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a b s t r a c t

The present work reports a fast-direct bio-prototyping process using Luffa Cylindrica vegetable sponge to
produce biomorphic yttrium oxide ceramics with reticulated-porous architecture and thermo-
luminescence response. Processing parameters as rheology of yttrium oxide suspensions, bio-template
surface treatment and thermal decomposition of bio-template were investigated. Shear thinning sus-
pensions of 30 vol% yttrium oxide with apparent viscosity of 243mPa.s provided a successful impreg-
nation of samples, whereby bio-templates with smooth ceramic layer and hierarchical reticulated ar-
chitecture were formed. By thermal treatment at 1600 °C for 2 h biomorphic yttrium oxide ceramics with
porous microstructure and TL response at 150 °C and λ¼550 nm were produced. The proposed fast-
direct bio-prototyping process is suitable for the production of ceramic components with complex shape
and demonstrates potential for general applicability to any bio-template.

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

The use of renewable materials instead of those en-
vironmentally hazardous represents an essential action towards
green economy and social technology [1–3]. Vegetable fibers are
abundant, exhibit complex hierarchically built shape and fibrous
architecture that is very promising to form functional materials.

Vegetable fibers have been very used as reinforcement in com-
posite materials as polypropylene[4], polyester [5], epoxy [6],
starch-gelatin polymer [7], poly(ethylene-co-vinyl acetate) [8].
Moreover, many approaches have been proposed to develop ad-
vanced ceramics by replica, sacrificial template and direct foaming
[9–12]. Sugimoto et al. [13] using a cost effective method via facile
electrospinning produced bio-compatible cellulose nanofibers
doped with light emitting silicon nanocrystals and Au nano-
particles, improving plasmon-enhanced photoluminescence of fi-
bers by a factor of 2.2. Santos et al. [14] by bio-prototyping of a
vegetable sponge produced dysprosium doped yttrium disilicate
burner with radiant efficiency of 13% and thermoluminescence re-
sponse with TL peak recorded at 180 °C and wavelength of 580 nm.

Replica method consists in the impregnation of a cellular
structure (wood [15], carbon sponge [16], polyurethane foam [17],
vegetable sponge [18] and others natural fibers [19]) with a cera-
mic suspension or a precursor solution to form a reticulated
ceramic alike the original template. This method is followed by
.l. All rights reserved.
high temperature thermal treatment in order to burn out the
template and consolidate the ceramic phase [20]. In this method
two aspects are very important, (1) the ceramic suspension has to
present shear thinning behavior [21] in order to cover uniformly
the template surface, (2) the thermal treatment of the im-
pregnated template has to be performed slowly. As a result, the
organic template is burned out without disrupting the ceramic
structure.

Among vegetable structures, the sponge gourd of Luffa Cylin-
drica [22] exhibits a 3D cellular architecture being a promising
shape for gas burner design, fuel filters, heat exchangers and ra-
diation dosimeters. In addition, yttrium oxide (Y2O3) is a promis-
ing ceramic material for radiation dosimetry due to its lumines-
cence, thermal, chemical, mechanical and physical proprieties[23–
26]. Although Y2O3 has been used as a matrix for rare earth
phosphors, there is a lack of studies on processing and shaping of
Y2O3 based materials. Therefore, the present work describes a bio-
prototyping process to obtain biomorphic yttrium oxide ceramics.
In addition, the thermoluminescence response of Y2O3 is eval-
uated. The promising results may lead to the development of do-
simetric yttrium oxide based materials.
2. Experimental

2.1. Biotemplate processing and characterization

Brazilian vegetable sponge gourd Luffa Cylindrica (LCy) was
selected as bio-template of biomorphic ceramics. LCy fibers were

www.sciencedirect.com/science/journal/02728842
www.elsevier.com/locate/ceramint
http://dx.doi.org/10.1016/j.ceramint.2016.05.136
http://dx.doi.org/10.1016/j.ceramint.2016.05.136
http://dx.doi.org/10.1016/j.ceramint.2016.05.136
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ceramint.2016.05.136&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ceramint.2016.05.136&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ceramint.2016.05.136&domain=pdf
mailto:silas.cardoso@usp.br
http://dx.doi.org/10.1016/j.ceramint.2016.05.136


Fig. 1. Vegetable sponge Luffa Cylindrica (LCy). (a) optical image of the natural mat;
(b) SEM image of fiber after alkali treatment.
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cleaned by alkali treatment with 2 wt% NaOH at 60 °C for 2 h [27],
seeing that some substances on fiber surface as gum and wax
inhibit adhesion of other materials. As alkali treated LCy fibers
were characterized by following techniques: Scanning electron
microscopy (SEM, TM3000 Hitachi, Japan); thermal gravimetrical
and differential thermal analyses (TGA/DTA, Setaram S60/38336,
France), using a thermocouple Pt/Rth, heating rate of 10 °C min�1

up to 800 °C in air; X-ray diffraction (XRD, Rigaku Multiflex, Ja-
pan), with an angular range (2θ) from 20 to 80°, scanning of
0.5°min�1 and Kα source, followed by determination of the index
of crystallinity (CIXRD) using the peak height method [28] as shown
in Eq. (1); Fourier transform infrared spectroscopy (FTIR, Thermo
Nicolet iS50), followed by determination of the index of crystal-
linity (CIFTIR) using Nelson et al. [29] model as shown in Eq. (2).
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where a1372 and a2900 are the absorbance intensities of the bands
at 1372 and 2900 cm�1 for O–H bending and C–H stretching, in FT-
IR spectra respectively.

2.2. Ceramic powder, irradiation and TL response

Rare earth C-type yttrium oxide powders (Y2O3, 99.9%, Alfa
Aesar GmbH & Co. KG), with mean particle size (d50) of 304 nm,
pycnometric density (ρ) of 4.84 g cm�3 and specific surface area
(SSA) of 6.4 m2 g�1 were used as raw material.

Yttrium oxide powders were irradiated with 10 kGy dose using
gamma cell source at Instituto de Pesquisas Energéticas e Nucleares
(IPEN), Sao Paulo, Brazil. Thermoluminescence response (TL) of
Y2O3 particles was performed on a thermoluminescence reader
(Risø TL/OSL-DA-20) based on a heating rate of 2 °C s�1 up to
400 °C in a nitrogen atmosphere and a spectrometer (Ocean Optics,
model QE65 Pro) with spectral sensitivity from 200 to 950 nm.

2.3. Preparation of ceramic suspension and flow characterization

The study on stabilization of Y2O3 suspensions is reported in
our previous work [30]. Therefore, all parameters described here
are optimized. Aqueous Y2O3 suspensions with 30 vol% solids
content were prepared using tetramethylammonium hydroxide
(TMAH, Sigma-Aldrich), 1 wt% ammonium poly acrylic acid (PAA,
Sigma-Aldrich), and 0.3 wt% carboxymethyl-cellulose (CMC, Sig-
ma-Aldrich). The homogenization of suspensions was performed
in a ball mill for 24 h using alumina spheres (Øspheres¼10 mm).

The flow behavior of Y2O3 suspensions was evaluated using a
rheometer (Haake RS600, Thermo Scientific) with a double-cone
rotor and a stationary plate (DC60/1°). The flow behavior of the
suspensions was characterized in the control rate mode (CR) and
compared with rheological models available in rheometer data-
base (Haake Rheowin Data Manager v. 3.61.0.1). All measurements
were evaluated at 25 °C, shear rate (γ )̇ from 0 to 1000 s�1 in 5 min,
holding for 2 min at 1000 s�1 and returning to 0 s�1 in 5 min. For
each CR step 200 points were measured.

2.4. Bio-prototyping and characterization of biomorphic yttrium
oxide ceramics

Biomorphic Y2O3 ceramics were shaped by bio-prototyping.
LCy samples (40�45�30 mm) were immersed in Y2O3 suspen-
sion for 30 min (optimized time) [31]. The excess of ceramic
suspension was removed by squeezing out the samples for three
times. As impregnated LCy samples were dried at environmental
temperature for 24 h, followed by sintering at 1600 °C for 2 h in air
using a vertical furnace (Lindberg/Blue M).

Microstructural analyses on grain size-shape, porous distribu-
tion, fracture surface and reticulated architecture of the sintered
biomorphic yttrium oxide ceramics were performed with an op-
tical microscope (Jena GSZ, Carl Zeiss) and by SEM.
3. Results and discussion

Vegetable fibers presents as characteristic light weight, high
specific surface area, significant architecture and promising ap-
plicability to new materials. As illustrated in Fig. 1a and b LCy fi-
bers form a reticulated architecture, which is supported by struts.
The strength of struts is ascribed to its fibrils glued together with
natural resinous materials of plant tissue. As a result, the natural
mat of LCy exhibited pycnometric density (ρ) of 1.55 g cm�3 and
specific surface area (SSA) of 22.5 m2 g�1 (Fig. 1a). Although high
specific surface are is a general characteristic of LCy fibers, surface
substances may inhibit impregnation of ceramic suspension and a
chemical treatment is necessary to clean LCy fibers surface. Thus,
NaOH solutions are usually used to remove these substances and
to prepare the surface of fiber for impregnation. As a consequence
of the alkaline treatment, fibers exhibited scratches on the surface
due to removal of the lining and hemicellulose. In addition, hollow
micro channels from plant tissue became visible. Hence, the al-
kaline treatment with 2 wt% NaOH at 60 °C for 2 h was cost-ef-
fective to clean the surface of LCy fibers and to enhance the im-
pregnation of ceramic suspension.

Fig. 2 illustrates FT-IR spectra of LCy fibers (a) in nature and
(b) treated with 2 wt%NaOH. The vibrational bands at 3416, 2916,
1638, 1417, 1323, 1161, 1046, and 895 cm�1 are associated to native
cellulose [32] for both samples. LCy fibers in nature exhibited in-
tense characteristic peaks at 1595 cm�1 (free hydroxyl band),
1740 cm�1 (acid carbonyl absorption), 2750–2800 cm�1 (typical
CH2 and CH), 3200–3300 cm�1 (the O–H stretching band),
1100 cm�1 (C–O–C absorption), and 1000–1500 cm�1 (the aro-
matic region related to the lignin). For LCy fibers treated with
2 wt% NaOH no strong absorption at 1735 cm�1 (the carboxyl
group: –O–CaO) was observed. On the other hand, a band reduc-
tion at 1245 cm�1(C–H) was identified. The peak for O-H
stretching is an indicative of the brake of hydrogen bonds in



Fig. 2. FT-IR spectra of LCy as (a) in nature and (b) treated with 2 wt% NaOH.

Fig. 4. X-ray diffraction curves (XRD) of (a) in nature LCy fibers and (b) ashes from
LCy fibers after calcination at 800 °C for 1 h in air.
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cellulose. In addition, the peak for CH2 bending shifted to a lower
frequency from 1431 cm�1 to 1419 cm�1, which was a hint for the
splitting of hydrogen bonds in C6-OH [33]. Furthermore, the al-
kaline treatment used to remove surface impurities of LCy fibers
led to increase of N_O'KI index from 0.8842 to 1.0694, which re-
presents the relative changes of cellulose crystallinity [34,35].

The production of a ceramic component by bio-prototyping
requires the knowledge on thermal decomposition behavior of the
biotemplate, which in turn implies on thermal treatment of the
ceramic component. Fig. 3 illustrates the thermal decomposition
behavior of the LCy template by TGA/TDG analyses. Black thick line
represents TGA curve, light grey line illustrates TDG curve and
dark grey line is the derivate of TGA, DTG. TGA curve exhibits
distinct decomposition regions, loss of water at 100 °C, hemi-
cellulose degradation from 100 to 280 °C, cellulose degradation
from 260 to 350 °C and lignin degradation from 350 to 500 °C.
From DTG curve (dark grey line) is observed the maximum de-
composition peak of substances. A critical zone, which corres-
ponds to a substantial loss of weight (76 wt%) took place between
250 °C and 450 °C and from 500 °C the LCy structure was totally
burned out (100 wt%). As can be seen, the knowledge of decom-
position behavior of the template as a function of temperature is
primary to define a thermal treatment. Furthermore, a well-con-
trolled thermal treatment is fundamental to produce biomorphic
ceramics. Based on results the following conditions of thermal
treatment of impregnated samples was set as a heating rate of 1
°C min�1 up to 1600 °C for 2 h in air.

Vegetable fibers exhibit substantial crystallinity, which is as-
sociated to cellulose content. As illustrated in Fig. 4a LCy fibers in
Fig. 3. Thermal analysis (TGA/DTA/DTG) of LCy fibers at 10 °C min�1 up to 800 °C
in air.
nature exhibited a wide peak around of 23°, which indicates a
short crystalline arrangement order due to cellulose [36]. The
hydroxyl groups contain macromolecules involved in a number of
intra-and intermolecular hydrogen bonds, which result in various
ordered crystalline arrangements in cellulose. The maximum peak
was around of 23° and corresponded to the plane (022), I022. On
the other hand, the peak which corresponds to amorphous
structure was around of 18° and its intensity was set as Iam. From
these parameters the estimative of the crystallinity index (CIXRD)
was of 44%. According to Fig. 4b, the ashes formed from calcination
at 800 °C are based on inorganic substances such as, Na, Mg, K, P,
Ca, Cl, SiO2 and silicates [35,37], which are from plant tissue and
soil. From Fig. 4b diffraction peaks were identified for the com-
pounds CaSi2O5 (30, 33, 36-60°; PDF. 51-92), SiO2 (21-29°; PDF. 14-
260) and P2O5 (34,35°; PDF. 83-602).

The thermoluminescence (TL) response curve of yttrium oxide
nanoparticles is shown in Fig. 5. As seen in Fig. 5a, yttrium oxide
exhibited a TL peak at 150 °C and light emission quanta at 550 nm.
TL process can be divided into three basic steps as shown in
Fig. 5b: (1) creation of free charges by ionizing radiation (IR);
(2) trapping of free charges and (3) lighting emission as thermally
stimulated. The use of ionizing radiation (1) leads to dislocation of
electrons from the valence band (VB) to reach the conduction band
(CB) and are trapped (2) at the trapping electron center (T).
Meanwhile, vacancies from VB go through the crystal lattice until
be trapped at the trapping vacancy center (R). As the solid is he-
ated and the temperature reaches a value in which the thermal
vibration is suitable to lead to liberation of electrons from (T),
these electrons can reach the recombination center (R). The result
of the recombination of electrons and vacancies is an emission of a
visible light (3).

This particular luminescence response observed at 550 nm for
yttrium oxide nano particles is new in literature (Fig. 5a). Although
the high energetic gamma beam creates more number of oxygen
vacancies which are related to the F and Fþ centers, there is
evidence that the TL response of yttrium nano particles is also
attributed to its chemical composition, crystal lattice and crystal
defects. These factors can produce charge-carrier vacancies and
luminescence centers. Raukas et al. [38] reported that yttrium
oxide nanoparticles exhibited white light luminescence at 330 nm
like Y2O3:Ce3þ . Bordun [39] suggested that the luminescence
bands with λ maxima at 365 and 428 nm are ascribed to the
presence of oxygen vacancies associated to radiative recombina-
tion process. Osipov et al. [40] described that yttrium oxide



Fig. 5. (a) TL response of Y2O3 particles at 150 °C and λ of 550 nm. (b) radiation-trapping-emission process in a solid structure from band theory, in which IR: irradiation; CB:
conduction band, VB: valence band, T: trapping electron center; R: recombination center; black circles represent electrons, whereas light ones the holes.
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cathodoluminescence spectra with peak at 465 nm was due to
recombination of associative Y3þ–O2� donor acceptor pair.
Therefore, it is assumed that this material contain intrinsic lumi-
nescence centers.

The flow curves of 30 vol% suspensions of Y2O3 in CR mode are
illustrated in Fig. 6a. From stress curves (square symbol) is ob-
served a significant area between up and down curves due to
particle characteristics as size and shape, which lead to formation
of agglomerates. This behavior known as thixotropy can also be
associated with extension of polymer chains, particles deforma-
tion, and break down of particle agglomerates formed by binder
and others polymeric additives. The present shear curves exhibited
thixotropy of .394.106 Pa s�1.

For viscosity flow curves (circle symbol) shear thinning
Fig. 6. (a) Flow curves of Y2O3 suspensions in CR mode; (b) optical image of LCy
sample impregnated using this suspension.
behavior, in which apparent viscosity (η) decreases as the shear
rate ( γ )̇ increases, is observed. Some unstable flow is noted for γ ̇
o100 s�1, as the condition of ceramic suspension changes from
static to dynamic (flowing), which ascribes that the structure of
ceramic suspension is modified as a function of shear rate. Thus,
the stability and particle characteristics define the rheology of
suspension. As a result, the flow behavior of 30 vol% Y2O3 sus-
pension in CR mode fitted to Cross model and the following
parameters were determined, initial viscosity (η0) of 5.848 mPa s;
infinite viscosity (η1) of 44.85 mPa s; shear rate ( γ )̇ of 2.569 s�1

and index (n) of 1.707.
Based on our previous experiences [41–43], for replica method

is desirable that ceramic suspensions exhibit viscosity less than
800 mPa s, once high viscous suspensions do not impregnate
suitably template surface. Besides, viscous suspensions provide
poor coating, filled traps, high roughness, deformation and shap-
ing defects. In the present study Y2O3 suspension exhibited ap-
parent viscosity at 10 s�1 of 243 mPa s. As a result, the suspension
was like an ink and promoted a smooth layer on LCy template as
illustrated in Fig. 6b.

The optical image of the sintered biomorphic yttrium oxide
ceramic is shown in Fig. 7a. High thermal temperature treatment
at 1600 °C for 2 h led to formation of ceramic body with re-
ticulated architecture and biomorphic shape. As a result, the bio-
morphic ceramic exhibited loss weight of 6% and pycnometric
density of 4.55 g cm�3 (90% theoretical density). Ceramic fibers
(Fig. 7b), which are composed of at least two hollows with inner
diameter higher than 50 mm exhibited dense microstructure with
heterogeneous distribution of grains size-shape. In addition, frac-
ture fibers showed cleavage planes, some closed porous and
transgranular fracture.

4. Conclusion

In the present work a biomorphic yttrium oxide ceramic with
reticulated architecture and thermoluminescent response at



Fig. 7. (a) Optical image of biomorphic yttrium oxide ceramic produced by bio-
prototyping, (b) SEM image of the fracture ceramic fiber showing its inner micro-
structure, hollows and cleavage planes.

S.C. Santos et al. / Ceramics International 42 (2016) 13291–13295 13295
150 °C and 550 nm was developed by bio-prototyping from the
vegetable sponge Luffa Cylindrica. Shear thinning suspensions
with suitable apparent viscosity were prepared with 30 vol% solid
content, pH of 10.2, 1 wt% dispersant and 0,3 wt% binder. Alkali
treatment of the vegetable fibers with 2 wt% NaOH at 60 °C for 2 h
was useful to prepare the biotemplating surface for replica
method. Thermal treatment at 1600 °C for 2 h in air enabled the
production of biomorphic yttrium oxide ceramics with dense mi-
crostructure and pycnometric density of 4.23 g cm�3 (90% theo-
retical density).
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