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Abstract

Porous NaMgF; ceramics have been fabricated by leaching a NaF-NaMgF; eutectic in distilled water, producing NaMgF; with 53% of connected
porosity. The eutectic was fabricated using the Bridgman technique at growth rates of 8, 10 and 15 mm/h. The microstructure and composition of
the resulting material has been studied by means of X-ray diffraction and SEM. Compression mechanical tests have been performed at different
temperatures up to 750 °C, both in constant strain rate and constant stress loading. The microstructure consists of plate-like grains with cylindrical
pores in approximately hexagonal packing. Pores are perpendicular in adjacent grains. The compressive strength is found to be rather independent of
growth rate, in the range studied. Small differences can be explained using a minimum solid area (MSA) model and differences in the microstructure.
In creep experiments, no steady-state regime was observed. Instead, the strain exhibited a series of accelerations that could be associated with

damage propagation.
© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Porous ceramics with aligned pores have been the subject
of much attention lately, primarily for their potential use as
hot gas or molten metal filters, heat exchangers or catalysts
support,! owing to their low density, good chemical and ther-
mal shock resistance, low-thermal conductivity and dielectric
constant. Most work has been done in oxide ceramics, but little
in fluoride components. Mechanical failure under compressive
stress is one of the critical aspects for application of porous
ceramics, as well as the implementation of novel fabrication
processes that enable better control on the microstructural fea-
tures of the material. Several fabrication methods exist, such as
the replica technique,” the use of fugitive fibers>* or by leaching
one of the phases in a composite. For instance, Si/SiC compos-
ites can be fabricated using wood precursors and the residual
Si can be etched to obtain a porous SiC structure with direc-
tionally aligned pores that mimic the wood microstructure.’ A
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very important issue in the fabrication of porous ceramics is the
design of methods allowing microstructure control, with partic-
ular emphasis in pore morphology, size and distribution. The
presence of hollow struts and processing-related flaws has a
critical impact on the mechanical behavior of porous ceram-
ics, and should be avoided. In some applications aligned pores
are desired for good gas transport.

Directional solidification techniques applied to non-metallic
materials present several advantages when compared to tradi-
tional sintering techniques.® For instance, Al,O3 based eutectics
show enhanced mechanical properties because their microstruc-
ture can be tailored by controlling growth conditions.” Ceramics
for high-temperature fuel cell applications can also be grown,
and they exhibit different properties when compared to their
sintered counterparts.”~'! Also, non-oxide eutectics have been
fabricated for optical applications.!>!3

Recently, porous NaMgF3; materials have been fabricated
using a modified leaching technique.'* In this approach, a
NaMgF3;—NaF eutectic is grown by directional solidification
using the Bridgman technique. The NaF phase in the eutec-
tic can then be leached in water to obtain a porous NaMgF;
crystal with around 53% porosity. The size of the pores can be
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modified by selecting appropriate growth conditions, but the
porosity remains constant as it is equal to the volume fraction of
the sacrificial phase, NaF in this case.

Neighborite (NaMgF3) was discovered in 19613 and since
then has been studied mainly for its interest as a low-
pressure analogue of MgSiO3'%~18 and for its ionic conduction
properties.'® It is an orthorhombic (Pnma) perovskite at room
temperature and experiences a phase transition at 760 °C becom-
ing cubic (Pm?»m).lg‘21 It melts at 1030 °C.22 To the best of our
knowledge, no data on the mechanical behavior of NaMgF3
exists in the literature. In this paper we study both strength
and creep in compression for porous NaMgF; fabricated from a
eutectic at different growth rates, as reported in Ref. 14.

2. Experimental
2.1. Fabrication

Porous NaMgF; cylinders of about 1 cm? section were fabri-
cated using a method previously described.'* In brief, NaF 99%
and MgF> 99.9% purity powders supplied by Aldrich were dried
and mechanically mixed in the proportions described in Ref. 23,
of 70.7 wt.% NaF. The resulting powder was directionally solid-
ified using the Bridgman method in a vitreous graphite crucible,
in a dry Ar atmosphere. Growth rates of 8, 10 and 15 mm/h were
used. The resulting NaMgF3;—NaF eutectics were submerged in
distilled water and the NaF leached, leaving a porous NaMgF;
crystal with 53% pore volume.?*

2.2. Characterization

Samples of the NaMgF;—NaF and porous NaMgF3 were dry-
milled in a WC ball mill for powder diffraction experiments
using a Bruker D8 diffractometer. Microstructural observations
were performed on both as fabricated and deformed samples
by scanning electron microscopy (SEM) using a JEOL 6460LV
microscope. Transverse and longitudinal sections were grinded,
polished and carbon coated using conventional metallographic
techniques. Image analysis was performed on SEM micrographs
of transverse sections using Image Pro v4.0.

Compression tests were carried out in air at 30, 550, 650
and 750°C at a constant strain rate of 2 x 1075 s~! using a
screw-driven universal testing machine (Microtest EM1/50/FR,
Madrid, Spain) with a furnace mounted on its frame. Alumina
pads were used between the alumina rods and the samples. Paral-
lelepipeds measuring 3 mm x 3 mm x 5 mm were cut with their
longest dimension parallel to the growth direction of the eutectic
precursor and the sections in contact with the alumina pads were
ground flat-parallel. Sample dimensions were chosen to follow
a length/diameter <2.0 relation to minimize barrel deformation.
Samples were tested up to failure.

Compressive creep tests were carried out in air at 650 and
750 °C for samples grown at 10 mm/h, using the same experi-
mental setup with aload control module that maintains a constant
uniaxial load with a precision of 0.1 N. Applied stresses ranged
from 6 to 16 MPa.
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Fig. 1. X-ray diffractograms of (a) as-grown NaMgF3;—NaF eutectic and (b)
porous NaMgF3. Most intense reflections are marked (O ) for NaF and (Q ) for
NaMgFs3.

3. Results and discussion
3.1. Microstructure

Fig. 1 shows X-ray diffractograms for both the NaMgF;—NaF
eutectic and the porous NaMgF3 obtained by leaching the eutec-
tic in distilled water. All NaF was removed by leaching, which
agrees with the connected nature of the porosity in NaMgF3, as
previously reported. '

The microstructure was similar to that reported
previously.!*?* It consists of eutectic grains with degen-
erated NaF lamellae that become pores after leaching (Fig. 2A)
although in some areas it is fairly regular (Fig. 2B) and results
in elongated, approximately cylindrical pores. The eutectic
grains are crossed perpendicularly, so in adjacent grains the
pores are aligned with their longest direction parallel and
perpendicular to the growth direction. This is clearly seen in
Fig. 2C. Fig. 2D shows a detail of the region between adjacent
grains. The microstructure was similar for all the three growth
rates. Pore size ranged from 4 to 8 wm and decreased when
increasing growth rate, as reported.'*

3.2. Compressive strength

The mechanical response was observed to be fairly inde-
pendent of growth rate, with small differences in strength that
become smaller as temperature is increased and were usually
within the scatter of the data. This is to be expected since
the porosity is independent of growth rate, as is fixed by the
eutectic composition. Thus, the main microstructural difference
between samples grown at different rates is a change in pore
size, which follows a modified Jackson—Hunt law, as detailed in
Ref. 14.

Fig. 3(left) shows the stress—strain curves for the samples
grown at 8 mm/h, for all temperatures studied. The effect of
plasticity is evident as temperature is increased. The samples
studied at room temperature and 550 °C failed before any plastic
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Fig. 2. SEM micrographs of porous NaMgF3: (A) grown at 15 mm/h, transverse section; (B) grown at 15 mm/h, detail of a transverse section, fracture surface; (C)

grown at 10 mm/h, longitudinal section; (D) grown at 8§ mm/h transverse section.

deformation was observed, whereas the samples studied at 650
and 750 °C show extensive plasticity. The results of the compres-
sion experiments are summarized in Fig. 3(right). Differences in
strength for different growth rates can be observed to decrease as
temperature is increased. The difference in elastic modulus (see
Fig. 3 and below) between room temperature and 550 °C pro-
duces a more uniform distribution of stress at 550 °C, being the
stresses more localized at room temperatures. This explains why
samples deformed at 550 °C were crushed after deformation,
whereas samples studied at room temperature broke into a few
chips. Most of the samples studied at room temperature remained
intact. This explains why their strength was significantly lower
than the strength at 550 °C.

e(%)

The microstructure of the deformed specimens is shown
in Fig. 4. No significant buckling was observed at the strains
reached in our experiments. The cracks in the material were
observed to start in the interface between perpendicularly
aligned eutectic grains (Fig. 4, left) and then propagate across
the grains (Fig. 4, right). This was observed at all temperatures.
To rationalize these results the effects of pore alignment must be
taken into account. It has been shown? 27 that the physical prop-
erties of a porous material can be described as a function of the
properties of the bulk material, taking into account the minimum
solid area (MSA) of the porous structure, that is, the minimum
area of solid material that can be found in any plane perpen-
dicular to the excitation, in this case the applied stress. If we
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Fig. 3. Compression experiments. (Left) Stress—strain curves for a sample grown at 8 mm/h and studied at different temperatures. (Right) Strength (maximum stress)

as a function of temperature for all growth conditions studied.
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Fig. 4. Crack distribution in porous NaMgF3 grown at 15 mm/h after compression at (left) 750 °C and (right) 550 °C.

consider a porous body with perfectly cylindrical pores arranged
in a hexagonal lattice (Fig. 5), we can calculate the strength of
the material in the directions parallel and perpendicular to the

pores’ axes as
)
; oL = opuk 1 — o) ey

37 a?
o) = obulk | I — o B2
where ok is the strength of the bulk material, a the pore radius
and b is the distance between the axes of nearest neighboring
pores. We can see that the relative strength of eutectic grains with
their pores aligned with the compression direction is higher than
the strength of the grains aligned perpendicular. Moreover, stiff-
ness is expected to follow the same trend as in Eq. (1). Therefore,
the effective stress at both sides of a eutectic grain boundary is
expected to be different, thus creating a shear stress along the
boundary that is responsible for crack initiation.

The fact that strength differences become smaller at higher
temperatures suggests that they can be attributed to stress con-
centration effects. As has been shown,?%2° the strength of a
porous material with aligned pores can be described as a function
of porosity, following:

o = opu(l — P)* 2

where P is the porosity fraction and k is a constant defined as the
ratio of maximum to applied stress around a pore, and depends
only on pore shape. For the case of cylindrical pores in the paral-

Fig. 5. Geometry of aligned cylindrical pores and definition of parallel and
perpendicular directions.

lel direction, it is found that k = 1, because no stress concentration
effects are present. In the case of elliptical pores with semi axes
a and b perpendicular and parallel to the applied stress, for com-
pression in the direction perpendicular to the pores, it is given
by

k=1+2% 3)
b

Here k=3. Since P < 1, the strength perpendicular to the pores
is smaller to that parallel to the pores, in agreement with the pre-
vious discussion. The differences in strength for different growth
rates could be explained by a difference in the fraction of eutectic
grains aligned perpendicular to the growth direction. As can be
deduced from Eq. (2), as the volume fraction of perpendicular
grains increases, the observed strength must decrease.

Since the elastic modulus of a porous material should fol-
low the same trend as the fracture strength, we have calculated
it from the strain—stress curves. First we performed a series of
compression tests at the same conditions as the deformation
experiments but without sample. We could then estimate the
testing machine deformation as a function of applied load and
subtract its influence. Then, the elastic modulus was calculated
as the maximum slope of the strain—stress curves in the elastic
region. We acknowledge that this has several drawbacks, and do
not claim the results to be accurate or useful other that for inter-
sample comparisons under the same experimental conditions
(machine, furnace, load bearing rods, etc.). Fig. 6 shows a plot
of the elastic modulus vs. temperature, calculated as described
above. It can be seen that the same general trend as in the case
of compressive strength is followed. Both modulus and strength
are higher for samples grown at 8 mm/h than for samples grown
at 10 mm/h. The case of 15 mm/h growth rate is somewhat dif-
ferent, as both strength and modulus data show much higher
scatter. It is possible that the microstructure of samples grown
at 15 mm/h is less regular due to the high-growth rate. This lack
of regularity is responsible for this scatter (see Fig. 2).

3.3. Creep experiments

No steady state was reached during creep experiments for the
stresses and temperatures studied. Instead, the time vs. strain
curves showed a series of stair-like steps that involve brief
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Fig. 6. Elastic modulus obtained from the strain—stress curves as discussed in
the text. Semi-logarithmic scale is used for ease of view.

accelerations. This effects lead to a certain oscillation in the
strain rate with time, as can be seen in Fig. 7. This behavior
was observed in all stresses and temperatures studied, although
it was more evident in some cases than others.

It has been shown that for cellular materials the creep rate can
be described using the same parameters n and Q that describe
creep in the bulk material®” because the creep rate is controlled
by the bending of material struts perpendicular to the applied
stress, while those parallel remain essentially rigid. In these con-
ditions, and assuming a cubic array of struts, the creep rate is
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Fig. 7. Strain and strain rate vs. time for porous NaMgF3 crept at 750 °C with
a stress of 8 MPa. The strain showed certain stair-like steps which are marked
by arrows. The solid line plotted is included only as a visual aid and does not
correspond to any particular fit of the data.

107 5
] Porous NaMgF, - 10MPa - 650°C

Strain Rate (s'1)
=)
&

Strain (x10°%)

Fig. 8. Strain rate vs. time for porous NaMgF; crept at 650 °C and 10 MPa. The
strain rate oscillates through a series of ascending minima. Black dots represent
minima in the creep data. The solid and dashed lines plotted are included only
as a visual aid and does not correspond to any particular fit of the data.

described by
0.6 (172 1
E=A @n+1D) o p~GntD/2 oxp _Q ()
n+42 n RT

where p is the relative density of the material, o the uniaxial
applied stress and Q and n are the activation energy and the
stress exponent of the bulk material, respectively. Although this
model has been successfully applied in the past to explain the
observed creep rates in metallic foams,>!32 it does not take into
the account the possibility of strut cracking as strain progresses.
The apparition of creep damage during the experiments, in the
form of strut-breaking cracks, would cause the strain rate to
increase as the number of load bearing struts decrease.

Fig. 8 shows the strain rate vs. strain relation for a porous
NaMgF3 sample crept at 650 °C and 10 MPa. It can be observed
that the strain rate oscillates passing through a series of increas-
ing minima. We can explain this behavior assuming that each
acceleration step corresponds to the breakage of a group of struts,
which decrease the effective load-bearing area or MSA in the
material. As struts crack there is an increase in strain rate that
is followed by stress redistribution among the remaining solid
area, which slows down the creep until a new equilibrium rate
is reached. This rate must, however, be higher than the previ-
ous one because the effective load bearing area is smaller, thus
causing the observed effects

As has been shown, the strain rate depends on strain in a
way that it is not possible to define a steady-state creep rate. If
stress changes are performed during the creep experiments, the
minimum creep rate observed for the new value of the stress
after a stress jump will not be the same as the value one would
observe for a fresh test specimen. Therefore it makes no sense
to describe creep in the classical way using Eq. (4). Instead we
have chosen to calculate the average strain rate over a strain
range of 0.5% for samples crept at 650°C and 1% for sam-
ples crept at 750°C. These results are included in Fig. 9. It
should be kept in mind that the reported values of the stress
exponent n resulting from the linear fits in the creep rate vs.
stress plot have no physical meaning because the absence of
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Fig. 9. Average creep rate at 650 and 750 °C. See text for details.

steady state creep, and are included only for visual compari-
son.

4. Conclusions

We have successfully fabricated NaMgF3; porous materi-
als with aligned pores starting from a NaMgF3;—NaF eutectic
grown by the Bridgman technique. The microstructure is that
of a degenerated eutectic with 53% connected porosity, and is
fairly independent of growth rate. In consequence, the mechan-
ical properties are also independent on growth rate, with small
variations that are due to small differences in pore size and the
presence of eutectic grains. In general, these differences can be
explained using a MSA model. Both compressive strength and
elastic modulus follow the same trend with respect to growth
rate for samples grown at 8 and 10 mm/h, while those grown at
15 mm/h show significant scatter. No steady—state creep was
observed, and the strain rate was found to oscillate passing
through a series of ascending minima. This acceleration is
attributed to damage propagation. Therefore, data cannot be
fitted using the classic Norton equation.
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