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Abstract

The aim of this study consists in producing porous yttrium disilicate components by using Luffa Cylindrica vegetable
sponge as a template for the replica method. With consideration of the effectiveness of additives, solids content and pH,
the rheological behavior of yttrium disilicate aqueous suspensions was evaluated. Stabilization of the suspensions was
achieved with an electrostatic mechanism using tetraethylammonium hydroxide and with an electrosteric mechanism
by adding polyacrylic ammonium salt. Shear thinning suspensions were prepared by adding 2 wt% polyelectrolyte,
pH 10, and 0.4 wt% binder. This condition promoted reliable impregnation results as well as improved mechanical
strength of impregnated sponges. The sintering of impregnated samples at 1500°C/7 h resulted in porous components
with a morphology similar to biotemplated micro-cellular architecture and a density of 3.21 g-cm-3 that corresponds
to 80 % of theoretical density (4.04 g%-cm-3). Thermoluminescence characterization of yttrium disilicate powders
showed that whole light emission occurred in the infrared range (A= 750 — 4300 nm), with the wavelength at 1000 nm

at 400 °C.
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I. Introduction

Rare earth disilicates (RE,SiO,) have been studied be-
cause of their magnetic, electric and optical properties.
Yttrium disilicate (Y,S1,05) exhibits important struc-
tural properties such as refractoriness (melting point of
1775°C) and stability in an oxidant environment. This
compound has five polymorphs, being classified by Ito
et al.l as o225 C BHﬁC Y15§5_°>C 3. In addition, Bataliev
et al.?reported that the fifth polymorph y (Yttrialite) is
stable up to 1200°C.

Previous works2-12 on material synthesis were main-
ly focused on the preparation of Y,Si,0; powders by
means of the sol-gel!3, hydrothermal'# and solid-state
reaction methods!>. Owing to the difficulties associated
with the preparation of this compound, colloidal process-
ing of Y,S1,05 has not yet been investigated. Controlling
the stability of dispersed particles in an aqueous medium
is an important parameter to prepare suitable suspensions
for the shape-forming process. Consequently, near-net-
shape components exhibiting reliable characteristics can
be produced!6-19,

The concept of a gas burner for lighting was presented
by Takeno and Sato20 21, With the use of a porous com-
ponent, it was possible to sustain a flame with lower fuel
rates. The combustion of a mixture of air and fuel (natural
gas, ethanol, and biogas) in the porous burner can be divid-
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ed into three steps. Reflux zone (1), the gas is hotter than
the ceramic structure and as a result, the heat is conducted
by convection from the combustion zone to the porous ce-
ramic structure; ceramic conduction (2), the ceramic struc-
ture conducts and irradiates the heating flow to the com-
bustion zone; heating of the gas (3), in this step the temper-
ature of the ceramic structure is higher than the gas and the
heatis conducted by a convection process based onasolid-
vapor system. In this way, the entrance gases are preheat-
ed up to the limit temperature in order to start the reaction
and maintain the cycle. This condition improves the stabil-
ity of the flame and also the efficiency of the combustion,
resulting in lower emission of greenhouse gases22.

Replica is a shape-forming process to produce complex-
shaped components from ceramic suspensions and an or-
ganic template23 =29 For this process two aspects are very
important, (1) the ceramic suspension has to exhibit shear
thinning behavior30 in order to cover the template sur-
face uniformly, (2) thermal treatment of impregnated tem-
plate has to be performed at a slow heating rate so that
the organic template can be burned out without disrupt-
ing the ceramic structure. Literature shows that the most
commonly used templates are wood31, carbon sponge32,
polyurethane foam33, vegetable sponge34 and other natu-
ral fibers35-37,

Among the vegetable structures, the sponge gourd is a
fruit of the Luffa (Aegyptica or Cylindrica) with a natural
cellular architecture that is interesting for gas burner de-
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sign. The vegetable fibers are arranged in a multidirection-
al way, forming a mat. This architecture can improve gas
burning and light emission efficiency based on both heat
circulation and gas restriction inside its structure.

By means of hydrothermal synthesis at environ-
mental pressure, Diaz et all* successfully prepared
B-Y,S1,07:Dy3+, the light emission of which closely cor-
responded to 40 % of Y,O3:Eu3+. Therefore, with regard
to the potential of Y,Si,0; for luminescent applications,
this work aims to evaluate the colloidal processing of

In this paper, we evaluate the rheological behavior of
B-Y,S1,07aqueous suspensions by controlling the surface
condition of particles. Shear thinning suspensions suitable
for replicating the vegetable sponge structure were pre-
pared. Porous yttrium disilicate components with poten-
tial for use as gas burners for lighting were produced.

II. Experimental

Beta yttrium disilicate (DsY) was produced with the
hydrothermal method based on Diaz et al.4, real den-
sity (o) of 4.04 g-cm™3 and specific surface area (SSA) of
10.9m2.g-1.

The mean particle diameter was measured by means of
photon correlation spectroscopy (PCS, ZetaPALS An-
alyzer, Brookhaven Instruments). For PCS, an aqueous
suspension with 0.01vol% solids was prepared at pH 10
with the addition of tetraethylammonium hydroxide
(TMAH, Sigma-Aldrich) as a deflocculant and homog-
enization of the mixture in a ball mill for 24 h.

The emitted luminescence of DsY particles was mea-
sured with a combined thermoluminescence reader (mod-
el Risg TL/OSL-DA-20) based on a heating condition
up to 700°C and a spectrometer (Ocean Optics, model
QE65 Pro) with spectral sensibility from 200 to 950 nm.
The samples were heated at a heating rate of 2K/s up
to 400 °C in environmental atmosphere. Afterwards, the
samples were cooled in a nitrogen flow until environmen-
tal temperature was reached.

Zeta potential () in aqueous medium was evaluated with
a light scattering analyzer (ZetaPALS, Brookhaven In-
struments Corporation). Stock suspensions with 0.5 g-L-1
solids were prepared with NaCl 10-3M as an indiffer-
ent electrolyte. HCI and KOH solutions were used to
set the pH of the stock suspensions from acid to alkaline
(pH 5.6 —12).Inaddition, 0.5 to 2 wt% polyacrylicammo-
nium acid (PAA, Duramax D3005) was added to the stock
solution. Before the measurements were conducted, all the
suspensions were homogenized in an ultrasound cleaner
for 2 min (Dr. Hielscher 400US).

Concentrated DsYsuspensions from 5 to 25vol%
were prepared with tetramethylammonium hydroxide
(TMAH, Sigma-Aldrich), PAA from 0-3wt%, car-
boxymethyl-cellulose (CMC, Sigma-Aldrich) from 0.3 to
1 wt% (based on the suspension weight). All suspensions
were homogenized in a ball mill for 24 h, using alumina
spheres (J gpperes=10 mm).

The flow behavior of the suspensions was evaluated with
a rheometer (Haake RS600, Thermo Scientific). The sen-
sor system consisted of a double-cone rotor and station-
ary plate (DC60/1°). The flow behavior of the DsY sus-
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pensions was characterized in the control rate mode (CR).
Measurements were evaluated at 25 °C by increasing the
shear rate from 0 to 1000s! in 5 min, holding for 2 min at
100051 and returning to 0s™1 in 5 min. For each CR step,
200 points were measured.

The sponge gourd (Luffa Cylindrica, LCy) was used as
a template. LCy rectangular samples (30x 30x 5mm)
were immersed in DsY suspension for 30 min (opti-
mized time)38. After the excess ceramic material had been
squeezed out, the samples were dried at environmental
temperature for 24 h. The impregnated samples were sin-
tered in a vertical furnace (Lindberg/Blue M), where the
thermal treatment conditions were based on thermal and
gravimetric analysis (TGA/TDA) results of LCy fibers.
The microstructure of the sintered samples was evaluat-
ed with scanning electron microscopy (MEV, TM 3000
Hitachi and MEV, INCAx-act Oxford Instruments).

I1I. Results and Discussion

The mean particle size distribution of the DsYpowders
measured with PCS is shown in Fig. 1a. The yttrium dis-
ilicate powders exhibited a narrow particle size distribu-
tion with a mean diameter (dsg) of 97 nm. Homogeneous
distribution is desirable to prepare the porous microstruc-
ture from the suspensions, since particles with similar size
make voids during sedimentation. In addition, the index
indicating how agglomerated the particles are, the agglom-
eration factor (Fag), was only 0.71. Besides, the difference
between the distributions d g and dgg was 1.3 nm (Span).
Furthermore, relating Span to (d5p) resulted in a small dif-
ference of 0.01 (relative span), which confirms the narrow
distribution of particles. As shown in the SEM (Fig. 1b)
DsY powders are composed of aggregates of granular par-
ticles with mean size of 15 nm.
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Fig. 1: Characterization of DsY powders — (a) distribution of mean
particle size by PCS and (b) particle size and morphology by SEM.
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Zeta potential curves of DsYas afunction of pHand PAA
are shown in Fig. 2. Suspensions with no dispersant exhib-
ited the isoelectric point (IEP) at pH 7.8. The stability con-
dition was achieved at pH 5 (¢ =[32mV|), pH 6 ({=[37mV))
and at pH > 8.5, whereby the highest stability was estab-
lished at pH 11 (¢ =[58mV]|). Concentrations of 0.5 wt%
PAA were not efficient to shift the IEP and promote a
larger range of pH stability. However, concentrations of
PAA > 1wt% promoted a shift of the IEP from pH?7.8
to pH 6.3. As result, stability conditions (| 220mV|) were
achieved at pH 2 7.0, and were maximum for 2 wt% PAA
atpH 10 (|¢=70mV]|). These parameters supplied the great-
est stability of the particles, and in this condition con-
centrated suspensions can be prepared. However, using
3wt% PAA promoted an increase in ionic strength and
consequently decreased the repulsive interparticle forces.
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Fig.2: Zeta potential curves of Y,Si,0; particles as a function of
pH and PAA.

The PAA concentration has an influence on the flow be-
havior of DsY suspensions as shown in Fig. 3 and Fig. 4.
Suspensions prepared with up to 1wt% PAA exhibited
a dilatant tendency, with viscosity increasing as a func-
tion of increasing shear stress and in this condition the
flow behavior fitted with the Oswald de Waele model.
With 2 wt% PAA, the dispersion was significant, the flow
behavior becoming linear for both up and down curves
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(Fig.3). Even though 3 wt% PAA promoted linear flow,
the effectiveness stability was the same as for 2 wt% PAA
(Fig. 3 and Fig. 4). Furthermore, the results can be seen as
indicative of the dispersant dosage limit.

3,0 =
Y,Si,0,
1 5vol%
254 AN0 PAA
P 0-5wt% PAA
E 2,0 {f
= : s 1.0wt% PAA
@ ;
g 1,5 4
n
L
§ 1,0
n 2.0wt% PAA
JM g
0,5 A 3.0wt% PAA
pH=10
o'o T T T T
0 200 400 600 800 1000

Shear rate (s™)

Fig. 3: Flow curves of Y,Si,0; suspensions with solids load from
5-25vol% and prepared with 2 wt% PAA and pH 10.
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Fig. 4: Dynamic viscosity of 5vol% Y,Si,0 suspensions from 0
until 1000s-1. Based on PAA concentration, the suspensions showed
two stages of rheological behavior: shear thinning and dilatant
tendency.
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Fig.5: Flow behavior of Y,S1,0 suspensions prepared with solids loading from 5-25vol% up to 1000s-L. (a) flow curves of Y,Si,0;
suspensions in CR mode, (b) determination of apparent viscosity at 10s-1.
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Fig. 6 : Rheological behavior of 25vol% Y,S1,07 as a function of CMC concentration from 0 to 0.6 wt%.(a) flow curves in CR mode, (b)
variation of apparent viscosity according to shear rate from 0 to 1000s-1.

i 300 pm 100 um
Fig.7: Luffa Cylindrica sponge (LCy). (A) top view; (B) SEM
micrograph of LCy mat fibers as received; SEM micrographs of
LCy fibers’ surface, (C) as received, (D) after alkaline treatment; (E)
LCy fibers showing microcellular structure and (F) cross-section
of the fibers of the LCy, showing the helical texture of the hollow
microchannels.

Fig. 8 shows the thermal gravimetric analysis (TGA) re-
sult of a LCy template evaluated up to 800 °C in environ-
mental atmosphere. Decomposition peaks were caused
by the loss of water at 100 °C, hemicellulose degradation
from 100°C - 280°C, cellulose degradation from 260°C
-350°C, and lignin degradation from 350°C - 500°C. A
critical zone which corresponds to a substantial loss in
weight (76 wt%) took place between 250 °C and 450 °C as
shown by the DTG curve (dark gray line). From 500°C,
the LCy structure was totally burned out (100 wt%). Fur-
thermore, controlled thermal treatment is fundamental
in order to burn out the template structure without dis-
rupting the ceramic phase. Based on the TGA results, the
following thermal treatment conditions for impregnated
templates was 1 °K/min until 1500 °C/7 h.

Untreated LCy fibers (Fig.9a) exhibited poor yttrium
disilicate adhesion. The waxy and gummy substances in-
hibit impregnation of the ceramic suspension into the
biotemplating surface. Therefore NaOH solution is used
as a wetting agent to activate the fiber surface. Conse-
quently, a thick ceramic layer could be impregnated as
shown in Figs. 9b and 9¢. The mass gain was around eight
times higher compared with natural fiber.
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TGA Lcy 5 K Fig. 10 shows light emission spectra stimulated by DsY
¢ RO - L1 P powder heating at 10 K/s up to 400°C. The entire emis-
i > sion of the powders falls into the infrared range (A =
g [’“‘\/ j - 750-4300 nm), with A, of 1000 nm at 400°C behav-
< : g1, % ing as a black body. As a solid is heated, it starts emitting
v 4 i ‘%' {000 continuous radiation at 200 °C and the intensity increases
g = 3 as a function of temperature. Entire radiation is invisible
| T £]s qoms3 to human eyes (infrared and ultraviolet) and just a small
: e j [— fraction s in visible spectra. Unless doped with rare earths
N | orad © : (RE:Y,S1,07), this compound does not emit visible light
: \ ——] 0025 by itself.
100 10°C/min (air) Cellulose
100 200 300 400 500 600 700 800 DsY
Temperature (°C) Fuliravioler] visbie |
Fig. 8 : Thermal decomposition of Luffa Cylindrica (LCy) at 10K/ @) |
min up to 800 °C in air. The black bold line represents the TG trace, RS e
the dark gray line is the time derivative of the mass DTG trace and 7000~ 2
the light gray line corresponds to the DTA trace. g500~] T
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Sintering the impregnated LCy samplesat 1500 °Cfor7 h 8 o
in environmental atmosphere produced components with 3 oo Wortongh 3 gy >
aporous microstructure (Fig. 9d), multidirectional ceram- £ o] '

ic fibrous array, and density of 3.21 g-cm=3 (80 % theoret-
ical density). Fig. 9e shows a micrograph of the sintered
fiber. The microstructure is composed of elongated grains
with an average grain size of about 2 um in length and
1 pm in width. Fig. 10f presents the micro-cellular struc-
ture formed by flocculated particles via CMC addition and
by replica of cellular template morphology. When CMC
dissolves in water, the macromolecules of A-COO- group
can be adsorbed on two or more particles simultaneous-
ly. As a result, CMC long chains flocculate particles by
bridging. Sintering green bodies composed of flocculated
particles usually results in components with a porous mi-

crostructure.

Fig.9: Yttrium disilicate porous architecture by replica. LCy fiber
impregnated with 25 vol% DsY suspension, (A) untreated fiber, (B)
treated fiber showing the thickness of the impregnated ceramic lay-
er, (C) impregnated LCy template; microstructure of LCy sponge
sintered at 1500°C/6 h in environmental atmosphere, (d) microp-
orous fiber, (e) fiber surface and (e) fracture fiber surface.
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&m0 :
600 K
Wavelength (nm ) 400 g <

Fig. 10: Luminescence of solids as a function of temperature. (a)
emission spectra of DsY powders heated at 10°C/s up to 400°C in
environmental atmosphere; (b) emission spectra of solids based on
Plank’s law.

IV. Conclusions

Stable yttrium disilicate suspensions with 25 vol % solids
load were prepared at pH 10 by using tetraethylammo-
nium hydroxide and by adding 2wt% polyelectrolyte.
Suitable suspensions for the replica method could be pre-
pared with 0.4 wt% CMC. The alkaline treatment of Luffa
Cylindrica fibers with 2 mol% NaOH at 60°C for 2h
was useful to remove any waxy and gummy substances
from the surface of the fibers and to improve impregna-
tion of the suspension into template. Sintering the impreg-
nated vegetable samples at 1500 °C for 7 h in environmen-
tal atmosphere produced components with a porous mi-
crostructure, density of 3.21 g-cm3 (80 % theoretical den-
sity) and morphology similar to biotemplating (multidi-
rectional fibrous array). Thermoluminescence evaluation
of the DsY powders showed that whole light emission oc-
curred in the infrared range (A = 750 - 4300 nm), showing a
maximum wavelength of 1000 nm at 400 °C. Even though
DsY presents no visible light emission, microstructural
characteristics of replicas and intrinsic proprieties of DsY
make it a potential material for gas burner technology.
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