
Contents lists available at ScienceDirect

Journal of the European Ceramic Society

journal homepage: www.elsevier.com/locate/jeurceramsoc

Short communication

Highly dense spinel ceramics with completely suppressed grain growth
prepared via SPS with NaF as a sintering additive
Vojtěch Nečina*, Willi Pabst
Department of Glass and Ceramics, University of Chemistry and Technology, Prague (UCT Prague), Technická 5, 166 28, Prague 6, Czech Republic

A R T I C L E I N F O

Keywords:
Spinel
Spark plasma sintering (SPS)
Sintering additives
Sodium fluoride
Transparent ceramics

A B S T R A C T

For the preparation of transparent spinel ceramics it is common practice to use LiF as a sintering additive to
achieve transparency. However, it is well known that in this case the grain size exhibits a significant increase
compared to pure spinel ceramics, which can lead to a deterioration in mechanical properties. The findings of
this paper indicate that when NaF is used as a sintering additive for the preparation of spinel ceramics via spark
plasma sintering (SPS) translucent materials with a high level of densification can be obtained without ob-
servable grain growth. It is shown that the grain size after SPS at 1500 °C with 1 h dwell is essentially the same as
the primary particle size of the spinel powder, whereas pure spinel ceramics prepared via SPS under the same
conditions exhibit grain growth by approximately a factor 5.

One of the key problems in ceramic technology in general is the
tradeoff between densification and grain growth. This problem is highly
acute in the context of transparent ceramics usable for impact-resistant
windows because full densification is needed to ensure transparency,
while small grain size is desirable from the viewpoint of mechanical
strength. In this paper the effect of NaF as a sintering additive in the
preparation of fully dense spinel (MgAl2O4) ceramics with almost
completely suppressed grain growth is investigated. Usually LiF is uti-
lized as a sintering additive in order to obtain highly dense, transparent
spinel ceramics, e.g. via spark plasma sintering (SPS), but it is known
that LiF tends to promote excessive grain growth [1,2], thus degrading
mechanical properties. Contrary to LiF, it is demonstrated here that NaF
not only allows full densification of spinel ceramics via SPS, but at the
same time almost completely suppresses grain growth, leading to the
remarkable result that the grain size is more than 5 times smaller
compared to pure spinel ceramics (without LiF or any other sintering
additive) prepared under the same conditions. The material thus pre-
pared is highly translucent.

Both samples (with or without NaF) were prepared from commer-
cially available magnesium-aluminum spinel (MgAl2O4) powder
(S25CRX, Baikowki, France) and extra pure NaF (Carl Roth, Germany)
as a sintering additive. The spinel powder was homogenized together
with 1 wt.% of NaF in ethanol suspension by ball-milling for 24 h,

followed by 24 h drying at 80 °C. The resulting powder was crushed and
subsequently sieved to avoid large agglomerates. The particle size dis-
tributions of the pure powder and the powder with NaF addition (after
ball-milling) were measured by laser diffraction (Particle Sizer
Analysette 22 Nanotec, Fritsch, Germany).

Sintering was conducted in a spark plasma sintering furnace (HP D
10-SD, FCT Systeme, Germany). A sintering schedule which is com-
monly utilized for the preparation of transparent spinel ceramics with
the addition of LiF [3] was adapted. Samples (20 mm in diameter) were
prepared by pouring 3.5 g of powder into a graphite die lined with
graphite paper and insulated by carbon felt. Heating up to 1100 °C at a
rate of 25 °C/min was followed by 30 min dwell, whereby the initial
pressure of 10 MPa was raised up to 80 MPa within 1 min after the first
15 min of the dwell. After the dwell the temperature was raised up to
1500 °C at the same heating rate (25 °C/min), followed by 1 h dwell.
Cooling was performed at a rate of 50 °C/min, with continuous re-
duction of the pressure down to a minimal value of 10 MPa at 600 °C.

After sintering the samples were polished to a 1 μm diamond finish.
The in-line transmittance of samples was measured using a spectro-
photometer (UV-2450, Shimadzu, Japan). Thermal etching was per-
formed at 1400 °C for 1 h. Thermally etched surfaces were observed by
scanning electron microscopy (SEM Lyra 3, Tescan, Czech Republic).
Mean chord lengths and Jeffries sizes of grains were determined on SEM
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micrographs by stereology-based image analysis [4]. In both cases the
same positions on the samples were analyzed (i.e. at 3 mm distance
from the sample periphery).

The macroscopic appearance of the polished samples is shown in
Fig. 1. The sample prepared from pure spinel powder is characterized
by black discoloration, caused by carbon contamination, which is

typical for spinel ceramics prepared via SPS [5] and closely related to
temperature gradients [6]. On the other hand, the sample with NaF
addition does not exhibit any black discoloration, which indicates that
also NaF prevents carbon contamination in spinel ceramics, similar to
LiF [3,7], where the liquid layer of sintering additive inhibits the de-
position of carbon and the evaporation of sintering additive can create
turbulences which prevent even the contact of carbon with the sintering
material. However, the sample with NaF addition is characterized by a
white haze, which may indicate Rayleigh scattering at small pores,
probably as a result of a small amount of residual porosity. Measured
in-line transmittances for the two samples are displayed in Fig. 2. Ob-
viously, the sample prepared from pure spinel powder exhibits better
values throughout the whole measured spectrum (200–800 nm), but the
difference is becoming smaller at larger wavelengths and tends to be
very small towards the infrared region.

The microstructure of samples with or without NaF is illustrated in
Fig. 3. One can clearly see that the grain size is significantly smaller in
the case of the sample with NaF addition. The corresponding mean
chord lengths and Jeffries sizes of grains are displayed in Table 1, where
it is evident that the grain size of the sample with NaF addition is more
than 5 times smaller compared to the pure one. It has to be emphasized
that for obtaining comparable values it is highly recommended (and in
some cases essential) to measure the grain size at the same distance

Fig. 1. Macroscopic appearance of spinel ceramics prepared via SPS from pure
powder (left) and powder with 1 wt.% addition of NaF (right); the thickness of
both samples is approximately 1.7 mm.

Fig. 2. In-line transmittance of polished samples prepared from pure spinel powder (dashed curve) and powder with 1 wt.% addition of NaF (dotted curve); all values
are valid for 1.7 mm thickness.

Fig. 3. Microstructure of spinel ceramics prepared via SPS from pure powder (left) and powder with 1 wt.% addition of NaF (right).
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(here 3 mm) from the sample periphery, see the discussion in [8].
The grain growth of the sample is in fact almost negligible, when the

original particle size is considered. In Fig. 4 results of laser diffraction
are displayed for both powders. The results are very similar, with
median sizes of 247 and 233 nm for the pure (as-received) and powder
with NaF addition (after homogenization by ball-milling), respectively.
Obviously the large-size modes (at around 1.07 μm for both powders)
correspond to agglomerates of primary particles1.

The progress of sintering (temperature and relative densification2

versus time) is illustrated in Fig. 5, where an earlier onset of densifi-
cation at approximately 830 °C can be identified for the sample with
NaF addition (the melting point of NaF is 993 °C), i.e. the shift of the
densification onset temperature compared to the pure sample is ap-
proximately 160 °C. Surprisingly, NaF accelerates the densification of
spinel at low temperature (area A in Fig. 5), but decelerates it at high
temperature (area B in Fig. 5). In fact, in area B the densification of the

pure spinel powder accelerates (steep densification rate) and overrides
the relative densification of the powder with NaF addition, so that the
densification of the former is practically finished (documented by the
translucency on the left hand side of Fig. 1) at an earlier stage (slightly
more than 60 min), and a crossover of the two densification curves

results. Now it is well known that grain growth dominates in the final
stage of sintering, in particular when second-phase inclusions or pores
are absent. Therefore, in the case of the pure spinel grain growth is
expected to accelerate immediately after densification, while in the case
of the powder with NaF addition, where full density is achieved only
asymptotically (as documented by the translucency on the right hand
side of Fig. 1), grain growth is inhibited or even suppressed by a very
small amount of residual pores and/or possibly by another effect that is
related to NaF enrichment at the grain boundary (the explanation of
which is of course unclear so far and would require further investiga-
tion). This corresponds well with the observed difference in grain size.

The combination of high temperature, pressure and prolonged time
surprisingly did not result in any significant grain growth in the case of
sample with 1 wt.% of NaF, even though very high densification was
achieved, the temperature was high enough and the dwell time long
enough for grain growth to occur. Such a dual character of a sintering
additive is an unusual feature. It is clear that this pilot work requires
further process optimization as well as a more thorough understanding
of the mechanism by which NaF influences the densification of spinel
ceramics. It is known e.g. that NaF is also a useful processing additive
for the synthesis of spinel from alumina and magnesia [10,11], but the
connection of this fact with the findings of the present work is unclear.
In any case, the combination of a very fine microstructure and rea-
sonable transparency is more than appealing as a target for spinel
ceramics, especially for applications in which high strength is required.
It is clear, therefore, that future efforts concerning spinel ceramics

Table 1
Mean chord lengths and Jeffries sizes of grains of spinel ceramics prepared via
SPS from pure powder and powder with 1 wt.% addition of NaF, determined at
the same distance from the periphery (for calculation of errors see [4]).

Sample Mean chord length [nm] Jeffries size [nm]

Pure 952 ± 48 979 ± 40
With NaF addition 179 ± 8 186 ± 4

Fig. 4. Particle size distributions (volume-weighted probability density curves) obtained by laser diffraction (evaluated via Mie theory) for pure spinel powder
(dashed curve) and powder with 1 wt.% addition of NaF (dotted curve).

Fig. 5. Relative densification of pure spinel powder (dashed curve) and powder
with 1 wt.% addition of NaF (dotted curve).

1 The fact that the grain size determined for the sample with NaF addition is
even lower than the median size of the primary particles of the original powder
is of course a consequence of the fact that the particle size distributions mea-
sured by laser diffraction are volume-weighted and concern equivalent sphere
diameters, whereas image analysis yields statistical grain size measures that are
based on arithmetic means of number-weighted distributions. The quantitative
comparison of these results is highly non-trivial [9].

2 In the context of this study, relative densification is defined as 100D
Dmax

,
where D is the piston displacement and Dmax is the piston displacement at the
end of sintering, i.e. at 1500 °C (at the end of second dwell).
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prepared with NaF as a sintering aid must primarily focus on improving
the transparency by process optimization.
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