparticles

Rachman Chaim,** Rachel Marder® and Claude Estournés®

2Department of Materials Engineering, Technion — Israel Institute of Technology, Haifa 32000, Israel
bCNRS, Institut Carnot Cirimat, F-31602 Toulouse Cedex 9, France

Optical transparency in polycrystalline ceramic oxides can be achieved if the material is fully densified. Spark plasma sin-
tering (SPS) of oxide nanoparticles leads to immediate densification with final-stage sintering. Further densification by annihilation
of the isolated pores is associated with diffusional processes, regardless of the densification mechanism during the intermediate stage.
Densification equations in conjunction with the concept of grain boundary free volume were used to derive the pore size—grain size—
temperature map for designing the nanopowder and SPS process parameters to obtain transparent oxides.
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Recently, appreciable attention has been paid to
the investigation and fabrication of high melting point,
optically transparent polycrystalline ceramic oxides.
Optically transparent ceramics are often fabricated by
either hot-isostatic pressing (HIP), or vacuum sintering
at very high temperatures using ultrapure ultrafine pow-
ders [1-6]. Combining the high sinterability of nanocrys-
talline (nc) powders with the rapid densification rates
characteristic of spark plasma sintering (SPS), the latter
technique has been widely promoted as a method for
fabricating transparent polycrystalline oxides [7-19]:
transparent polycrystalline ceramics of various technical
oxides, such as Al,O5 [7-11], MgO [12], MgAl,O4 spinel
[12-17], mullite (3A1,05-25i0,) [18], YAG (Y3Al50,5)
[19], Y,03 [20] and yttria-stabilized ZrO, [21,22] have
been fabricated by SPS. However, these polycrystalline
oxides, with either nanometric or micrometric grains,
did not exhibit the expected theoretical inline transmit-
tance (~85%), especially at the ultraviolet and the low
visible wavelengths. This optical behavior may be
explained by the presence of pores that are often
observed at the grain junctions of ceramics subjected
to SPS [7,8,13,19,21]. These residual pores are in the
same size range as the incident wavelengths, and act as
efficient scattering sources at a corresponding wave-
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length [23-25]. As was noted in a recent review on trans-
parent ceramics, 100 ppm of porosity may reduce the
intensity of the transmitted light by 50-70%, with an in-
crease in the ceramic refraction index [25]. Conse-
quently, this low volume fraction of pores should be
eliminated when highly transparent polycrystalline
ceramics in the visible range are desired. The present pa-
per describes the densification behavior of oxide nano-
particles during SPS towards fully dense structures.
Well-developed sintering theories were used to assess
the SPS conditions at which fully dense transparent
polycrystalline oxides may be formed.

Rapid densification during the heating-up stage to
final-stage sintering is the main characteristic of SPS
observed in nanopowder compacts under constant
applied pressure. The rapid shrinkage during the
second-stage sintering may proceed via two different
processes. First, the nanoparticles can yield plastically
at their contact points, provided that the effective applied
stress at these points reaches the yield stress at the corre-
sponding SPS temperature. Therefore, simultaneous
application of high pressures and elevated temperature
may lead to highly dense compacts, the structure of which
is comparable to that at the end of second-stage sintering.
The resulting nano-/microstructure consist of isolated
nano-/micropores located at the grain junctions [26]. In
this respect, the dependence of the yield stress on
temperature and particle size, especially for nanoparticle
aggregates, and the strain-hardening coefficient, will
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affect the final dense microstructure. As the isolated pore
size decreases into the nanometer range, its internal pres-
sure may increase above the applied pressure if it contains
an insoluble gas; hence, pore closure may cease [27]. Fur-
ther densification by nanopore annihilation may proceed
only by time-dependent diffusional processes.

Second, when the effective applied pressure is not suf-
ficient to attain the yield stress, diffusional processes may
become active. Densification may proceed by sliding of
the nanoparticles over each other, preferably by surface
and grain boundary (GB) diffusion. However, there are
increasing numbers of experimental observations which
confirm that sliding in both granular systems and dense
nc materials proceeds in a cooperative manner [28-30].
This is believed to arise from the minimization of the
energy needed to slide a high volume fraction of the
interfaces, especially in the nc materials. Consequently,
densification of non-close-packed nanoparticle aggre-
gate by particles sliding over each other follows the same
physical rules. The probability that a single nanoparticle
will slide decreases as the densification proceeds. Once
denser regions are formed, further densification will be
followed by cooperative sliding of these regions over
each other. The densification process via sliding will
experience increasing resistance with the accumulated
strain, due to the growth of dense nanoparticle clusters.
The resultant microstructure may consist of dense clus-
ters of nanograins, often separated by low-angle grain
boundaries; larger nanograin clusters may be separated
by high-angle grain boundaries, similar to that reported
for nc-YAG [31]. Again, the evolved nano-/microstruc-
ture consists of isolated pores [4,8,32] which may be anni-
hilated only by long-term diffusion, as mentioned above.

Therefore, regardless of the second-stage sintering
mechanism, densification at the isothermal SPS temper-
ature is associated with the final stage of sintering, when
only isolated pores are present. Full densification for
maximum transparency thus necessitates the elimination
of these closed pores for extended SPS durations. In this
respect, several materials and SPS process parameters
can be controlled, and through them full densification
to optical transparency may be achieved. Control of
the SPS temperature in conjunction with the average
grain and pore size at the final stage of sintering will
be considered below.

In order to reach full theoretical density during SPS,
further densification is associated with simultaneous
grain growth. This, in turn, will reduce the total area of
the GBs with typically lower density than a crystal den-
sity. The grain growth rate may be controlled either by
the GB mobility or the pore mobility. When the mobility
of the GB is higher than that of the nanopores (grain-size
normalized mobility), one may expect detachment of the
GB from the pore and resultant residual pores within the
growing grains. Further annihilation of pores within the
grain necessitates lattice diffusion that in practice cannot
be achieved at low SPS temperatures. Rapid annihilation
of the isolated nanopores by GB diffusion may be possi-
ble as long as these nanopores are attached to the GBs.

As long as the pore mobility is lower than the GB
mobility, the latter is pinned by the nanopores which
control the grain growth kinetics. This may provide
conditions for grain growth stagnation, while densifica-

tion proceeds as modeled, and as has been observed in sev-
eral systems [33-35]. For the limiting case, when the two
mobilities are equal, the pore is attached to the moving
GB and may be annihilated by vacancy diffusion along
the GB. Following Brook’s [35] approach, the driving
forces and the mobilities of the pores and the GBs were
compared, and the conditions for densification were
derived [27,36-38]. Similar analysis for tetrahedral
(Reuleaux) nanopores located at all corners of tetrakai-
decahedral (TKDH) nanograins was performed. The
pore shrinkage rate for this model at constant grain size
is [32]:

(dr> _ 24(V2 = 1)Q Dy <y_ +Pa>’

dt); (n—3)2 kT \r p
where the pore coarsening rate at constant density is gi-
ven by [32,37]:

dr\ 1297, D3, G
(E)I, =g (179 - 6.29). (2)

(1)

Here Dy, and D; are the diffusion coefficients of the
slowest ionic specie along the GB, and at the pore sur-
face, respectively; dgp is the GB width, and J; is the
depth at which surface diffusion is effective; r is the pore
radius, G is the grain diameter, P, is the applied pres-
sure, y,, and ygp are the solid—gas surface energy and
grain boundary energy, respectively; p is the original
density (i.e. 0.925 at the final-stage sintering), ¢ is the
tetrahedron apex angle, 7 is the temperature and k is
the Boltzmann constant.

For a nanopore to shrink steadily, it should be at-
tached to the GB, i.e. the pore shrinkage rate should
be higher than the pore coarsening rate. This leads to
the first condition as given by [32]:

Do v P,
168%#(%—#;) > G(17.9 — 6.2¢). 3)
This relation was previously used to determine the grain
size—pore size-temperature map at which densification
may proceed with minimal grain growth.

However, full densification with the fastest kinetics
may involve grain growth as long as pores are located
at, and move with, the GBs. The second condition which
should be met for full densification is rapid annihilation
of the pores, as vacancies, at their adjacent GBs, despite
the grain growth. The volume of the pores should be
accommodated by diffusion at the available free volume
of the GBs. Since these pores provide vacancies to the
GB, they increase the chemical potential gradient at
the GBs. Therefore some grain growth is inevitable at
the final-stage sintering, which leads to a decrease in
the GB free volume (GBFV). Nevertheless, densification
with negligible grain growth may proceed if the sintering
temperature is low enough to dominate the diffusion
along the grain boundaries, yet suppress lattice diffusion
within the grains.

In a well-equilibrated state in metals a GB may con-
tain between 10% and 20% of free volume [39-44]. How-
ever, at the nanoscale size range, the GBFV significantly
increases with the decrease in the grain size. Theoretical
estimations [39,43,44] and experimental observations by
various techniques [39-42] show that the free volume
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Figure 1. Pore size-grain size-SPS temperature densification maps for
(a) nc-Y,05; and (b) nc-MgO, at the final-stage sintering. The most
appropriate SPS temperatures for full densification with rapid kinetics
are at the right side of the plateaux (i.e. hatched region in (a)).

may comprise up to 44% of the GB volume in nc metals.
Therefore, the GBFV difference between the nanoscale
and the conventional size grains is higher than 10%,
which is sufficient for the absorption of the pore volume
during final-stage sintering.

Let us assume that at the start of final-stage sintering
the relative density is 0.92. The pore volume per grain
volume at this stage is 0.08, and all the pores are located
at the grain corners. Densification to full density, to
achieve optical transparency, will proceed as long as
the pores are kept at the grain corners at different grain
sizes; this dictates a critical relation between the grain
size and the pore size.

The total pore volume per grain volume is given by:

Vy=N,V), (4)

where N, is the number of pores per grain volume and
Vg is the volume of a single pore. N, for TKDH grain
is given by [32]:

6

= )
V rxpr

Ny (5)
where Vygpy 1s the grain volume.

Using Eqgs. (4) and (5), and substituting the appropri-
ate expressions for the volumes of the TKDH grain
(Vxpn = 82‘—75G3) [45] and tetrahedral (Reuleaux) pore
(V) =~ 0.4221) [46], results in:

},3

V,= 6.045. (6)
Therefore, the second condition for densification to full
density may be set by equating the total pore volume per
grain volume to 0.08:

r <0236 G. (7)

Hence, one should seek the highest SPS temperature for
which the pore size satisfies both conditions, i.e. Egs. (3)
and (7). These conditions were plotted in Figure 1 in
terms of pore size-grain size-temperature assuming
pGelpe=0.80 [44], p=0.92, ¢ =2n/3, Sgp= 10" [m]
and P,=100 [MPa]. The data used to plot the
curves in Figure 1 for nc-Y,03 and nc-MgO are listed
below. The following data were used for Y,Os:
Dy =241 x 107% [m* s '] exp(—184 [kJ mol~'}JRT) [47],

Dgy=1.65x 107° [m*s™'] exp(—290 [kJ mol_l]/RTg
determined from the sintering tests [48], ;=2 x 10~
[m], v5, = 1.66 [J m2][49]. The following data were used
for MgO: D,=3.80x 1072 [m’s™!] exp(—161
[kJ mol 'YRT) [50], Dgdgp=345x10"° [m*s']
exp(—402 [kJ mol~'JRT) [51], and v,, = 1.1 [J m %] [52].

Based on the two densification conditions, the curves
in Figure 1 present the pore size at a given grain size and
temperature, below which full densification may take
place by diffusional processes and nanopore drag.
Therefore, the temperature range (i.e. AT =100 °C) in
which fast GB diffusion kinetics is associated with low
risk for pore coarsening is located on the right side of
the plateau of each curve (i.e. the hatched area in
Fig. 1a). In this respect, the appropriate temperature
for full densification of nc-Y,Oj; at final-stage sintering
with average grain size below 200 nm is ~1250 °C. The
temperature range at which the curves convert to
plateaux is important and may be used as a guide for
the maximal densification temperature. The experimen-
tally observed temperature of 1400 °C for the same
nc-Y,O; powder, above which pores were detached
from the GBs [53], is in good agreement with the present
calculated temperatures.
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