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Porous stainless steel hollow fibers with shrinkage-controlled
small radial dimensions
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A method is presented for the preparation of thin (�250 lm) porous stainless steel hollow fiber membranes based on dry–wet
spinning of a particle-loaded polymer solution followed by heat treatment. Extraordinarily small radial dimensions were achieved
by controlled shrinkage during thermal treatment. Above the glass transition temperature of the polymer, the dynamics of surface
energy-driven viscous flow allow regulated reduction of the macrovoid volume, resulting in a substantial decrease in the final fiber
diameter.
� 2011 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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Hollow fiber membranes with small radial
dimensions allow a very high surface-area-to-volume ra-
tio, up to �104 m�1, and can sustain large hydrostatic
pressures. Polymeric hollow fiber membranes are widely
used in various biomedical, medical and industrial appli-
cations [1,2]. These fibers are made in large quantities
via the dry–wet spinning process, in which a polymer
solution is pressed through a spinneret and coagulated
in a bath of non-solvent [3–6]. As an example of how
well established this process is, millions of membrane
modules are produced annually for hemodialysis, each
containing approximately 1 km of hollow fiber that
has a distinct separation performance and no defects
[1,2]. On average, these modules typically cost $10–20
each. Inorganic membranes can offer an interesting
alternative for applications in which polymers have lim-
ited chemical or thermal stability. Currently, no com-
mercial inorganic hollow fiber membranes exist. In the
scientific literature, there are reports of porous ceramic
hollow fibers that have been made via dry–wet spinning
of a polymer solution containing inorganic particles, fol-
lowed by heat treatment to burn out the polymer and
sinter the particles together [7–12]. The applicability of
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these fibers is hampered by their limited mechanical
strength. Recently, metal fibers have been reported that
have superior mechanical properties and allow welding
and brazing [13]. All of these inorganic porous hollow
fibers are relatively thick (�1 mm) in comparison to
state-of-the-art polymeric hollow fibers.

Here, we present a method that allows the prepara-
tion of stainless steel hollow fibers with an outer diame-
ter that can be regulated down to �250 lm, comparable
to that of typical polymeric hemodialysis and gas sepa-
ration membranes [2]. The extraordinarily small radial
dimensions are achieved by controlled shrinkage of the
green fibers at temperatures exceeding the glass transi-
tion temperature. At these temperatures, the dynamics
of viscous deformation of the green fibers allow regu-
lated reduction of the macrovoid volume and a substan-
tial decrease in the final fiber diameter. The pronounced
changes in fiber morphology upon heat treatment are in
contrast to observations reported for other inorganic
hollow fiber membranes.

Green hollow fibers were prepared via the dry–wet
spinning process based on the principle of phase separa-
tion; this process has been described in detail elsewhere
[13]. Spinning experiments were performed with a
spinneret with inner and outer diameters of 0.5 and
1.1 mm, respectively. Deionized water was used as the
sevier Ltd. All rights reserved.
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non-solvent in the coagulation bath and as the bore li-
quid. Spinning mixtures were made by adding stainless
steel powder (316L, particle size 4.17 lm according to
the manufacturer, Epson Atmix Corporation) to
N-methylpyrrolidone (NMP, 99.5 wt.%, Aldrich), fol-
lowed by stirring for 30 min. Polyethersulfone (PES,
6020P, Ultrason) was added in three steps, each sepa-
rated by 2 h, and the mixture was then stirred for
16 h. The PES/NMP volume ratio was kept constant
(1/4), while the concentration of the stainless steel was
varied in the range of 23–62 vol.% (with respect to stain-
less steel + PES, not including the solvent; this definition
of the vol.% of stainless steel relates to the composition of
the green fiber and is used throughout the remainder
of this work). If necessary, 0–1.2 vol.% polyvinylpyrroli-
done (PVP, K95, Aldrich) was added to regulate viscos-
ity, followed by stirring for 16 h. The spinning mixtures
were degassed before spinning by applying a vacuum
for 30 min and leaving the mixtures for 16 h in dry air.
The stainless steel powder and PES were dried before
use; all other chemicals were used without further
treatment. Directly after spinning, the hollow fibers were
kept in a water bath for 24 h day to remove all traces of
NMP, followed by drying and stretching (0.5 cm m�1)
for 24 h.

The thermal treatment of the fibers involved six
sequential steps: the fibers were heated to 200 �C
(5 �C min�1), 300 �C (1 �C min�1), 400 �C (5 �C min�1),
600 �C (1 �C min�1) and 1100 �C (5 �C min�1, 30 min
dwell), then cooled to ambient temperature
(5 �C min�1). The changes in morphology in the range
of 200–300 �C were analyzed by heating the fiber to a
specified temperature (5 �C min�1), keeping the fiber at
this temperature for a specified period and then cooling
it to ambient temperature (10 �C min�1).

Figure 1 depicts three porous stainless steel hollow fi-
bers and two commercial membranes for comparison.
The variation in diameter of the steel fibers is indicative
of the range of radial dimensions that can be covered
using a single spinneret with fixed dimensions. The only
difference in the preparation of the three fibers is the
vol.% loading of stainless steel. Prior to heat treatment,
Figure 1. From left to right, three stainless steel hollow fiber
membranes with decreasing outer diameters (750, 460 and 285 lm);
for comparison, a polymeric (hemodialysis) hollow fiber (060509,
Fresenius) and an alumina capillary (M20, Hyflux) are shown.
the diameters of the fibers were approximately equal
(�850 lm). The dimensional changes became apparent
after heat treatment, during which the fibers showed a
distinct shrinkage. The extent of the shrinkage was lar-
ger when the green fiber contained a lower loading of
steel particles. The most pronounced change in diameter
was observed with a particle loading of 23 vol.%, where
the fiber diameter was reduced to only 34% of the initial
value. This thin stainless steel hollow fiber had a diam-
eter similar to that of the polymeric fiber and was 13
times thinner than the alumina capillary. In other stud-
ies dealing with inorganic fibers, the observed moderate
shrinkage during heat treatment was ascribed to densifi-
cation and the burnout of the polymer [7–9,14,15]. The
reductions in diameter reported here are far more pro-
nounced, and volume balance calculations confirmed
that polymer burnout alone could not account for the
dimensional changes. Additionally, alterations in fiber
morphology likely contribute to the extensive shrinkage.

A series of representative SEM images were selected
to illustrate the changes in fiber morphology during heat
treatment (see Fig. 2). The fibers on the left are green
compacts, whereas those on the right were sintered at
1100 �C. For the fiber with the highest loading of stain-
less steel particles (Fig. 2A and B, 62 vol.%), the mor-
phology was more or less preserved upon sintering,
except for some shrinkage. After sintering, macrovoids
were still present in this fiber, similar to what has been
observed by others for inorganic hollow fibers with lar-
ger diameters [8,9,11,12,16,17]. In contrast, a significant
change in the morphology was observed after the sinter-
ing of fibers with lower loadings of stainless steel,
41 vol.% (Fig. 2C and D) and 23 vol.% (Fig. 2E and
F). Prior to sintering, these fibers possessed distinct mac-
rovoids, but after sintering, these macrovoids disap-
peared, and a major decrease in outer diameter was
observed.

The evolution of fiber length as a function of temper-
ature is depicted in Figure 3. The data clearly show that
a predominant part of the shrinkage occurs in the tem-
perature range of 200–300 �C. This temperature range
includes the glass transition temperature of polyether-
sulfone (Tg = 225 �C), above which the polymer changes
from a glassy to a rubbery material and the mechanical
and physical properties change markedly. In particular,
the viscoelastic properties of the thermoplastic will vary
strongly in this temperature range (see Supporting info).
A sufficiently low viscosity of the green fiber can allow
for viscous sintering, i.e. surface tension-driven flow un-
der the influence of surface curvature gradients. During
viscous sintering, the macrovoid volume in the fibers is
reduced, causing a substantial shrinkage of the fiber,
as observed for the fibers with loadings of 23, 32 and
41 vol.%. When the particle loading is too high, the vis-
coelastic properties of the green fibers are dictated by
the particles rather than by the polymer, and viscous
deformation is obstructed. This finding explains the
moderate shrinkage of the fiber with 62 vol.% stainless
steel.

The viscous deformation is driven by a reduction in
the surface free energy associated with the macrovoids,
and the shape and size of these macrovoids are expected
to have an influence on the rate of macrovoid decay [18].



Figure 2. SEM images of hollow fibers with 62, 41 and 23 vol.% stainless steel. Left, green compacts: (A) 62 vol.%, (C) 41 vol.% and (E) 23 vol.%;
right, fibers sintered at 1100 �C: (B) 62 vol.%, (D) 41 vol.% and (F) 23 vol.%.

Figure 3. Evolution of fiber length L with temperature for different
vol.% stainless steel, normalized with respect to the initial length, L0.
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This effect is illustrated in Figure 4, where the normal-
ized length of the fibers is plotted against time, while
the fiber is held at a specified temperature. The data
showed that a reduction in length occurred in the first
few hours, and the corresponding rate at which the fiber
shrank increased with temperature. This result was ex-
pected based on the characteristic time for viscous sin-
tering introduced by Kuiken [18], tc = lg/r (where r is
the surface tension and l is the characteristic length), be-
cause the dynamic viscosity g decreases with increasing
temperature. Within the timescale of the experiment,
for each specified temperature, the extent of shrinkage
reached an asymptotic value. At lower temperatures,
macrovoids disappear only if they are small, whereas
for the larger macrovoids, the surface energy driving
force is insufficient to overcome the viscous forces. With
increasing temperature, viscosity decreases and the de-
cay of larger voids becomes apparent. This behavior
was substantiated by the SEM images of fiber cross-
sections on the right-hand side of Figure 4. For the fiber
incubated at 205 �C, small macrovoids can be identified.
After incubation at 225 �C, small macrovoids were no
longer visible, but larger macrovoids were still present.
The fiber incubated at 245 �C did not exhibit any appar-
ent macrovoids.

Gas permeance was measured, at 21 �C, as a function
of pressure difference, up to 7 bar, using a pressure-
controlled dead-end gas permeation set-up. Stainless
steel hollow fibers (41 vol.%), sintered at 1100 �C, exhibit
a nitrogen permeance of 4 ± 1 � 10�6 mol m�2 Pa�1 s�1.



Figure 4. 41 vol.% stainless steel. Left: normalized fiber length as function of time at different temperatures. Right: SEM micrographs of fibers
incubated for 10 h at 205, 225, and 245 �C.
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In summary, a method was presented for the prepara-
tion of porous stainless steel hollow fibers with regulated
small radial dimensions by combining a well-established
method for the preparation of polymeric hollow fibers
with sensible thermal treatment. At ambient tempera-
tures, the morphology of the green fibers, e.g. the degree
of macrovoids, can be influenced via the spinning
parameters. At temperatures around the glass transition
temperature, the shrinkage of the fibers can be con-
trolled; macrovoids with small sizes disappear at lower
temperatures, whereas larger macrovoids persist up to
higher temperatures. At elevated temperatures
(>1000 �C), the pore size distribution of the fibers can
be regulated [13]. The method presented here is versatile
and generic in nature. Substitution of stainless steel with
other particles of different size, shape and composition
will allow the manufacture of a broad variety of thin
porous inorganic hollow fibers.
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