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Porous lanthanum carbide disks were prepared from La2O3 and graphite powders and with additions of
polymeric fibers as sacrificial templates for the formation of interconnected channels of enhanced per-
meability to gas flow. Two kind of fibers were used (Nylon 6,6 and polypropylene) characterized by an
average length of 500 mm and diameters of 18 and 20 mm, respectively. The fiber content was varied up to
21.3 vol% for nylon or up to 24.8 vol% for PP in order to control the porosity and the permeability level of
bodies. The fiber-derived porous LaCx samples exhibited higher total porosity (38.0–51.7% for PP and
42.9–55.3% for nylon) compared to standard LaCx where porosity (35.7%) was generated only by the
carbothermal reaction during sintering. A 50-fold increase in the Darcian permeability coefficient k1 and
a 1200-fold increase in the non-Darcian coefficient k2 were achieved in comparison with the perme-
ability level of the composition without fibers (k1¼1.21�10�15 m2 and k2¼1.17�10�11 m). Nylon was
slightly better than PP to enhance permeability of LaCx targets.

& 2016 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
1. Introduction

In the last years much effort has been devoted to the im-
provement of the release efficiency of short-lived isotopic species
(Radioactive Ion Beams, RIBs) in Isotope Separation On-Line fa-
cilities (ISOL), with particular reference to the characteristics of the
target material [1–5].

The primary factors that govern the intensity of RIBs at ISOL
based research facilities include: a) the energy, atomic number and
intensity of the primary beam; b) the cross-section for production
of the radioactive ion species; c) the lifetime of the species of in-
terest; d) the dimension, density and geometry of the target ma-
terials; e) the maximum temperature at which targets can be
operated; f) the dimensions, geometry and materials of construc-
tion of the vapor transport system and g) the ionization efficiency
of ion sources chosen for RIB generation.

Diffusion and effusion represent the two main mechanisms for
isotopes to escape from the target. Diffusion can be thermally and/
or radiation enhanced [6]: isotopes migrate from the crystal lattice
.l. All rights reserved.

rradetti).
to the grain boundaries and their diffusion is governed by Fick's
laws. From the grain boundaries, the isotopes must then effuse
through the empty spaces of the target according to a molecular
flow governed by the mean number of collisions with the target
material and the internal walls of the box containing the target,
the mean sticking time per collision and the mean flight time
between collisions [7]. The target unit must therefore operate
under high vacuum and at the highest temperature possible, tak-
ing into account the thermal properties of the material con-
stituting the target and the target envelope.

Within the SPES project, now under construction at Laboratori
Nazionali di Legnaro, Italy [8], this research group is currently
studying the gas permeability properties of different porous tar-
gets based on LaC2 or LaOC. Lanthanum is chosen as substitute
material for uranium, owing to its similar chemical and physical
properties.

Recently, LaC2-LaOC-C foams were developed using poly-
methylmetacrylate (PMMA) micro-beads as sacrificial filler and
phenolic resin as source of carbon and binder. Gas permeability
measurements were performed both at room temperature and at
450 °C under argon flow. Gas permeability data revealed that it
was possible to tailor the amount of open porosity by varying the
amount of PMMA micro-beads and that gas permeability
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measurements represented an efficient tool for process control [9].
For permeation purposes, there are many advantages in using

fibers as sacrificial fillers [10–13] over powders and micro-beads:
a) fibers are elongated in shape and yield a much higher “path
length to filler content” ratio, thereby enabling to span over longer
distances inside the matrix for the same mass of sacrificial filler; b)
channels created by fibers are less tortuous and with smoother
walls, thus reducing the fluid dynamic drag and increasing per-
meability; c) due to their elongated shape, fibers have higher
probability to intercept each other, creating a net of inter-
connected paths throughout the matrix.

The literature contains plenty of examples in which fibers, or
combinations of fibers and micro-beads, are used as sacrificial
fillers to enhance the permeability of ceramic matrices. Poly-
propylene fibers in particular have been extensively used to im-
prove the permeation features of dense matrices [14–18].

In the case of the LaCx or UCx targets in the SPES project, al-
though not driven by a pressure gradient, the release of exotic
species is more effective if a net of interconnected voids is avail-
able to minimize the release time from the target before the par-
ticle decay. In this case, permeability is an indirect measurement
of how efficient are the connections between the bulk and the
surface of the target [9].

In the present work, polymeric fibers were used as pore for-
mers for the production of lanthanum carbide targets with en-
hanced permeability. The main goal was the development of in-
terconnected channels capable of improving the permeability
constants of the produced materials, while maintaining a high
enough mechanical integrity to allow handling and
characterization.

The effect of fibers composition, geometric characteristics and
volume percentage on the morphology of the produced LaCx

porous structures was investigated.
2. Material and methods

La2O3 powder, graphite powder (both from Sigma-Aldrich),
phenolic resin powder (Dynea, 860 series) and polymeric fibers
(Flinco Fibras Ltda, Brazil) were used as starting materials for the
synthesis of LaC2-based porous materials. La2O3 and graphite
powder acted as La and C sources, respectively, according to the
reaction (which in high vacuum starts above 1000 °C [3]):

La2O3þ11C-2LaC2þ4Cþ3CO (1)

A first batch (blank) was prepared without fibers, representing
the prototype of the standard material for the SPES target. In the
next batches, different volumes of polymeric fibers of two differ-
ent materials (nylon 6,6 and polypropylene) of same length
(500 mm) and similar diameters (18 and 20 mm, respectively) were
added to promote, by their burnout, the creation of a network of
oriented interconnected and permeable pores. Phenolic resin was
used as a binder (2% based on the weight of the La2O3þCþresin
mixture).

The mixing of the powders and fibers was performed in two
different stages, in a planetary ball mill (Retsch PM 100, Retsch,
Germany) with agate spheres (diameter of 10 mm) and a 250 mL
jar. In the first stage, only La2O3, graphite and the resin were
mixed, at medium rotation speed (400 rpm) with a balls-to-
powder mass ratio of about 6:1. The second stage of mixing in-
volved the polymeric fibers, which were added to the previously
obtained reagents mix. In this case, a 2:1 balls-to-powder ratio
was used, at a rotation speed of 150 rpm. The choice of this par-
ticular mixing configuration was driven by the need of preserving
the fibers shape and integrity during the mixing, thereby
promoting the creation of straight channels into the final material.
The mixed powders were shaped in form of disks by means of

uniaxial cold pressing at 750 MPa inside a specifically manu-
factured die with an internal diameter of 40 mm. The disks con-
taining fibers underwent two sequential thermal treatments. The
first one was from room temperature to 1000 °C, with a heating
rate of 2 °C/min in argon atmosphere (tube furnace) and a dwell
time of 6 h, followed by cooling down at �2 °C/min (approximate
value due to thermal inertia, especially for temperatures close to
RT). The purpose of this treatment was to decompose the fibers
and the phenolic resin, which leaves a carbon residue of about
45 wt% [19], and to achieve complete release of moisture and CO2

(�3% total weight loss) from La2O3.
The second thermal treatment was up to 1750 °C (no dwell

time), with a heating rate of 2 °C/min and intermediate steps of 6 h
at 1200 °C, 1400 °C and 1600 °C followed by cooling down at
�2 °C/min. This treatment was performed in a high vacuum fur-
nace specifically designed for LaC2 [20], with the aim of allowing
Reaction (1) to occur and to sinter the formed LaC2 grains around
the created channels. In the case of the blank samples, only the
second treatment was carried out, with no preliminary burnout
stage.

Differential thermal (DTA) and thermogravimetric analyses
(TGA) were performed on the raw fibers and La2O3 powders with a
heating rate of 10 °C/min in argon (STA 410, Netzsch-Gerätebau
GmbH, Germany).

The volumetric fraction of fibers (fv) in each green sample was
calculated by:

ρ
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in which fm is the added fiber mass fraction, ρgreen is the experi-
mental green bulk density of the disk after pressing (g/cm3) and
ρfiber is the fiber solid density (1.14 g/cm3 for nylon and 0.91 g/cm3

for PP).
The bulk density (ρbulk) of the sintered samples was calculated

by the mass over volume ratio, while the theoretical density (ρth)
of the final composition (LaC2þ2C) was obtained using the ex-
pression:

ρ = ρ + ρ ( )f f 3th LaC LaC C C2 2

in which fLaC2 and fC are the volumetric fractions of LaC2 and free
carbon present in the sintered sample, respectively, and ρLaC2 and
ρC are the theoretical solid densities of the two components
(5.02 g/cm3 for LaC2 and 1.90 g/cm3 for graphite) [2]. The presence
of LaC2 and C only, as a result of this type of thermal treatment,
was previously reported in [2].

Total porosity (εtotal) was calculated by:
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The microstructure of the raw fibers and green and sintered
samples was observed by Scanning Electron Microscopy (SEM,
Vega 3xmh, Tescan), in order to verify the fibers quality before and
after milling/pressing and the formation of straight channels and
their orientation with respect to the disks geometry after the
thermal treatment.

Based on the IUPAC terminology [21], the presence of micro
(o2 nm) and meso (o50 nm) pores was analyzed by nitrogen
physisorption (ASAP 2020, Micromeritics Italia). The nitrogen ad-
sorption/desorption isotherms were collected for relative pres-
sures (P/Psat) ranging from 10�4 up to 1.0, where Psat is the sa-
turation pressure of nitrogen at the analysis temperature (77 K).
The BET method (Brunauer, Emmett, Teller) [22] was applied in



S. Corradetti et al. / Ceramics International 42 (2016) 17764–1777217766
the range of relative pressure between 0.05 and 0.30 for the de-
rivation of the specific surface area of the samples.

Permeability measurements were performed on at least two
specimens for each composition, with argon flow at room tem-
perature (T¼21–23 °C) and atmospheric pressure (Patm¼101.2 kPa).
The setup was entirely manufactured at INFN-LNL, following pre-
viously reported experimental apparatuses [13]. The test specimen
(diameter of ¼4.0 cm and ¼1.7–1.8 cm thick) was sealed with an-
nular rubber rings within a cylindrical aluminum sample holder
that provided an useful medium diameter of 1.40 cm and a flow
area (Aflow) of 1.54 cm2. The argon volumetric flow rate (Q) was
measured by a glass-made soap-bubble flowmeter (0.1–4.2 L/min)
at the exit of the sample holder and converted to superficial velocity
(vs) by vs¼Q/Aflow. The pressure drop across the specimen (ΔP) was
measured by a digital micro-manometer (0–2000 Pa, GMH 3161-13
CE, Greisinger electronic GmbH, Germany). For a reliable fitting ana-
lysis, at least 10 sets of flow rate and pressure drop data were ac-
quired, controlling Q by a needle valve and reading the corre-
spondent ΔP value.

The experimental dataset was used to fit permeability coeffi-
cients according to Forchheimer's equation for flat media under
compressible flow [9,18,23]:
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Fig. 1. SEM images of fibers: a) nylon; b) PP; c) PP fibers incorpor
in which Pi and Po are respectively the inlet and outlet absolute gas
pressures (Pi¼ PoþΔP and Po¼ Patm), vs is the superficial gas
velocity, L is the medium thickness along the flow direction
(measured for each sample), μ is the argon viscosity
(E2.2�10�5 Pa s) and ρ is the argon density (E1.66 kg/m3)
calculated for outlet flow conditions. The parameters k1 and k2 are
respectively known as the Darcian and non-Darcian permeability
coefficients, in reference to Darcy's law [9,23].
3. Results and discussion

The initial appearance of the nylon and PP fibers tested in this
work is shown in the SEM images of Fig. 1a–b. The PP fibers appear
to be more packed into bundles compared to the nylon ones. The
image of PP fibers incorporated into the green mixture is shown in
Fig. 1c, proving that the mild ball mixing conditions applied (low
balls to powder ratio and low rotation speed) allowed to preserve
the overall morphology of fibers. As a matter of fact, it was ob-
served during preliminary optimization tests that, using higher
rotation speed and balls to powder ratio, the fibers were flattened
and cracked. The reduction of only one of the two parameters was
not sufficient to maintain the fibers integrity during the mixing
stage. It is worth noting that the adopted mixing conditions en-
abled to efficiently loosen the fiber bundles and homogeneously
ated into the green composition after low-speed ball mixing.



Fig. 3. Comparison between the theoretical and observed weight losses for sam-
ples with different types and fraction of fibers.
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disperse the PP fibers within the matrix. Also in the case of nylon
fibers, which showed less problems than PP in terms of dispersion
and integrity, the above described mixing conditions proved to be
efficient.

The TGA and DTA curves under argon flow for as received nylon
and PP fibers and for lanthanum oxide (La2O3) are shown in Fig. 2.
For both types of fibers, the degradation follows typical profiles
given in literature [24,25]. In the case of nylon an additional por-
tion of weight loss was observed at about 100 °C, due to the re-
lease of adsorbed water; nylon is well known for its tendency to
adsorb water due to the presence of polar and hydrogen bonding
amide groups. La2O3 weight loss includes water, CO and CO2 re-
leases, which are completed at 800 °C [3].

The comparison between the theoretical and observed weight
losses is shown in Fig. 3. The theoretical weight loss takes into
consideration the CO release during the occurrence of the Reaction
(1), as well as the weight losses of phenolic resin, fibers and lan-
thanum oxide, as reported in the TGA-DTA analysis in Fig. 2.

The observed weight losses fairly agree with the theoretical
values, being in general a little higher. The differences can be at-
tributed to: a) loss of material during the transport and handling of
material; b) changes in the humidity absorption of raw materials
throughout the samples preparation campaign; c) local un-
controlled variations of the thermal treatments parameters
Fig. 2. TGA/DTA under argon flow and heating rate of 10 °C/min for raw materials:
(a) nylon fiber; b) polypropylene fiber; c) Lanthanum oxide.

Fig. 4. Vacuum evolution in the reaction chamber during the second thermal
treatment of samples with or without (blank) fibers.
(vacuum, temperature, gas flow) which could have had an effect
on the production process, especially on the progress of Reaction
(1).

The gas evolution during the second thermal treatment of
samples is shown in Fig. 4, where the absolute pressure inside the
reaction chamber is reported for blank and fiber containing sam-
ples (only one is reported as an example). Some differences are
clear between the curves. Four peaks in the 200–1000 °C range can
be observed for the blank sample, which are associated with the
release of H2O and CO2 during the decomposition of the phenolic
resin [26]. This behavior was not observed in the treatment of the
samples obtained using fibers, since in those cases the decom-
position of the binder was achieved during the first thermal
treatment, along with the burnout of the fibers. A smaller amount
of gas was however released from the samples with fibers, cor-
responding to the residual decomposition of previously unburned
species. In both samples a similar gas evolution can be observed
above 1000 °C, due to the release of CO according to Reaction (1),
which was temporarily interrupted during the 6-hour inter-
mediate stops at 1150 °C, 1375 °C and 1550 °C. This behavior was
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confirmed by previous studies [3]. These steps were slightly dif-
ferent from those expected (1200 °C, 1400 °C and 1600 °C, as of
Fig. 2) due to local deviations of the heating systemwith respect to
the furnace calibration, but were considered similar enough to the
desired temperatures. The fact that samples with and without fi-
bers had the same behavior, in terms of carbothermal reaction,
confirms the efficiency of the mixing procedure between La2O3

and graphite powders also in the presence of fibers.
As observed in the SEM images shown in Figs. 5 and 6, the

increase in the fiber fraction clearly resulted in the creation of an
increasing number of straight channels in the internal sections of
the sintered bodies. The created channels are radially (parallel)
oriented to the disks faces due to the uniaxial pressing conditions.
If not accompanied by the creation of a sufficient number of in-
terconnections, these channels could not be translated into the
most efficient enhancement of fluid flow, which occurs when
channels are oriented along the axial direction connecting the disk
faces. This aspect has been investigated by several works whose
intent was the increase of permeability in ceramic structures for
different applications. Isobe et al. [27,28] produced porous alu-
mina bodies of aligned porosity using nylon fibers (up to 30 vol%
with average diameters of 9.5–43 mm and length of 800 mm) or
carbon fibers (52 vol% with average diameter of 14 mm and length
of 600 mm). In their case, fibers were aligned in the matrix along
the flow direction by an extrusion method. Despite the different
orientation, the channel morphology observed by SEM was very
similar to those presented in Figs. 5–6. The same channel mor-
phology was observed in extruded bodies produced by Okada et al.
[10,29,30] who added up to 20 wt% rayon or polylactic acid (PLA)
fibers with 12–29 mm in diameter and 500–800 mm in length in
alumina, mullite and metakaolin-based matrices and by Rasouli
et al. [11], who reported additions up to 40 vol% of PLA fibers of
Fig. 5. SEM images of the microstructure of sintered samples prepared with dif-
ferent contents of nylon fibers. GF indicates the gas flow direction during the
permeability measurement (along the thickness of the sample), R1 and R2 the
radial directions (along the diameter).
12–29 mm in diameter and 500 mm in length in metakaolin-based
geopolymers shaped by a hand-extruder. Polymeric fibers have
also been added in refractory castables to reduce the risk of ex-
plosive spalling during the drying-sintering stages [12–17] and in
molds for investment casting to help the fast release of gases
during the mold filling with liquid metals [18,31]. The preferred
fibers in these applications are nylon and PP, with 0.1–24 mm in
length and 15–20 mm in diameter, but with content usually below
1 vol% in order to avoid substantial decrease in mechanical
strength. The usual molding method is the casting of slurries,
which provides a non-oriented dispersion of fibers in the ceramic
matrices. In the case of refractory castables, the presence of coarse
aggregates in the matrix has led to aggressive mixing conditions of
the ceramic slurry or paste and the damage of fibers, with gen-
eration of irregular channels and partial loss of the benefit in
permeability. Interesting details of the porous microstructure and
discussion of mechanisms for permeability increase of fiber-based
castables and molds for investment casting are reported by In-
nocentini et al. [12–14,16–18], Salomão and Pandolfelli [32], Salo-
mão et al. [15,33], Mandecka-Kamień et al. [14], Yuan and Jones
[31] and Collignon et al. [34].

The beneficial effect of the increase in the fiber fraction on the
permeation behavior of sintered samples appears clearly in the
normalized pressure drop curves plotted in Fig. 7. The pressure
drop level was considerably lowered at the same gas velocity as
the fiber fraction increased. This common trend was observed for
both nylon and PP fibers. Despite the apparently linearity, Eq. (5)
was very well fitted to experimental data (R240.99), which im-
plies the validity of Forchheimer's equation and the importance of
accounting for both the viscous (linear) and inertial (quadratic)
terms in velocity to compute the total pressure drop.

The resulting permeability coefficients k1 and k2 fitted from
Fig. 6. SEM images of the microstructure of sintered samples prepared with dif-
ferent contents of PP fibers. GF indicates the gas flow direction during the per-
meability measurement (along the thickness of the sample), R1 and R2 the radial
directions (along the diameter).



Fig. 7. Experimental permeation curves of sintered samples with different types
and volume fractions of fibers: a) nylon; b) PP. Lines are parabolic fittings according
to Eq. (5). (Color online).

Fig. 8. Influence of type and fraction of fibers on: (a) Darcian permeability coeffi-
cient, k1; (b) Non-Darcian permeability coefficient, k2; (c) Total porosity, εtotal.
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curves in Fig. 7 and Eq. (5) are given in Figs. 8a and 8b as a function
of the volumetric fiber fraction, fv. To help analysis, total porosity
of samples is also plotted in Fig. 8c.

As expected, the total porosity of bodies followed an almost
linear and univocal dependence with the volumetric content of
fibers fv, regardless the fiber type. An addition of E25 vol% of fi-
bers caused nearly the same increase in total porosity. On the
other hand, increases of almost two orders of magnitude for k1
(1.21–64.83�10�15 m2) and three orders of magnitude for k2
(1.17–1426.83�10�11 m) were achieved with respect to the blank
sample. Compared under the same volumetric fiber content, ny-
lon-based samples were slightly more permeable than PP samples,
a difference that could not be ascribed to the porosity level. Since
both as received fibers had nearly similar shapes and dimensions,
then it is possible that nylon was more resistant than PP to de-
formation, abrasion or rupture during processing and therefore
was able to create a smoother or more disperse and inter-
connected network of voids in the ceramic matrix. The better
mechanical performance of nylon over PP fibers is already de-
scribed in the literature on fiber-reinforced concretes [35].

A previous study included PMMA spherical beads as sacrificial
fillers to increase the permeability of lanthanum oxycarbide disks
[13] used as targets in the SPES project. In that case, a PMMA
content of 60.6 vol% was required to raise k1 and k2 respectively to
9.43�10�14 m2 and 8.97�10�9 m. In the present work, a similar
permeability level (k1¼6.48�10�14 m2 and k2¼3.6�10�9 m)
was achieved with inclusion of only 24.8 vol% of PP fibers. A
similar comparison has been reported by Isobe et al. [27], who
added up to 30 vol% of nylon fibers (800 mm long) or up to 50 vol%
of PMMA beads (10 mm spheres) in alumina/mullite matrices. Al-
though the porosity increase was nearly proportional to the vo-
lume of each filler added, the permeability increase was ex-
ponential and much more pronounced in the fiber-containing
specimens. It is worth noting that, different from the gelcasting of
foams, were air bubbles are merged in several grades to create
cells connected through multidirectional windows (throats), the
inclusion of solid fillers such as PMMA can only create throats by
the direct contact of adjacent spheres, which limits the size of
effective flow paths [36]. In such situation, a very large content or
a wide size distribution of beads is necessary to ensure cell con-
nectivity and permeability increase.

A survey of permeability data concerning the use of fibers as
pore formers in ceramic matrices is presented in Table 1. Extrusion
is the preferred molding method of flat filtering membranes, as



Table 1
Comparison of permeability data of fiber-based ceramics reported in the literature with values experimentally found in this work.

Reference Molding
method

Ceramic matrix Fiber features

Type Length
(mm)

Diameter
(μm)

Max. content
(vol%)

Orientation to flow
direction

k1 (m2)

[27] extrusion alumina nylon 0.8 9.5–43 30 parallel 4.1–39�10�14

[10] extrusion mullite rayon 0.8 16.5 20 parallel 4.1–5.6�10�14

[11] extrusion metakaolin-based
geopolymer

PLA 0.5 12–29 40 parallel 0.2–1.7�10�14

[14] casting alumina refractory
concrete

PP 6–10 16 0.1 non-oriented 8.2–42.5�10�12

[34] casting alumina refractory
concrete

PP 6 50 0.2 non-oriented 3–300�10�17

[31] casting SiO2-Al2O3-ZrO2

investments
PP 1 20 20a non-oriented 5.4–5.8�10�7

[18] casting spinel-based
investments

PP 1 20 0.85b non-oriented 0.8–1.5�10�14

[12] casting alumina refractory
concrete

PP, PET, jute, cellu-
lose, nomex

2–6 15–30 0.36 non-oriented 4–22�10�16

[15] casting alumina refractory
concrete

PP 0.1–24 15 0.36 non-oriented 4–28�10�16

This work uniaxial
pressing

lanthanum carbide PP and nylon 0.5 18–20 24.8 perpendicular 1.2–65� 10�15

a g/L suspension;
b wt%.

1x10-17 1x10-15 1x10-13 1x10-11 1x10-9 1x10-7 1x10-5
1x10-17

1x10-15
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Fig. 9. Permeability map with classification of porous materials and location of
blank and fiber-containing LaC2 samples. Adapted from Biasetto et al. [9].
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pores are aligned in parallel to the flow direction. The fiber content
is relatively high (up to 40 vol%) to yield bodies with permeability
level around 10�14–10�13 m2. On the other hand, casting of slur-
ries is used for molding of refractory concretes and investments
where fibers are randomly dispersed in the ceramic structure. Fi-
ber content in this case is much lower (o1 vol%), but the per-
meability increase is also very pronounced when compared to the
values of blank samples (10�17–10�14 m2).

Despite the very different fiber contents, the similar effect on
permeability in extruded and cast samples is related to the dif-
ferent mechanisms by which fibers act in promoting the creation
of flow paths. In concrete materials, the porous structure can be
considered a two-phase composite consisting of a matrix paste
surrounding a cluster of coarse aggregate grains. The main source
of permeable paths is not the porosity of the matrix, but the
transition zone formed by wall effects at the matrix–aggregate
interface [37]. In this case, fibers are mostly used to link the in-
terfacial zones, which explains the need of much smaller amounts
to yield a substantial increase in permeability. The length of fibers
is more important than the amount added [15,16,32,33]. On the
other hand, in ceramic matrices formed by homogeneous pastes of
fine powder mixtures, the interconnected porosity available for
fluid flow is randomly distributed throughout the structure and is
mostly composed of small pores of irregular shape originated from
packing constraints and removal of mixing liquids or volatile
compounds. Cracks caused by sintering phenomena also lead to
some path creation, although they are in fact deleterious for the
mechanical strength and thus avoided as a primary permeability
enhancer method. In this situation, fiber channels are not expected
to link permeable zones, but to create instead a completely new
network for fluid flow. Therefore, the permeability increase is
more effective if the channels created by the fibers burnout are
axially aligned to the fluid flow direction linking the opposite
surfaces exposed to the fluid pressure gradient. Other fiber or-
ientations may also be effective, as long as a net of interconnected
channels is formed throughout the structure. In either case, a large
amount of fibers is required, as observed in the works listed in
Table 1. Considering the volume of each PP fiber (500 mm long and
20 mm thick) as E1.6�10�7 cm3, the addition of 1 vol% PP will
result in the creation of E64,000 channels with total length of
32 m per cm3 of sample. These figures increase to E1,600,000
channels and E800 m per cm3 for a 25 vol% PP content, and very
similar results are obtained with nylon fibers, with density and
dimensions slightly different from those of PP. These expressive
numbers indicate that some degree of interconnection linking
both samples surfaces is expected, even with the molding method
(uniaxial pressing) favoring the radial channel alignment. This
would justify the permeability increase observed in Fig. 8.

As a basis of comparison with other porous structures, the
permeability coefficients k1 and k2 are plotted in Fig. 9 in a com-
prehensive permeability map proposed by Innocentini et al. that
includes a large number of data for different types of porous ma-
terials [9,18,23]. The location of data from this study suggests that
both fiber types yielded permeability levels that belong typically
to low permeability concretes, castables and bricks, especially in
the case of the blank sample. On the other hand, the samples
prepared using higher volumetric fractions of fibers were found to
have permeability coefficients similar to those of foams produced
by gelcasting or granular and fibrous filtering media.
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The shape of the nitrogen physisorption isotherms for selected
samples are shown in Fig. 10. The blank sample, produced without
using fibers, and nylon- and PP-based samples produced with the
maximum fibers loading display quite similar adsorption-deso-
rption isotherms. The main features are the absence of micropores,
as proved by negligible adsorption in the low pressure region, the
presence of a small hysteresis in the high pressure region, between
0.6 and 0.9, and the steep increase in adsorption up to the sa-
turation pressure. The unambiguous assignment of the isotherm to
a specific IUPAC category is not straightforward, being the shape
intermediate between type III and type V [21]. Irrespectively of the
isotherm type, the samples are macroporous in nature, as de-
monstrated by the non saturation of the adsorption branch at high
pressures. Moreover, the shape of the hysteresis loop, which can
be ascribed to a H3 type according to the IUPAC classification [21],
points to the presence of a wide and irregular distribution of
mesopores (o50 nm). The differences in specific surface area
(SSA) between the blank and the two types of samples, either
nylon or PP fibers containing, are almost negligible, being 2.7 m2/g
the SSA value for the blank sample and around 2.6 (nylon) and 3.5
(PP) m2/g for the samples with the highest fibers loading. SSA is
indeed a parameter that is subject to remarkable variations in the
case of micro-mesoporous structures, which is not the case for the
samples here reported. It is however important to take into ac-
count this property in the case of targets for isotopes production,
since the presence of interconnected small pores uniformly dis-
tributed in the material proved to have a positive effect on the
release of isotopes [1,38]. It should be observed that the SSA trends
are not in conflict with the permeability data, which are correlated
mainly to the presence of the macropores generated by the de-
composition of the fibers. O’Brien et al. [39] obtained an inverse
correlation between fluid permeability and SSA in collagen scaf-
folds for tissue engineering, motivated by the presence of frictional
effects of fluid flow by the scaffold struts. For the materials con-
sidered in the present work however it is clear that an eventual
increase in SSA, obtained by the presence of micro-meso pores
formed during the fibers decomposition process, would have a
negligible effect on permeability due to the presence of a large
amount of straight, preferential macrochannels which allow an
unhampered fluid flow.
Fig. 10. N2 adsorption/desorption isotherms of blank, nylon- and PP- based sam-
ples (maximum fibers loading); the data were stacked on y-axis for the sake of
clarity. Fill and open symbols represent adsorption and desorption branches,
respectively.
4. Conclusions

Nylon 6,6 and polypropylene fibers were successfully employed
as pore-forming agents in LaCx disks synthesized from La2O3 and
graphite powders. Additions up to 21.3 vol% of nylon or up to
24.8 vol% of PP fibers were employed to enhance the pore inter-
connectivity and the permeability of bodies. Due to the processing
method, fibers were oriented along the plane perpendicular to the
loading direction, with creation of a network of interconnected
pores in the radial direction after sintering. Despite the univocal
and linear increase in total porosity (E25%), the resulting increase
of permeability coefficients achieved two orders of magnitude for
k1 and three orders for k2 in relation to the blank sample. Com-
pared under similar volumetric contents, nylon 6,6 was slightly
more effective than polypropylene to enhance permeability. The
effect was ascribed to the superior mechanical properties of nylon,
which possibly yielded smoother and more interconnected pores.
Compared to spherical pore formers (PMMA beads), polymeric
fibers were much more effective to enhance the permeability of
porous LaCx targets for the SPES project.
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