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Highlights

e Nanofibrous silica glass/ceramic rigid 3-D shapes are “hri_ated t * the first time

¢ Silica nanofibers with ceramic binder layer are s ablc ' *, 1200 °C

e Highly porous nanofibrous glass/cerai. ‘c car oe strunger than microfibrous ceramics

e Fiber-binder layer interactions de¢ “ne the pre ~erties of glass-ceramic shapes

Abstract

Nanofibrous glass/cera. ic rig 1 shapes with uncommon structures, consisting of electrospun
vitreous silica na. nfibe. coated with 5-30 nm thick ALO3 or MgALO4 ceramic layers, were
fabricz ~d i1 this ¢ udy. Ceramic nanolayers restricted the viscous flow in silica nanofibers and
provided st1. ng structural bonding during partial sintering at 1200 °C. The interface interactions
between the silica nanofiber core and ceramic nanolayer during sintering defined the resulting
microarchitecture, porosity, and phase composition of the material. Nanofibrous glass-ceramic

slabs with 904+2% porosity revealed flexural and compressive strengths in the range from 0.7 to
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3.2 MPa due to the combined effects of the compounds formed in the silica nanofiber core, ceramic
layer, and at their interface. The structural uniformity and mechanical properties of nanofibrous
glass/ceramic shapes make them strong alternatives to microfibrous porous ceramics in various
applications, especially when a small size of ceramic components is needed.

Keywords: Nanofibrous ceramic; Porous; Mechanical strength; Sintering.

1. Introduction

Fibrous ceramics represent a class of light-weight ceramic materials wi*'« ty, ‘ca.’y high
porosity up to 95%, low thermal conductivity, and high resistance to therr .at s 9¢.. (1-3]. These
materials have been increasingly used in thermal insulation, acrogel/i" rous ...amic composites,
catalyst supports, fuel cells, and various types of membranes an. filters "4—6].

Fibrous ceramic materials are composed mainly of a *~nd: .n netv. ~rk of ceramic fibers and a
high-temperature binder. Alumina, mullite, and zi coi. + fi* ers with diameters from a few to
several tens of micrometers are commonl: used ~abri ition process, sintering temperature, type
and amount of binder play key role in the f¢ mation of the microarchitecture and mechanical
properties of fibrous ceramic shar .s. “or xample, Cuo et al [6] fabricated filtration membranes
from mullite fibers with 10-", , m« ~~.eters and 100-200 um lengths using a binder derived from
kaolin-feldspar powde © The membranes revealed 78-74% porosity and 0.76-1.67 MPa
compressive strei ~th a1 v sintering at 1250 °C. Fibrous mullite ceramic with ZrO,-based binder
[7-9] emo strate ' the increase in compression strength from 0.6 MPa to 14 MPa when the
porosity dec 2ased from ~86 to 47%. It was observed that the decrease in porosity and increase in
strength corresponded to a higher amount of binder (up to 70 wt%) in the material.

Si0»-based binders have been, so far, the most frequently used in fibrous ceramic materials.

Numerous reports [2,10—15] have shown that when silica sol is used, mullite fibrous ceramics with



different microarchitectures, 74-92% porosity, and 0.1-2.8 MPa compression strength can be
fabricated after sintering at 1100—1500 °C. Xu et al [16] noted that the binder can form either beads
at the contact points between the fibers or continuous layers on the fiber surface. The latter led to
a higher compressive strength of the resulting material. Mullite fibrous ceramics with silica binder
derived from silicone resin [17,18] revealed 1.0—1.8 MPa compressive and 0.65—0.86 MPa flexural
strength at 81-74 % porosity, depending on the sintering temperature (1200-1600 . Zhang et
al [19] prepared highly porous (86.2-89.2%) layered mullite-zirconia fibrous cei. mic with a
borosilicate binder by using unidirectional compression (80—240 kPa) of " cro. e, ..drries in the
mold. The compressive strength of the material varied in 2.42—5.74 V" 2 ran -, depending on the
mullite/zirconia mass ratio, when the load was applied along the . vers. lowever, the compressive
strength was about 1.0 MPa when the load was applied nor .al to .~e layers. In most studies,
depending on the fabrication procedure and precursc s, v = sh-inkage of fibrous ceramic shapes in
the range of 1.0-23 % and crystallization - - silic: binal - to cristobalite were observed.

There has been an increasing ef/>rt to fabr. ate nanofibrous ceramic materials [20-24]. Such
materials, made mainly by therma’ pi. ~es. mg of precursor fibers fabricated using electrospinning
[25,26], have demonstrated ... mis *~ results, but reports on nanofibrous ceramic shapes other
than small area thin she * s or . "ats are scarce. For example, flexible nanofibrous ceramic sponges
with extremely hi ~h por sity (>99%) have been fabricated using sol-gel casting and freeze-drying
of oxid~ nar (fiber 'lurries with a silica-based binder followed by sintering [27-29]. Such sponges
demonstrat. ! very low thermal conductivity, high compressibility and resilience under loads less
than 20 kPa. The available data show that ceramic nanofibers can exhibit different mechanical
properties than microfibers, which makes them an intriguing constituent for the development of

advanced ceramic structures. Further research on ceramic nanofiber-based three-dimensional (3-



D) shapes with the range of porosities typical for fibrous ceramic is needed to explore the potential
of nanofibrous ceramic materials.

This study has been focused on fabrication of rigid nanofibrous amorphous silica/ceramic
highly porous structures with 3-D nanofiber packing, and an initial evaluation of their mechanical
properties. The results have shown that by using vitreous silica nanofibers with a nanolayer of
ceramic binder (A2O3 or MgALQy), it is possible to form thermally stable (up = 1200 °C)
nanofibrous ceramic shapes with attractive microscale structural uniformity ana echanical
properties. It has been determined that the ceramic nanolayer and its “ate: <ue.. with silica
nanofibers during sintering can play critical roles in the formation of su. 1 nawn. Zorous silica-based

glass-ceramic structures and their mechanical properties.

2. Experiment
2.1. Raw materials and precursors
Tetraethoxysilane (TEOS, 999 +), alum. um nitrate nonahydrate (Al(NO3);-9H,0O) and
magnesium nitrate hexahydrate (* .z, NO, --6H20), all supplied from Alfa Aesar, served as the
sources for amorphous silica .o s < _eramic binder. Polyvinyl butyral (PVB, My, ~70,000, 80%
butyral, Scientific Poly ~ er P, "ducts) was used as a carrier polymer for the silica nanofiber and
ceramic binder ;vecurs v solutions. Hydrochloric acid (HCI) and ethanol (200 proof) were
purchaced fr y»m Fi1. ~her Scientific and Decon Labs, respectively. DI water was produced on site.
Silica = anofiber precursor was prepared from TEOS, ethanol, DI water, and HCIl in
1.0/2.0/2.0/0.01 molar ratio according to the procedure described by Geltmeyer et al [30]. PVB
solution in ethanol was added to the obtained silica sol to achieve the polymer concentration of

4.75%0.5 wt% in the precursor. The resulting silica/PVB precursor had apparent viscosity 110£10



mPa-s (at 1000 s shear rate), electrical conductivity 170+30 pS/cm, and it was stable up to six
months when stored at normal laboratory conditions at 21 °C and 42 % relative humidity.

Ceramic binder precursor stock solution was prepared by dissolving either AI(NO3)3-9H>O
(0.06 mol) or AI(NO3)3-9H>0/Mg(NO3)2:-6H>0 (1:1 molar ratio, 0.03 mol of each) salts in 100 mL
ethanol/H>O (9:1 volume ratio) solvent that contained 1 wt% of PVB. Solutions with lower salts
concentrations were prepared by diluting the stock solution with the san > 1.0 wt%
PVB/Ethanol/H,O solvent.
2.2. Fabrication process for nanofibrous ceramic structures

Nanofibrous glass/ceramic porous shapes were fabricated using thy “roceuure shown in Fig. 1.
First, the silica/PVB precursor fibers were produced by  hig-yield alternating field
electrospinning (AFES) process described elsewher~ [3.-33]. AFES is a free-surface
electrospinning technique that generates dense, slow y m vin', (0.2—1.5 m/s) flows of propagating
fibers that carry almost no electric charg Thic process feature allows to use electrically non-
conducting collectors and provides . *sy collec on and handling of fibers [34]. AFES has been
used for fabrication of sizeable r ua “itie. of SiO; [35], ALOs [36], ZrO> [37] and TiO2 [38]
nanofibers.

In present study, ti.- silic. PVB precursor solution was supplied to the electrode held at 30—
33 kV rms AC- oltag. (Fig.1-al,a2) and the generated liquid precursor jets solidified and
deposit~d o1 a pla. “ic collector to form up to 30x150 cm? fibrous sheets with the thickness up to
20 mm (Fig. *-b1). Fibrous silica/PVB sheets were cut into manageable pieces and calcined at 600
°C to form nanofibrous amorphous silica (Fig.1-b2) with 4504250 nm fiber diameters. Next, the
nanofibrous silica sheets were chopped/grinded (Fig.1-b3,b4) to achieve the fiber length less than

40 pum, and the resulting fluffy silica nanofibrous material was placed into a beaker (Fig.1-c1). The



binder precursor solution with different salt concentrations was then added (Fig.1-c2) and the
mixture was stirred and sonicated (Fig.1-c3) to form a silica nanofiber suspension with ~12.5£1.5
wt% loading of solid phase. The low viscosity binder solution did not affect the fiber dispersibility
in the binder solution. The masses of salts used in the binder precursor solution were determined
from the molar weight ratios of the salt and corresponding ceramic binder. The following formula
was used to calculate the amounts of ceramic binder:

Mbinder = (4* Misilica® Poinder” 1)/ (Psilica* D) (D),
where mpinder, Pvinder aNd Misilica, Poinder are the mass and specific gravity of ceramic binder (Al>O3 or
MgAl>Os4) and silica nanofibers, respectively, D is the average fiber diameter, and /% is the binder
layer thickness. The amounts of binder precursor were calculated to form approximately 5, 10, and
30 nm thick ceramic layers on the surface of silica nanofibers. These thicknesses of ceramic layers
corresponded to 7.4/8.2, 13.8/15.2, and 32.4/34.9 wt% loading of Mg-spinel and alumina binder,
respectively. The nanofiber suspension was poured into 25x6x3 mm® aluminum alloy molds,
covered and dried at 40 °C temperature (Fig.1-d1,d2,d3). Dry nanofibrous slabs were extracted
from the molds, placed in a prog’ «m» ~bic furnace (KSL-1500X-S, MTI Corp., Richmond, CA,
USA), where they were heat .d . 5 T~ min, calcined at 800 °C for 2h, and sintered at 1200 °C for
2h (Fig.1-d4,dS). The 1. 'ulting nanofibrous highly porous ceramic slabs (Fig.1-e1) were gently
polished using sa. 1pape <600 grit) to reduce the surface non-uniformity (Fig.1-e2).
2.3. C! ~rac °rizat. 'n methods

The dia. ‘eter, surface morphology, packing and interaction of fibers in nanofibrous slabs after
the calcination and partial sintering were investigated by scanning electron microscopy with EDS
detector (SEM/EDS, field-emission scanning electron microscope FEI Quanta 650). SEM imaging

was performed in secondary electron mode, at an accelerating voltage 15-30 kV, electron probe



current 2 pA, and a chamber pressure of 1x10~* Pa. EDS spectra were acquired using Bruker Flat
Quad 5060F energy dispersive X-ray detector at an accelerating voltage 20 kV and electron probe
current 5 pA. SEM samples were prepared by cleaving the nanofibrous slabs to study both their
surface and internal microarchitecture. The samples were sputter coated with a few nm AuPd layer
to reduce charging artifacts.

X-ray diffraction (XRD) patterns of nanofibrous glass/ceramic samples were ov ' aned using
an X Pert Pro MPD diffractometer (PANalytical, the Bragg—Brentano geometry with ™u .o tube
operated at 40 kV and 45 mA and X’Celerator detector). Data were acquir d ov. ~ tne range of 5—
90° 20 using the step of 0.0167° and dwelling time of 27 s. Samples . <re crushed, pressed into
zero-background silicon holders, and rotated during the measure.. 2nts 1 » minimize the possibility
of preferred orientation effects. Phase identification and .. ~<tallite siz. analysis were performed
using the PANalytical High Score Plus softwar> pac ~~. and the International Centre for
Diffraction Data (ICDD) powder diffractic ~ file #DF-. ver. 2009) database.

Porosity of nanofibrous porous g “ss/ceram. * slabs was evaluated from the formula
&= (1 — Pexp/ Paense)*100% 2)
where pexp 1s the apparent dev. ity of the fibrous material, and pgense 1S the density of the
corresponding non-pnro. ~ glas.-ceramic fibers. The latter value was calculated using the known
composition of fit *s in ..rms of initial weight fractions of silica and ceramic (alumina or spinel
binder, ‘rn 1la ()) components, the crystalline phase composition determined by Rietveld
analysis of 2 RD patterns, and the formula
Pdense = 2 Xipi/ 100 3)
where Xi are the mass% contributions of each identified phase (silica = 2.196 g/cm®, Pepinel = 3.58

g/cm®, Patumina = 3.98 g/em’, perysw = 2.33 g/em?, and peaph = 3.49 g/em®  are the density of non-



porous amorphous silica, MgALLO4 spinel, a-Al2Os, cristobalite and sapphirine, respectively).
Specifically, in the case of partially sintered silica-spinel fibers, the comparison of Rietveld
analysis data for cristobalite and ceramic phases with the initial mass ratio of silica and spinel
helped to determine the relative amounts of the remaining amorphous silica in the fiber structure.
Capillary flow PMI Simple Porometer with a custom measuring head for small nanofibrous slabs
analysis and DI water as the wetting fluid was used to determine the pore size. . ¢ ieast three
measurements were taken sequentially in dry and wet state for each tested sar ple. "he _ontact
angle of 0°, determined by PGX+ PocketGoniometer for all samples, was us d i he calculation of
pore size.

Compressive and flexural strengths of nanofibrous pc¢ »us § lass/ceramic slabs were
determined using a custom-made micromechanical tester *=si_ned fo. fibrous ceramic materials
and equipped with 1N and 25N DFG35 force gau~ s (\ ™er 4 Engineering, Inc.) and motorized
ThorLab MT1-Z8 precision stage. Each ¢. 2inal .lab w.s cut using a precision diamond saw into
at least two pieces along its longest . 1e and fu. h“er trimmed to a typical size of 2.5%2.5x25 +0.5
mm® for both types of the tests to “un. v t.. > minimum size requirements set by ASTM C1161-18
and ASTM C1358-18 stande us. Thy ~ sginal slabs and samples with smaller dimensions have also
been used for comparis . Co. oression and 3-point bending tests were performed at 0.005 mm/s
displacement rate ‘und da ~ were corrected for the load cell and frame deflection, and initial position

of the *age. [he I« 1d-displacement datasets were used to build the stress-strain curves.

3. Results and Discussion

3.1.Microarchitecture development in fibrous SiOy'ceramic system



The microarchitecture of fibrous slabs made of chopped, relatively short amorphous silica
nanofibers without a ceramic binder represented a random fibrous network (Fig.2a) that was stable
up to 1000 °C without measurable changes in the slab’s dimensions or shape. The binderless
nanofibrous SiO: slabs sintered at 1000 °C for 2 h revealed 93.9% total porosity and 0.134 g/cm’
mass density. These slabs were strongly deformed and their volume reduced by ~92% after
sintering at 1200 °C. Although the fibrous nature of the material was still presen. ~&er 2 h of
sintering at 1200 °C (Fg.2b), the diameter of fibers increased considerably as they used anc shrunk
axially due to the viscous flow without undergoing the devitrification.

When ceramic binder was added, the shrinkage and change in the ‘anoi...ous silica/ceramic
slab’s porosity after sintering at 1200 °C strongly depended ont. amo. nt and composition of the
binder (Fig. 3a). Even with 7.4/8.2 wt% of either MgAl,O+ ~r 2,03 bu ler (~5 nm calculated layer
thickness) the shrinkage was sharply reduced and n¢ arly *qu-. in all directions (Fig.3a and Table
1). Regardless the amount and type of b’ .der, - ither . niform nanofibrous glass-ceramic slab’s
microarchitectures were observed af ~r sinterir,, at 1200 °C (Fig.3b,c). The evaluation of sample
density uniformity has been made Ly -uti. ‘g the samples in Fig.1 across the long side each 3 - 4
mm and determining the de’ ... - 0. = _h small pieces (2040 mm?). The uniformity of samples
mass density was founc vithn 12 % of the average value for the entire sample.

The 1200 °C sinter. 1 siabs had the porosity in the range from 88.5 to 91.5% with the mean
pore s'ze ir the i1 nge from 4.1 to 5.3 um, correspondingly, depending on the amount and
composition. Hf the binder. The maximum size of the pores did not exceed 20 and 35 um for the
slabs with 88.5 and 91.5% porosity, correspondingly. The fraction of the pores with the sizes larger

than 10 mm was less than 10%, and the majority of pores (>60%) was less than 5.5 pum in all
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structures. These pore sizes were calculated assuming circular or square pore cross-section and the
actual pore size can be smaller because of the apparently various pore shapes as seen in Fig.3 [39].

Detailed SEM analysis of fabricated silica nanofiber-based glass/ceramic structures with
different average thickness of ceramic nanolayer revealed that their porosity and morphological
changes seemingly correlate with the extent of the nanofibrous slab’s shrinkage (Fig.3a) and
degree of fusion between the fibers (Fig.4). All samples after calcination at 800 ' (Fig.4a,e)
showed that there was no binder material present as particles or aerogel be .wec ® ti.  silica
nanofibers. It was assumed that the binder forms predominantly as a thi* ce. muc @yer on the
surface of fibers and on their bundles. The deformation of nanofiber .* ape «_.crved after partial
sintering at 1200 °C for 2 h can be the result of viscous flow in the ilica bre. However, the viscous
flow is seemingly restricted by the presence of ceramic laver, : ud the Uoying of fibers can occur
primarily at the locations where such ceramic laye is aco’ iplete or broken. In particular, the
bundles or small aggregates of silica nano? sers r 1y no. de fully coated with the binder at the fiber
contact points during the mixing stag ~ (¢2-¢3 1. ¥ig.1), which promoted the fiber alloying at those
areas. Even slightly larger amour’, «  bu ler provide better fiber coverage and layer thickness,
which lead to a less shrunk ... *ur. /7.g.4b-d and Fig.4f-h). The structures with MgAL O spinel
binder had clearly morc ater. er fusion for each thickness of the binder layer. This can be due to
the binder compe “ition . ~d 1ts interaction with silica nanofibers. The spinel binder had noticeably
stronger effc :t on . e density, porosity, and shrinkage of such glass/ceramic fibrous material after
sintering a1 200 °C (Table 1 and Fig.3a). Essentially the same microarchitectures were observed
both at the surface and in the bulk of fibrous slabs with given amount and composition of the

binder.
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A closer look at the silica nanofibers with ceramic binder after calcination at 800 °C showed
that the fiber surface morphology remained smooth (Fig.5a). Judging from a slight but visible SEM
contrast difference between the SiO; fiber and binder materials, it was noted that single fibers and
commonly observed two-to-five fiber bundles were almost completely coated with a binder layer
(Fig.5a, regions II and III, respectively). It was difficult to locate the areas where the binder layer
was damaged or incomplete (e.g., region I in Fig.5a). Individual silica nanofibers ~*:h ceramic
nanolayer seem to maintain their shape after sintering at 1200 °C, whereas the fer . wna 2s fuse
at the contact points and deform inside the ceramic layer (Fig. 5b,c). It v us > Il L.ublematic to
locate the areas, except the broken fiber edges, where the ceramic lay - was _.inaged (Fig.5d,e).
Such locations helped to verify the ceramic binder layer thickne . For sxample, the thickness of
AL O3 binder layer in Fig.5¢ is close to expected 30 nm #~r t! .s sam, 'e. However, the available
data for that sample show the thickness variations .on apr oximately 18 to 45 nm. It was not
possible to determine the thickness of bir «er la- or for samples with the projected 5 and 10 nm
thicknesses of ceramic shell.

EDS analysis of sintered gla- s-. ~raw ‘¢ structures confirmed their elemental compositions
shown in Table 1, and relativ .., un. »*_a binder coating of nanofibers. Yet, the local variations in
the thickness of binder - ating ~re expected due to the nanofiber bundling and presence of fibrous
aggregates. Fig. 7 show ' an example of SEM/EDS analysis of a segment of a silica twin-fiber
bundle ~oate { witi. ALO3 binder layer. The EDS spectrum of this fiber (Fig.6¢) shows less alumina
than the w. ~le sample (Fig.6f) due to a larger than average silica fiber diameter and partial
delamination of the binder layer.

3.2. Crystalline phase analysis
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The observed trends in the development of such nanofibrous glass/ceramic microarchitecture
have been linked to the interaction of binder layer with silica nanofibers during sintering.
Depending on the composition of the binder, XRD patterns of fibrous structures calcined at 800
°C showed the formation of polycrystalline either y-alumina (ICDD file 01-074-4629) and spinel
(ICDD file #00-021-1152) layers with 8.0+0.3 and 11.7+0.3 nm crystallite size, respectively (Fig.7
and Fig.8). In the case of spinel (Fig.8, top), the peak intensities increased directly p. > ortional to
the binder layer thickness. Such correlation was much less pronounced in the car : ot . 'un..na and
it was associated with the presence of amorphous alumina phase (Fig.7, t,p) « *er calcination at
800 °C. Sintering of silica/alumina fibrous structure at 1200 °C le. to ciyotallization of that
amorphous component to a polycrystalline a-AlOs phase (. "DD file #01-073-6190) with
25.5+0.5 nm crystallite size (Fig.7, bottom). The peak int~ ... *ies of y-A.. O3 phase remained almost
unchanged with respect to the intensity of broad si’* :a pe. - .ter sintering at 1200 °C, which can
be the result of y-ALOs3 stabilization by SiC in 7 very thin layer on the fiber surface [40,41]. Using
the expected average thicknesses of .. » alumina shell (5, 10 or 30 nm, depending on the sample
composition) and the pattern ref aer « * using Rietveld analysis, the amount of y-Al,O3 phase
corresponded to 4—6 nm th’~ < me. “staole layer which, most probably, creates an interface between
the silica nanofiber end « -AL O3 layer. Therefore, y-AlL O3 was retained as the main phase in the
fibers with the thn. -est ~5 nm) alumina layer. A characteristic broad peak of amorphous silica
shifted 1. thi case .rom 26~22.5° (800 °C) to 20=21.5° (1200 °C) due to structural rearrangement
in a cristeba’ ce-like structure of a SiO; cluster network [42].

The presence of Mg-ions in nanofibrous silica/spinel structure stimulated the devitrification
of amorphous silica and crystallization of cristobalite (ICDD file #01-077-1317) with 16.6+0.4

crystallite size during sintering at 1200 °C for 2 h (Fig.8, bottom) [43]. The crystallization was not
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complete and some amorphous silica was still present. The formation of cristobalite can also
contribute, due to its higher density, to the shrinkage of silica fibers. The formation of at least one
additional crystalline phase with 21.9+0.3 nm crystallite size, identified as sapphirine (magnesium
aluminum silicate, Mg35AlsSii 5020 monoclinic phase, ICDD file #00-021-0549) was also
observed [44]. The polycrystalline MgAl>O4 spinel phase with 16.0+£0.4 nm crystallite size was
still present, and the content of sapphirine phase was about 25 mol% of the spinei ~*ase. It has
been suggested that, unlike in the case of ALO;3 layer, a rather broad, mixec pha = « fusion
ceramic interlayer forms between the initial spinel binder layer and silice «aoe s wne result, it
was not possible to determine the actual thickness of such layer after s’ tering .. 1200 °C.

The differences in the sintering behavior of these nanofibre s sys >ms at 1200 °C led to the
suggestion that both alumina and Mg-spinel form cerami~ lz_ers th.  restrict the silica viscous
flow and help to preserve the fibrous microarchite cur. and aigh porosity of the original silica
nanofiber network. The presence of silicc nano .ber v .ndles (Fig.5a-c) and, therefore, a larger
number of contact points between “e fibers ot coated with ceramic layer, can be primarily
responsible for the fiber alloying .uu stru “ture shrinkage, especially with thinner layers (e.g., 5
nm). In the case of spinel la~ .., the ¥*“.usion of Mg atoms can also reduce the viscosity of silica
[45], which could result * 1 fas.. - shrinkage before the viscous flow in silica core fiber was inhibited
by the crystallizc*ion ¢ © cristobalite and sapphirine nanocrystalline phases. These competing
processes se m to ‘e strongly affected by the thickness of spinel binder layer (the source of Mg).
Assuming v. 1t the relative amount of spinel phase in ceramic layer of different thickness remains
about the same during sintering, the devitrification of silica and formation of cristobalite phase

seem to occur faster when the spinel layer thickness increases. This can explain a sharper change
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in the shrinkage of nanofibrous silica/spinel structure and its lesser magnitude than for
silica/alumina at the same 30-nm ceramic layer thickness (Fig.3a).

Both alumina and spinel layers themselves do not seem to contribute to the observed
crystallization behavior and shrinkage of nanofibrous silica/ceramic structure. The alumina and
Mg-spinel nanofibers prepared independently by the same method [36] showed slightly larger

crystallite size and little fusion between the fibers at the same sintering conditions.

3.3.Mechanical Properties

Preliminary tests of the mechanical properties of both types oi ‘anoi...ous glass/ceramic
structures sintered at 1200 °C indicated similar porosity-. nendt 1t stress-strain behavior
(Fig.9a,b) as well as the trends in compressive and flexur1 st _ngth \ "ig.10a,b) after calcination
at 800 °C and partial sintering at 1200 °C. Such ¢ .mu. ritv .s frequently observed for cellular
ceramics [46], in part, due to bending domi ated sehavior of open cell structures under
compression [47,48]. On average, f>rous silic. ‘spinel slab structures calcined at 800 °C showed
higher magnitudes of strength (0.4 .. My ») in both bending and compression than silica-alumina
structures (0.2-0.6 MPa) w.. ‘mu ~r porosities (Fig.10a,b). This can occur because the binder
layer worked as an adk ~ ive a the fiber intercept points. For comparison, nanofibrous SiO> slabs
prepared without ~ binc. + a¢ that temperature showed only ~0.07 MPa strength in both bending
and compre sion. The difference in the mechanical strength of silica/alumina and silica/spinel
samples wi. * almost the same porosity can be associated with the formation of fully crystallized
Mg-spinel nanolayer, whereas alumina layer was still mainly amorphous with significantly lower
strength then crystalline alumina [49]. The observed strength numbers are comparable with some

ceramic materials of similar porosity, which are made of ceramic microfibers with silica binder
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but sintered at higher temperatures (Table 2). Nanofibrous silica with both alumina and spinel
ceramic binder revealed 1.5-3.2 MPa compression and 0.7-2.7 MPa flexural strengths after partial
sintering at 1200 °C. These strength numbers are noticeably higher than those reported for the most
of ceramic microfiber-based ceramics with similar porosities (Table 2). There was little effect of
the nanofibrous test specimen size on its mechanical properties observed. The mechanical behavior
of nanofibrous slabs was primarily related to their cellular microarchitecture witl 2 cell size
roughly corresponding to mean pore size (4.1-5.3 um). Both flexural and comy ess, = s. engths
show a trend to increase with decreasing porosity of silica/alumina samp! .s. r. ‘wever, there are
relatively small changes in strength values for silica/spinel samples wi. poros.ues in 88.5-91.5%
range. The latter result can be explained by the presence of a larg. - fraci on of ceramic component
in samples with lower density (Table 1), which contribr*-1 t their 1. creased strength at higher
porosity. The density of silica/alumina fibrous slab< 1id . ~t c.ange gradually with the increase of
ceramic fraction and degree of shrinkage. \s a ~ .sult, v.ue samples with the 30-nm ceramic layer
(largest amount of ceramic fraction, had the 1 vest porosity, whereas the samples with 10-nm
ceramic layer had the highest poro- «y. "na e samples with 5-nm ceramic layer (~89.9% porosity)
were between. The combines” ¢, >ct € phase composition, porosity, and binder layer thickness led
to some deviation of the bsery *d strength-porosity relationships (Fig.10a,b) from commonly used
power law for po. “us at ' cellular materials [46-48]:
O Tens = Cx '0*/Pdense)na 4)

where &', £ and Giense, Paense are the strength and density for porous and dense states of the
material, respectively, and C is the dimensionless constant, frequently selected as 1.0, and » varies
depending on the cell geometry (e.g., =2 and #»=3 for open and closed cell structure, respectively).

The compressive strength data for nanofibrous glass/ceramic slab structures fit between the
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theoretical curves for pure silica at »=2 and »n=3 (Fig.10b). Overall, the results for both
silica/alumina and silica/spinel fibrous slabs follow relatively closely the trend described by the
function (5)

O-*/O-dense = 0.3 X(,O*/,Odense)z'za (5)

which can be due to the relatively close magnitudes of compressive strengths repot. ~ . for silica,
Mg-spinel, and alumina, and cell shape and cell wall (strut) thickness. Flexural st ¢ngu. ot .intered
nanofibrous slabs can be described by relationship (4) at »~1.5 and C=0.8 .1 th. ticaural strength
of dense silica (~60 MPa) is used in calculation (Fig.10a). Sim. ir n wud C parameters,
characteristic for the bending-dominated behavior of open-cell st. cture [47,48], were determined
for the dependence of tensile strength on porosity of the ~~m_ressea ‘anofibrous vitreous silica
thin meshes [35]. However, the flexural strength of ianc “tbr- as glass/ceramic slab structure also
fits the relationship (4) at n = 2.5+2.8 if i 1ch F gher s.rength of dense composite glass/ceramic
material (450-800 MPa) is consider. ! due to ti. presence of ceramic shell of different thickness
(Table 1). The latter statement se .ms “ea. “tic and it indicates that the ceramic binder layer can
results in a significant inc ca. > 0 ‘e flexural strength of nanofibrous silica glass/ceramic
structure. The highest . -engt. values, 2.2-2.7 MPa (bending) and 2.6-2.9 MPa (compression)
were achieved fo -ilica; 'umina slabs with 88.5% porosity and ~30-nm ceramic layer. Such close
strengt™ valt 2s, in« ‘'uding a case when flexural strength exceeded compressive strength at plateau
(Fig.10b) in ‘ne sample, occurred because of bending dominated behavior in tested structures and
possible edge effects due to small sample size, nonuniform loading, and accumulating damage due
to multiple struts failure [46-48]. These effects can also lead to the underestimated compressive

strength when porosity decreases.
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4. Conclusions

Nanofibrous vitreous silica-based glass/ceramic rigid shapes with 88-92% porosity,
uncommon microarchitecture, thermal stability, good mechanical integrity and strength have been
fabricated by a simple pressureless molding technique from electrospun silica nanofibers by using
high-temperature nanocrystalline ALO3; and MgAl,O4 ceramic binders. Small fiber ¢ *+aeter helps
to achieve uniform mixing of the precursor components and the formation 1 n. Mo, 2neous
nanofibrous ceramic 3-D structure at microscale. The interaction between t’ ¢ si."~a ...n0fiber core
and ceramic nanolayer (either alumina or Mg-spinel) during sintering ¢ ‘ermu...u the development
of the resulting SiO» nanofiber core/ceramic layer microarchitec 're. T e mechanical behavior of
fabricated nanofibrous glass-ceramic structures is deter~in 4 by . combined effect of their
structural components at given porosity. Flexural anc cor ares .ive strengths of nanofibrous shapes
sintered at 1200 °C can be apparently highe than’ iose1. ported for microfibrous ceramic materials
with comparable porosities and sint +ed at hig “er temperatures with a silica-based binder. It is
expected that a better dispersion of cc. "mu. nanofibers in the binder precursor solution can further
increase the material uniformr'., ~ad v~ hanical strength. More research is necessary to investigate
the role of nanofiber di = neter, 'ength, and composition on the sintering process and properties of
fabricated nanofi’ vous . -uccures with larger dimensions and shapes commonly used in tests and
practic~l ap licat. ns. It is anticipated that the nanofibrous glass/ceramic, as well as other
nanofibrous -~eramic/ceramic materials can offer appealing structural uniformity and properties,
which make them viable alternatives to microfibrous ceramics in different applications, especially

when a small size of ceramic components is needed.
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Table 1. Density and shrinkage of nanofibrous glass/ceramic structures after the calcination and

sintering at 800 and 1200 °C, respectively. Shrinkage data are shown for the temperature range

from 800 to 1200 °C.

Composition Specimen | Binder, | Density, Density, Volume Linear
wt% g/em®, 800 | g/cm® 1200 | shrinkage, | shrinkage,
°C °C % %
Si02/ALO; 5-nm layer AlO-5 8.2 0.160 0.208 23.0 8.4
Si02/ALO; 10-nm layer AlO-10 15.2 0.165 0.194 15.0 5.3
Si02/ALO3; 30-nm layer AlO-30 34.9 0.187 0.216 134 4.7
Si0,/MgALLO4 5-nm layer | Sp-5 7.4 0.154 0.261 41.0 16.1
Si0,/MgAl,O4 10-nm | Sp-10 13.8 0.186 0.219 15.1 5.3
layer
Si0,/MgAl,O4 30-nm | Sp-30 324 0.203 0.214 52 1.7
layer

Table 2. Strength of nanofibrous glass/ceramic structures vs fibrous ceramic materials with similar

porosities.
Composition of Fiber diameter, | Temperature, | Porosity, % | Strength, MPa Ref.
fiber core/binder um °C
Silica/Al>,O3; or MgAl,O4 0.3-0.8 1200 88.5-91.7 | 1.5-3.2 (compres.) Present
0.7-2.7 (flexural) work
Mullite/silica 0.3-0.6 1200-1400 99 0.015-0.019 [27]
AlOs/Silica 5-10 1300-1500 88-92 0.1-0.6 [14]
Mullite/silica 10-20 1250 74-78 0.76-1.67 [6]
Mullite/silica 3-5 1500 74-79 0.73-1.72 [10]
Mullite/silica 10 1300 88.5 1.3 [11]
Mullite/silica 10-20 1400 84-90 0.5-1.2 [13]
Mullite/Silica 3-5 1500 80-85 0.3-0.8 [15]
Mullite/silica 10-15 1300-1500 81-82 1.21-1.58 (compres.) | [17]
0.65-0.7 (flexural)
Mullite/silica 10-15 1200-1500 74-81 1.4-1.8 [18]
Mullite/ borosilicate glass 10-15 1500 82.1-86.4 | 0.93-1.46 [16]
Mullite/borosilicate glass 3-5 1450 87-91.8 0.68-1.97 (z) [19]
2.42-5.74 (x-y)
Mullite -ZrO, /Al,03-SiO» 3-7 1400 78.1 1-1.4 [4]
Mullite/Si0,-ZrO, 10-15 1200 85 1.3 [2]
Mullite/ZrO, 15-20 1600 84 0.54 [7]
Mullite/ZrO; 5 1550 86.4 0.62 [8]
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Figure Captions

Figure 1. Fabrication process of nanofibrous glass/ceramic porous structures: (al, a2) Silica/PVB
fibers are produced by AFES process and collected (b1) to form large fibrous sheets; (b2) As-spun
sheets are cut and calcined at 600 °C to form nanofibrous amorphous silica; (b3,b4) Calcined
material is chopped/grinded and (c1) placed into a beaker; (c2) Binder precursor solution is added;
(c3) The mixture is stirred and sonicated, (d1,d2) placed in molds, and (d3) dried; (d- ® Dried slabs
are (d5) calcined and sintered to produce (el) nanofibrous highly porous cerami- sla. * w, ich are
polished (e2) to the final shape.

Figure 2. SEM images of nanofibrous silica slab without ceramic bin.' ’r atw . partial sintering at
(a) 1000 °C and (b) 1200 °C.

Figure 3. (a) Volume and porosity changes of nanofibrouve <ilic . slabs vith 5, 10, and 30 nm layer
of ALOs or MgALOs binder; Typical low-mag afic tior SEM images of typical surface
morphology of nanofibrous silica slabs w a eitl .r bin.'er after (b) calcination at 800 °C and (c)
partial sintering at 1200 °C;

Figure 4. SEM images of nanofit uu sil 2 slabs with (a,e) 30 nm binder layer after calcination
at 800 °C, and after sinterin, « 12 9 “C with (b,f) 5 nm, (c,g) 10 nm and (d,h) 30 nm of (a-d)
AL O3 or (e-h) MgALC :erai ‘c binder, respectively.

Figure 5. SEM irages « “nanofibrous silica/ceramic layer structure after (a) calcination at 800 °C
and (b> part il sin. >ring at 1200 °C. The marked areas in (a) are: I — smeared binder layer, 11 —
single silica “anofiber coated with binder layer, and III — a bundle of two or more nanofibers coated
with binder layer; (c) artistic representation of typically observed features in nanofibrous
silica/ceramic binder structures; (d,e) Damaged regions in sintered glass/ceramic nanofibers — (d)

the arrow indicates the exposed silica core, and (e) reveals the binder layer thickness.
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Figure 6. (a,b) SEM images of an individual broken sintered silica/Al,O; twin fiber with a
damaged binder layer. The brighter and darker areas on the fiber in (a) correspond to the binder
layer and silica core, respectively; (c,d) Elemental map of Al (¢) and Si (d) distribution,
respectively, in the fiber (b); (¢) EDS analysis of this fiber indicates a lower amount of Al,O3
than (f) the average for the whole sample. Carbon peak comes from the carbon support pad.
Figure 7. XRD patterns of nanofibrous silica slabs after (top) calcination at 800 °C ‘r 1 (bottom)
partial sintering at 1200 °C with (a) 5 nm, (b) 10 nm, and (¢) 30 nm layer of Al>C s cc. “om. binder
layer. * — amorphous silica phase; ¥ — y-alumina; @ — oi-alumina.

Figure 8. X-Ray diffraction patterns of nanofibrous silica slabs after op) cawination at 800 °C
and (bottom) partial sintering at 1200 °C with (a) 5 nm, (b) 10 nn., and (¢« ) 30 nm layer of MgA1,O4
(spinel) ceramic binder layer. * —amorphous silica phase: ™ — _pinel, 1. spectively; ® —cristobalite;
¢ — sapphirine.

Figure 9. Representative stress-strain cur =s of .anofiurous silica slabs with Al,O3 or MgALLO4
ceramic binder nanolayer in bending nd compi. “sion after partial sintering at 1200 °C of samples
with (a) higher and (b) lower porc .ity

Figure 10. Strength vs porc,u, tre. . in (a) bending and (b) compression for 800 °C calcined
(triangles) and 1200 “° sinw ed (circles) nanofibrous glass/ceramic slabs with Al,Os; (grey
symbols) or Mg, %04 \ >d symbols) ceramic binder nanolayers. Dashed lines are to guide the

reader’ " eye
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