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bstract

ynthesis of a new low-toxic monomer obtained from glucose is reported and its application in gelcasting process is presented. The new monomer
amed 3-O-acrylic-d-glucose is an interesting alternative for the commercially available acrylic monomers. The presence of many hydroxyl groups
n the monomer molecule allows to create hydrogen bonds in the polymer network. The resulting network does not need any external cross-linking

gent to obtain a rigid ceramic part. The present paper describes the properties of ceramic slurries, green and sintered elements obtained from
wo alumina powders of different grain size (0.21 �m and 0.70 �m) with the use of the new monomer 3-O-acrylic-d-glucose and commercially
vailable 2-hydroxyethyl acrylate.

2010 Elsevier Ltd. All rights reserved.
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. Introduction

Colloidal processes are recently willingly applied in fabrica-
ion of high-quality ceramic elements of complicated shape in
rder to overcome the limitations and high costs of commonly
pplied moulding methods such as slip casting or injection
oulding. The gelcasting, which combines conventional mould-

ng from slips with polymer chemistry, has become recently
ne of attentively studied forming methods.1,2 The gelcasting
rocess allows to obtain high-quality, complex-shaped ceramic
lements by means of in situ polymerization, through which a
acromolecular network is created, to hold the ceramic par-

icles together. The key role in the whole process is played
y suitable selection of an organic monomer, which should be
ble to provide high mechanical strength of the gelled part.
here exist some commercially available monomers commonly
pplied in gelcasting process, such as acrylamide, methacry-
amide or 2-hydroxyethyl acrylate,3–5 but they still present some

isadvantages, such as excessive toxicity. Furthermore, they
ust be used together with cross-linking monomers, otherwise

he received green bodies would not be tough enough. N,N′-

∗ Corresponding author. Tel.: +48 22 234 5586; fax: +48 22 234 5586.
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ethylenebisacrylamide is the most often used as a cross-linking
gent.6 In recent years many research has been concentrated on
eplacing toxic acrylamide by other substances, e.g. by agarose.7

n previous works8–10 the synthesis and application of a new
onomer named glycerol monoacrylate has been reported. The
onomer, synthesized from acrylic acid and glycidol, can suc-

essfully replace commercial monomers because its toxicity
s low and it does not require addition of any external cross-
inking agent to a ceramic slurry. This fact is due to the presence
f two hydroxyl groups in monomer molecule. They allow to
orm hydrogen bonds in the polymer network, thus reducing the
mount of organic additives needed in the suspension, and to
chieve identical results without increasing the amount of the
ain monomer used.
The following interesting alternative for acrylic monomers

as been provided in the form of compounds obtained on the
asis of monosaccharides, e.g. glucose. Monosaccharides are
ater-soluble, non-toxic and, owing to the presence of many
ydroxyl groups in molecule, hydrogen bonds can be formed in
olymer network like in the case of glycerol monoacrylate.

The present article reports the results of synthesis of 3-O-

crylic-d-glucose, a new monomer based on glucose, and of its
pplication in gelcasting of alumina. Ceramic slurries were pre-
ared from two different alumina powders of grain size 0.21 �m
nd 0.70 �m. The properties of the elements produced were

mailto:szafran@ch.pw.edu.pl
dx.doi.org/10.1016/j.jeurceramsoc.2010.01.036
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ompared with those obtained with the use of commercially
vailable 2-hydroxyethyl acrylate monomer. The rheological
roperties of the obtained ceramic slurries and the properties
f both green and sintered elements have been also presented in
he paper.

. Experimental procedures

.1. Materials

Two different alumina powders were used. One of them
as Al2O3 TM-DAR (Tamei Chemicals, Japan) of mean par-

icle size D50 = 0.21 �m and specific surface area 14.1 m2/g.
n former works the powder was used for obtaining textured
lumina-related compounds by colloidal processing11 and in
lectrophoretic deposition of alumina suspensions in high mag-
etic field.12,13 In the present work the authors were highly
nterested in the possibility of application of TM-DAR alu-

ina in the gelcasting process. The other alumina powder used
as Al2O3 NABALOX 713-10 (Nabaltec, Germany) of mean
article size D50 = 0.70 �m and specific surface area 8.0 m2/g.
his material was previously successfully applied in gelcast-

ng, that is why in this study it was used as a comparison
or TM-DAR. Two monomers were tested in the gelcasting
rocess of the above powders. One of them was a commer-
ially available 2-hydroxyethyl acrylate (Fluka). The other
ne named 3-O-acrylic-d-glucose was synthesized at our lab-
ratory. Diammonium hydrocitrate (POCh, Poland) and citric
cid (Sigma) were used as dispersants in the ceramic slur-
ies. N,N,N′,N′-tetramethylethylenediamine (Fluka) played the
ole of activator and ammonium persulfate (Aldrich), used
n the form of 1 wt.% aqueous solution, was the initiator
f polymerization. In the case of the commercial monomer
,N′-methylenebisacrylamide (Fluka) was used as external

ross-linking agent.

.2. Synthesis of the new monomer

The aim of the synthesis was to obtain, from glucose,
n organic monomer named 3-O-acrylic-d-glucose (AkrG), in
hich one of the hydroxyl groups is replaced by acrylic group

Fig. 1). This group has a double bond between the carbons, that
nables polymerization of the molecules. The synthesis of the
ew monomer was carried out in three stages. In the first stage
,2:5,6-di-O-isopropylidene-d-glucofuranose was obtained in

rder to block four from the five free hydroxyl groups in glu-
ose molecule. In the second stage esterification reaction was
arried out to obtain 3-O-acrylic-1,2:5,6-diisopropylidene-d-
lucofuranose. In the third stage four hydroxyl groups were

ig. 1. Molecular structure of (a) 3-O-acrylic-d-glucose and (b) 2-hydroxyethyl
crylate.
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nlocked by hydrolysis and the newly obtained monomer could
e used in gelcasting process. The monomer is a colourless and
dourless resinous substance. In the gelcasting processes it was
sed in the form of a 50% aqueous solution.

.3. Gelcasting process

The mixture of the gelcasing components was prepared in
everal steps. First, the components of the ceramic slurry were
issolved in distilled water. The dispersant used as a mixture of
iammonium hydrocitrate (0.14 wt% in the case of NABALOX
owder and 0.30 wt% in the case of TM-DAR powder) and cit-
ic acid (0.10 wt% in case of both powders) was then added
ollowed by 3.0 wt% of monomer and 2.0 wt% of activator (all
ith respect to the amount of monomer). The cross-linking agent

1.0 wt% with respect to the quantity of monomer) was used only
n the case of the commercial monomer 2-hydroxyethyl acry-
ate (2-ha). Alumina powder was then added and the slurry was
all-milled for 1.5 h for good homogenization. The viscosity of
he slurries was measured, then initiator of polymerization was
dded and the slurry was mixed by magnetic stirring. The initial
olid contents in the prepared suspensions were between 50 and
5 vol% till the optimum quantities of dispersant (mentioned
bove) and powders (Table 1) were found. In the next stage the
lurries were deaerated for 20 min under reduced pressure in
vacuum desiccator supplied with magnetic stirrer. The mix-

ure was then cast into identical plastic molds. The slurry with
pplied monomers is able to gelate at room temperature. After
thick gelled body was obtained, the specimen was unmoulded
nd dried for 24 h at 50 ◦C. Then the properties of the green
odies obtained were examined. The polymer burnout process
nd sintering were performed at a single stage with a heating
rogram established on the basis of TG/TDA measurements.

.4. Characterization techniques

The zeta potentials of pure powders, of the powders mixed
ith the monomers and of all the components of the ceramic

lurry were measured by a Zeta-potential Analyser (LSPZ-100
hotal Otsuka Electronics). The rheological behavior of ceramic
lurries was examined using a cone/plate Brookfield CAP 2000
iscometer. The viscosity was measured as a function of shear

ate before the addition of polymerization initiator in order to
etermine optimum quantities of each component of the slurry,
specially those of dispersant and solid phase content. Then, the
iscosity of the slurry with initiator was measured as a func-
ion of time at a constant shear rate of 0.08 s−1 with the use
f a rotational Brookfield DV + II− Rheometer in order to find
he appropriate amount of initiator, so that the time needed for
elling of the specimen was within the range of 20–90 min.

The densities of green and sintered specimens were measured
y the Archimedes’ method in kerosene and water, respectively.
he TG/DTA measurements of specimens composed of Al2O3

M-DAR with addition of 3 wt% of monomers 2-hydroxyethyl
crylate and 3-O-acrylic-d-glucose were carried out using a
hermo Plus TG 8120 (Rigaku) device. The tensile strength of

he green bodies was determined by the “Brazilian test”14 using
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Table 1
Properties of green bodies.

Sample Solid loading (vol%) pH of slurry Green density (% TD) Tensile strength (MPa)

Al2O3 TM-DAR + AkrG 53 7.66 60.1 1.0 ± 0.1
A 6
A 6
A 3
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the gelation occurs, by adding a suitable amount of activator and
initiator of polymerization. The amount of activator in ceramic
slurry was constant and fixed as 2.0 wt% based on monomer
content. The quantity of initiator was therefore matched. Fur-
l2O3 TM-DAR + 2-ha 53 7.9
l2O3 NABALOX + AkrG 55 8.3
l2O3 NABALOX + 2-ha 55 9.0

Universal Testing Machine Shimadzu AG-IS. In the Brazilian
ension test, a circular disk was placed between two platens and
ompressed producing a nearly uniform tensile stress distribu-
ion normal to the loaded (vertical) diametral plane, leading to
he failure of the disk by splitting. This tensile stress is esti-

ated from the elastic theory.15 The Universal Testing Machine
ecorded the value of force causing the first cracks in the samples.
he tensile strength was calculated as σt = (2P/πTD), where P is

orce, and T and D are the thickness and diameter of the disk. The
iameter of the obtained samples was 20.1 ± 0.1 mm and their
hickness was 4.1 ± 0.2 mm. The measurements were performed
or 10 samples prepared from each powder.

The microstructure of sintered, polished and thermally
tched (1200 ◦C/1 h) specimens was observed in scanning
lectron microscope SEM JEOL JSM-6500F. Moreover, the
ickers hardness was measured on Akashi MVK-E hardness

ester for sintered and polished samples prepared from both
owders obtained with each monomers. The hardness was deter-
ined with the use of a Vickers indenter and calculated as
= 1.8544F/d2, where d is the half-diagonal indentation impres-

ion and F is the indentation load (20 kG = 1.98 MPa). Further,
he fracture toughness was calculated using the indentation

ethod for central cracks KIC = 0.067H3/5E2/5a2c−3/2. Here, 2a
epresents the Vickers indent diagonal length, 2c is the resul-
ant crack length, H is the Vickers hardness and E is the Young

odulus (380 GPa for Al2O3).

. Results and discussion

.1. Characterization of suspensions

Fig. 2 shows the zeta potential values of pure alumina pow-
ers and of powders containing other components of the ceramic
lurries (monomers and dispersants). It can be seen that the new
onomer AkrG almost does not shift the isoelectric point (IEP)

f alumina in either TM-DAR and NABALOX. Commercial
crylic monomer 2-hydroxyethyl acrylate also has no effect on
he position of IEP. The dispersant (mixture of diammonium
ydrocitrate and citric acid) was found to affect the zeta poten-
ial changes of the suspension. In this case the IEP of slurry with
M-DAR is shifted from pH 8.4 to 4.4 and of the slurry with
ABALOX from pH 7.8 to 4.6. Table 1 shows the pH values
f the ceramic slurries prepared. It can be found that the slur-
ies with 2-hydroxyethyl acrylate have higher pH than slurries

ith AkrG. Comparison of the results obtained for zeta potential
ith the pH values of the ceramic slurries prepared shows that

he suspensions were effectively dispersed at pH 7.5–8 in the
ase of TM-DAR and at pH 8.3–9 for NABALOX.

F
w

59.0 0.9 ± 0.1
59.7 0.58 ± 0.04
58.8 0.41 ± 0.03

The viscosity of the applied monomers was analysed
Fig. 3a). The viscosity of 2-hydroxyethyl acrylate monomer
as lower than that of a 50 wt% aqueous solution of AkrG. Such
difference in viscosity of the monomers was to be expected

s 2-hydroxyethyl acrylate is a liquid and AkrG is a resinous
ubstance. The difference in viscosity of the monomers results
n differences of viscosity of the obtained ceramic slurries. As
hown in Fig. 3b both slurries (with 2-hydroxyethyl acrylate and
krG) exhibit a shear-thinning behavior. Despite of high solid

ontents, which is 53 vol% for the TM-DAR slurry and 55 vol%
or that with NABALOX, the viscosity of both slurries is low
nough to fill precisely the mould. One of the advantages of gel-
asting process is a possibility to control the time, after which
ig. 2. Zeta potential of Al2O3 (a) TM-DAR and (b) NABALOX with and
ithout additives.
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her experiments were carried out for the elaborated optimal
olid loadings, dispersants and monomer contents. As shown
n Fig. 4 an addition of 0.5 wt% of initiator, as calculated for
he monomer content, results in a rapid gelation of the entire
ystem. The lower the quantity of initiator, the longer is the
ime needed to start the polymerization. However, even very
light differences in the amount of initiator added can drasti-
ally change the time after which the whole system starts to
olymerize. A precise determination of the idle time is very
mportant for industrial use. Too short idle time (e.g. 5 min) can
esult in gelation during the mixing of initiator with the slurry,
hereas an excessively long time (e.g. 90 min) is inadvisable

rom economical point of view. For this reason the optimum
mount of initiator added to the ceramic slurry with AkrG is
bout 0.3 wt% for both powders, as can be seen from the results
btained (Fig. 4). This amount of initiator assures at least 20 min
elay time before the slurry starts to polymerize. For the initiator
ontents of 0.5 and 0.4 wt% there were only slight differences
n idle time for both powders. The fact can be attributed to dif-
erent distribution of initiator in the slurry. For lower initiator
ontents it was possible to extend the time of mixing initiator
ith the slurry. Fig. 4a and b show also, that an insufficient
mount of initiator, in this case 0.2 wt%, causes that the poly-
erization reaction does not proceed to the end, because not

nough active centers are initiated. Similar experiments were
arried out with 2-hydroxyethyl acrylate and initiator amounts

ig. 3. Viscosity of ceramic slurries with (a) pure monomers AkrG and 2-ha (b)
l2O3 TM-DAR slurry with both monomers.
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ig. 4. Influence of quantity of initiator on viscosity of slurries with (a) Al2O3

M-DAR with 3-O-acrylic-d-glucose and (b) Al2O3 NABALOX with 3-O-
crylic-d-glucose.

f 0.5 wt%. The differences between AkrG and 2-hydroxyethyl
crylate show that each monomer requires an individual quantity
f initiator.

.2. Characterization of green bodies

Table 1 lists the values of solid loading, density and tensile
trength of green bodies obtained. It was possible to obtain sus-
ensions with concentration of TM-DAR alumina of 53 vol%.
he concentration of NABALOX was a little higher (55 vol%)
ut the average particle size of this powder was over 3 times as
igh as and the specific surface area almost 2 times as low as
hose of TM-DAR. For that reason, the achieved solid loading
or TM-DAR can be regarded as very good.

For both TM-DAR and NABALOX the highest green density
as obtained with AkrG (ca. 60%). The SEM microstructure of
reen bodies shows a very high homogeneity of specimens with
krG (Fig. 6a and c), while in the specimens with 2-ha clusters of

olymeric chains are visible (Fig. 6b and d). This indicates that
he commercial monomer does not wet the alumina grains well
nough and it forms polymeric bridges which are not homoge-
ously distributed. Apart from that, a slightly higher tensile
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trength measured by the Brazilian test was obtained for speci-
ens with the new monomer. This can confirm that the monomer

ased on the monosaccharide – AkrG can form a strong poly-
er network and, as a result, a strong gelled ceramic with no

eed of adding any external cross-linking agent. According to
ome other investigations of gelcasting, the tensile strength of
lumina TM-DAR with AkrG and initiator content 0.3 wt% is
imilar or a little higher than those obtained with the use of com-
ercial methacrylamide with N,N′-methylenebisacrylamide16

s the cross-linking agent or with poly(vinyl alcohol).17 The
ydrogen bonds formed between polymer chains are strong
nough to provide a well cross-linked network without addi-
ional binding agents. Furthermore, the specimens containing
krG did not exhibit any exfoliation layer, contrary to the speci-
ens with 2-hydroxyethyl acrylate. The presence of exfoliation

ayer in case of NABALOX with 2-ha could be the reason of
imilar cracks formation and low standard deviation for the
hole population of specimens measured, as shown in Table 1.
he specimens containing TM-DAR exhibit a higher homo-
eneity and a smaller number of places, where cracks can be
nitiated.

The pyrolysis of the applied monomers in the dried green
lumina TM-DAR samples occurring on sintering in air was
etermined by thermal analysis. The results are shown in Fig. 5.
he DTA curve of AkrG (a) has two exothermic peaks, which
an be attributed to gradual burnout of polymer: one connected
ith the glucose ring and the other with the acrylic group. As

esults from the TG curve total mass loss is 3.8%, correspond-
ng to the quantity of monomer and other additives (dispersant,
ctivator, initiator) in the ceramic slurry. The DTA curve of 2-
ydroxyethyl acrylate (b) also has two exothermic peaks but
hey are situated at higher temperatures. These peaks can be
scribed to the burnout of the cross-linked polymer network in
he presence of an external agent. The total mass loss shown by
G is 4.1%, what corresponds to the higher quantity of addi-

ives in the ceramic slurry, especially the organic ones, because
f the presence of external cross-linking substance. It can also
e found that for both monomers the total burnout of organic
ompounds is completed at about 520 ◦C. On the basis of the
hermal analysis data a sintering program was developed for
ach powder. For the TM-DAR the heating rate was 1 ◦C/min in
emperature range 30–550 ◦C, then till 1300 ◦C it was 5 ◦C/min.
he product was held at this temperature for 5 h and and then
ooled down. The TM-DAR alumina powder was of high purity

f >99.99% and of a very fine particle size of 0.21 �m, that
s why the specimens were densified at a low temperature of
300 ◦C. For NABALOX the sintering temperature was 1600 ◦C
t a holding time of 1 h.

t
c
p
V

able 2
roperties of sintered bodies.

ample Firing temperature (◦C) Sintered density (

l2O3 TM-DAR + AkrG 1300 99.2
l2O3 TM-DAR + 2-ha 1300 99.1
l2O3 NABALOX + AkrG 1600 99.1
l2O3 NABALOX + 2-ha 1600 93.0
Fig. 5. DTA/TG of Al2O3 TM-DAR with (a) AkrG and (b) 2-ha.

.3. Characterization of sintered bodies

The values of sintering temperature, relative density, Vick-
rs hardness and fracture toughness of alumina ceramics are
resented in Table 2. The TM-DAR samples and NABALOX
amples casted with AkrG exhibit a similar, high relative
ensity, above 99% of the maximum theoretical value. The
ensity of NABALOX samples with 2-hydroxyethyl acry-
ate is lower (93%) probably due to lower homogeneity of

he green bodies because of the particle agglomeration, as
an be seen on the SEM photograph (Fig. 6d). The sam-
les prepared with TM-DAR alumina exhibit also a higher
ickers hardness, which was slightly higher for samples,

% TD) Vickers hardness (GPa) Fracture toughness (MPa m1/2)

18.9 ± 0.1 2.3 ± 0.3
19.8 ± 0.4 2.5 ± 0.4
16.4 ± 0.3 4.7 ± 0.9
15.9 ± 0.2 2.9 ± 0.7
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Fig. 6. SEM of green body of (a) TM-DAR with AkrG, (b) TM-DAR with 2-ha, (c) NABALOX with AkrG and (d) NABALOX with 2-ha.

Fig. 7. SEM of sintered body of (a) TM-DAR with AkrG, (b) TM-DAR with 2-ha, (c) NABALOX with AkrG and (d) NABALOX with 2-ha.
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here the polymer network was due to 2-hydroxyethyl acry-
ate.

The samples containing TM-DAR exhibit a higher Vickers
ardness (at the average 19.4 GPa) than those with NABALOX
at the average 16.2 GPa), hence the fracture toughness for
M-DAR (at the average 2.4 MPa m1/2) is lower than that for
ABALOX (at the average 3.8 MPa m1/2). Nevertheless, the
btained results of fracture toughness for particular samples do
ot exhibit such a correlation between the Vickers hardness and
racture toughness because of considerable measuring error. The
rror arises mainly from the measuring method which was com-
ined with the Vickers hardness determination. More precise
esults would be obtained from the measurement of residual
ending strength of the bars with preliminarily cut V-notch.
esides, there is an inaccuracy in specifying the end of prop-
gated cracks in optical microscope being a part of the hardness
ester.

The differences in mechanical properties between the TM-
AR and NABALOX ceramics are certainly related with the
ifferences in microstructure, as shown in Fig. 7. Although the
ean grain size calculated on the basis of SEM microstruc-

ures of sintered specimens exhibits almost no grain growth, it
s visible that a such growth appears in both powders. The TM-
AR alumina grains (sintered at 1300 ◦C) have a rather spherical

hape and the visible grain growth is about twofold. NABALOX
rains (sintered at 1600 ◦C) exhibit oblong shape with the longer
iagonal of few microns. There were also visible pores in some
laces of sintered powders, where the applied monomer was 2-
ydroxyethyl acrylate (Fig. 7b and d). It is possible to conclude
hat in green bodies (Fig. 6b and d) in some places the monomer
ormed clusters of polymeric chain. The distribution of monomer
n the whole ceramic slurry was not homogenous enough, the

onomer did not properly surround the ceramic grains. It may
e due to a higher wettability angle of alumina in 2-hydroxyethyl
crylate than in 3-O-acrylic-d-glucose. On the other hand, the
oles visible on sintered NABALOX powder (Fig. 6c), where
he applied monomer was 3-O-acrylic-d-glucose, are caused the
y mechanism of sintering of larger grains rather than by a not
omogenous distribution of the monomer, as in green bodies
ith AkrG (Fig. 6a and c) such clusters of polymer are not visible

s in the case of 2-ha.

. Conclusions

The new synthesized low-toxic monomer based on glucose
3-O-acrylic-d-glucose) can successfully replace the commer-
ially available 2-hydroxyethyl acrylate in the manufacture of
eramic elements by gelcasting method. The measurements
erformed have shown that the new monomer has no negative
ffect on rheological properties of alumina slurries and enables

he obtaining of dense and rigid green bodies without adding any
xternal cross-linking agent as needed in the case of commercial
-hydroxyethyl acrylate. The use of TM-DAR alumina powder
llows to obtain well densified final elements at much lower
eramic Society 30 (2010) 1795–1801 1801

intering temperatures than needed for NABALOX Al2O3.
he elements made of TM-DAR have also higher Vickers
ardness.
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