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Abstract

In the present work, machinable green gel-cast alumina compacts were prepared by using polyethyleneglycol (400) diacrylate (P4) and
polyethyleneglycol (600) dimethacrylate (P6) together with the acrylamide (AAm) comonomer. The glass transition temperatures of copoly-
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ers decreased with the increasing of P4 or P6 amount in total copolymer. The green samples obtained in an aqueous system were
nalyzed by means of three-point bending. Flexural strength values increased, from 2 MPa to 25 MPa, as the weight ratio of P4 o
opolymer (AAm-P4 or AAm-P6) decreased from 90% to 3.5%, respectively. The green gel-cast samples prepared by using P4
achined easily by using a lathe, drill and milling machine without damaging the samples, which have good surface finish. The bind
as achieved at lower temperatures than those samples prepared by using only AAm.
2004 Elsevier Ltd. All rights reserved.
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. Introduction

A common and rudimentary requirement of ceramic prod-
cts is the production of components of prescribed overall
imensions within specified tolerances.1 When these parts
ossess larger and complex geometry, it becomes difficult to
chieve such requirement by means of traditional process-

ng operations.2 Gel casting, technique used in the present
tudy, is an alternative near-net-shape forming process since
t has the potential for providing control over the micro- and

acro-structural properties of green parts as well as faster
nd straightforward manufacturing process.3

The use of an organic monomer solution (a binder vehicle)
s the important part of the gel casting; the monomer can ac-
ordingly be polymerized in the form of a strong “crosslinked
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polymer–solvent” gel. Ceramic slurry with a low viscos
and high fluidity is then obtained with the combination of
prepared monomer solution (not polymer solution) and
ceramic powder. The acrylamide (AAm) and its derivat
are preferred as the monomer for this purpose due to
easy polymerization and solubility in water.N,N′-methylene
bisacrylamide (MBAM) and polyethyleneglycol (100
dimethacrylate are amongst the examples of crosslin
Ammonium persulfate (APS) is one of the free radical in
tor used for polymerizing the monomer system together
N,N,N′,N′-tetramethylethylenediamine (TEMED) which
the corresponding catalyst used for catalyzing the APS t
celerate the polymerization and crosslinking reactions.
final ceramic aqueous slurry mixture is then transferred
mould. The monomer used in the slurry mixture is then p
merized and crosslinked forming a firm “polymer–solv
(water)” gel matrix. As a result, ceramic particulates
formed into a desired geometry. This dried matrix cont
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only 2–6% of polymer, by weight, which can easily be
removed by means of standard thermal procedures.4 The
green compact may then be sintered. Although there has
been significant progress on the gel-casting process of green
preforms, only a few papers on the mechanical properties,
especially on green strength, of gel-cast ceramics could be
found in preceding publication.5–8 One of the main purposes
of using the gel-casting method is the preparation of the com-
ponents having high green strength, but increasing the green
strength causes the structure to be very brittle which makes
the machinability properties poor, especially for conven-
tional drilling, milling and lathing. Plasticizers can be added
to reduce the brittleness of green samples. However, im-
portant questions remain regarding the “constitutive behav-
ior” and hence “structure-property” relations of these green
structures.

The purpose of the present paper is primarily to describe,
by means of experiment, the effects of monomer composi-
tion, which is the main organic component of the gel-casting
ceramic slurry, on the mechanical properties of final gel-cast
ceramic green compacts. Alumina powder was used as the
ceramic system throughout the experimentation. It is antic-
ipated that this information may be used for the description
of structural response of the gel-cast ceramic green compo-
nents as a function of material properties present within the
process.
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by using P4 and P6 with weight ratios between 4% and 10%
with respect to the alumina. AAm and MBAM were also used
in the molar ratio of AAm/MBAM being equal to 200 and
total AAm amount being between 2% and 8% of alumina by
weight.

After the addition of 6 mg initiator and 2.5 ppm catalyst
for 1 g of monomer or monomer mixtures, the oxygen was
purged by using nitrogen. These suspensions were later cast
into a glass mould then gelled in an oven at 50◦C. Finally,
the desired samples were cut from gelled green structures and
dried at 110◦C for 2 h.

2.3. Copolymer preparations

For the determination of glass transition temperature of
crosslinked polyacrylamide and its copolymers, these poly-
mers were prepared without the use of alumina and dispers-
ing agent under the aforementioned conditions and then dried
under vacuum.

2.4. Measurements

The viscosity values of ceramic suspensions were mea-
sured by means of a Brookfield synchrolectric viscometer
( pm.
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. Experimental procedures

.1. Materials used

An alumina powder (99% purity, HTM-30, Indial, Indi
ith a 0.8 m2/g BET surface area and a mean diam
f 4�m was used. For gel-casting purpose, a mono
f acrylamide (AAm, C2H3CONH2) and polyethylen
lycol (400) diacrylate (P4) and polyethylene glycol (6
imethyacrylate (P6) of Sartomer (SR-344 and SR-
espectively), as a crosslinking agent or comono
ere used. In cases where only AAm was used
onomer,N,N′-methylenebisacrylamide (Merck, MBAM

C2H3CONH)2(CH2)) was used as the crosslinking age
mmonium polyacrylate, potassium persulphate (Me
2S2O8) and N,N,N′,N′-tetramethylethylenediamin

Merck, TEMED) were used as dispersant, initiator
atalyst, respectively.

.2. Gel-casting procedure

The alumina suspension was prepared with an
ina)/(total water) ratio of being 1 by volume. The disp

ant amount used for this purpose was 0.23% by weig
lumina. The suspension was first ball milled for 6 h. La
Am-P4 and AAm-P6 were added in the weight ratios
Am/(P4 or P6) between 10/90 and 96.5/3.5, respecti
or comparison purposes, various suspensions were pre
 d

Model QSK 57) by using RV4 rod with a speed of 10–50 r
Fracture tests were carried out by using a Universal te

achine (Hounsfield H10KS, UK). Samples with 5–7 m
hickness and 10–13 mm width and 60 mm length were
ared from the cast green alumina samples. Fracture
ere implemented according to ASTM D2344-80 wit
0 mm span length and 50 mm/min crosshead speed b
eating the tests for minimum three times for each sam
he results are given as the mean values of three mea
ents.
Thermogravimetric analysis for dried green samples

arried out by using a Shimadzu TGA-50 equipment w
0◦C/min heating rate up to 700◦C in air.

Green samples were also cast in cylindrical and ring fo
ith various formulations in order to test the machinabi
hese samples were turned by using a lathe (500–900
rilled (100–300 rpm), milled (65–2400 rpm) and grou
3000 rpm). Attempts were also made to see whe
t is possible to obtain sharp edges during machin
asy chip forming without any crack propagation w
xamined. Final forms were examined to see whe
here are any cracks and/or fractures, especially a
dges.

The glass transition temperature of prepared copoly
as determined by means of a Setaram DSC 131 with
les of 19–21 mg weight in a nitrogen atmosphere wi
0◦C/min heating rate. Samples were first preheated, w
eating rate of 20◦C/min, up to 220◦C and held at this tem
erature for 10 min for the removal of absorbed water. It

hen cooled down to the room temperature.
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3. Results and discussion

3.1. Copolymer preparations

One of the most important parameters being effective on
the mechanical properties of polymeric materials is the bond-
ing type of the composing units within polymers. Within this
context, the structure of polymers is important whether it is
linear, branched and/or crosslinked. The crosslinking den-
sity and the structure of crosslinking agent are also important
as well as the main chain structure for crosslinked polymer
structures as in gel-cast ceramic green compacts. Because of
the structural similarity between AAm and MBAM (MBAM
is the dimerised form of AAm), only the crosslinking pro-
cess by means of MBAM affects the mechanical properties.
This effect does not come from its structural contribution. In
cases where other type of difunctional monomers (crosslink-
ing agent with long chain structures) are used, the mechanical
properties will be affected not only by the contribution from
crosslinking reaction but also by the structure of crosslinking
agent which can also be the main effective parameter for the
mechanical properties depending upon their amount.

The use of crosslinking agents with long chain structure
and etheric bonds, instead of MBAM, affects the mechan-
ical properties of polymer. P4 or P6 are examples of this
type of crosslinking agents. Due to the long chain structure
a ature
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were 150, 107 and 72◦C where the percentage weight ratio
of P4 in the copolymer are 25, 50 and 75, respectively. These
Tg values for the copolymer containing P6 in the same weight
ratio as P4 were determined as a little bit lower than those
in the case of P4, as 140, 90 and 68◦C, respectively. The
long chain structure of P4 and P6 will prevent, to some ex-
tent, the formation of hydrogen bonding between amine units
and carbonyl oxygen of AAm. This prevention will cause the
polymer structure to be more elastic than rigid one, which
is also increased by hydrogen bonding contribution. These
decreases inTg value of copolymers are also expected from
theTg value of polymers obtained from oligo (ethylene gly-
col) diacrylates.10 The change inTg affects the mechanical
properties of copolymer as well as gel-cast green ceramic
structures and as a result, the final cast ceramic green struc-
ture will become less brittle.

TheseTg values were determined from the samples dried
at 220◦C for 10 min in an inert atmosphere. The mechanical
tests were performed on the samples held in ambient labora-
tory conditions after drying at 110◦C for 2 h (see Section2).
It should be noted here that the water content would affect
theTg of polymers.

3.2. Preparation of green ceramics and mechanical
properties
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nd flexible etheric bonds, the glass transition temper
f crosslinked copolymer decreases and as a result,
echanical properties will be affected. The AAm polym

rosslinked by MBAM has a glass transition temperat
g, of 195◦C where AAm/MBAM = 200 mol/mol, which i

he same value as given in literature.9 This highTg value of
rosslinked PAAm can be explained by the presence o
rogen bonding, causing a great number of interaction po
educing the mobility of polymer chains. When P4 is u
ith the same molar ratio as MBAM, the glass transi

emperature becomes 188◦C. Fig. 1shows the change inTg
s the molar ratio of P4 and P6 increased;Tg decreases a
ost linearly while the crosslinking density increases.

g value of the copolymer prepared by using AAm and

Fig. 1. The variation ofTg with the copolymer composition.
Viscosities of samples prepared with 4% AAm and w
qual amounts of AAm (2%) and P6 (2%), with respec
lumina, remained at a constant value of about 0.2 Pa s
ange of 10–50 rpm. This indicates that the viscosity of t
amples is independent of the shear rate within the cu
xperimental ranges and there is no notable effect of
ial replacement of monomer with a higher molecular we
han AAm to the viscosity. As a result, it can be said
he monomer composition, at least within the current ex
mental study, has not considerable effect on the rheolo
roperties of ceramic suspension.

The flexural strength values obtained from three-p
ending tests of samples prepared by using only AAm in

ig. 2. The variation of flexural strength of green ceramics with polya
amide amount.
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Table 1
Mechanical properties of gel-cast green samples

Sample P4 in copolymer (wt.%) P6 in copolymer (wt.%) Flextural stress at Max. (MPa) Elastic modulus (GPa)

P4-3.5 3.5 25.5± 2.60 0.905± 0.01
P4-10 10 22.7± 2.30 0.834± 0.08
P4-20 20 20.0± 2.00 0.667± 0.06
P4-35 35 19.1± 1.90 0.509± 0.05
P4-50 50 6.8± 0.60
P4-75 75 4.4± 0.40
P4-90 90 1.7± 0.10
P4-100 100 0.5± 0.05

P6-5 5 23.7± 2.40 0.806± 0.08
P6-10 10 22.7± 2.30 0.714± 0.07
P6-20 20 21.5± 2.10 0.611± 0.06
P6-35 35 14.6± 1.50 0.506± 0.05
P6-50 50 4.6± 0.40
P6-75 75 3.3± 0.30
P6-90 90 1.9± 0.16
P6-100 100 1.4± 0.13

range of 2–8% of alumina are given inFig. 2. As the amount
of AAm increases, the flexural strength values increase espe-
cially in the range of 3–4% of AAm ratios.

The effect of P4 or P6 addition into the copolymer struc-
ture is given inTable 1andFig. 3. As the weight ratio of
P4 or P6 increases, from the value of 3.5 to 90% of copoly-
mer, the flexural strength values decreases from 24–25 MPa
to 1.5–2.0 MPa although the total polymer amount is equal
to the 4% of alumina. The flexural strength values for sam-
ples P4-3.5 and P6-5 are interesting (seeTable 1) while the
amounts of P4 and P6 (1/200, in moles) in crosslinked copoly-
mers and total amount of copolymer in ceramic suspensions
were the same as in the case where AAm and MBAM were
used. This indicates that the crosslinking density, in other
words the distance between the crosslinking points, should
almost be the same. The reason for the noticeable decrease
in flexural strength values (from about 40 MPa to 25 MPa)
should be arising not only from the flexible CO C bonds in
the P4 and P6 but also from the prevention of hydrogen bond-
ing between AAm units due to their high molecular weight,
in another words, long chain structure (see Section3.1).

F to the
c

Fig. 4. Stress–strain curves of green samples with copolymer composition
of AAm-P4.

It is seen fromFig. 4andTable 1that the flexural strength
and modulus values of the samples are decreased as the ratio
of P4 amount increases. Similar trend occurs for the sam-
ples with P6 (seeFig. 5 andTable 1). The modulus values
for these samples vary almost linearly with the ratios of P4
or P6 while the flexural strength values show a decrease in
notable amounts around 35–50% of used P4 or P6 amount in

Fig. 5. Stress–strain curves of green samples with copolymer composition
of AAm-P6.
ig. 3. The variation of flexural strength of green ceramics according
hange in copolymer composition.
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copolymer (seeFig. 3). It should be noted here that the flexu-
ral strength and especially the elastic modulus values for the
samples prepared by using P4 are higher than those of the
samples prepared by using P6, as expected. The reason for
this is the longer and more elastic chain structure of P6 than
that of P4. The glass transition temperatures of copolymers
prepared by using P4 are higher than those of prepared by
using P6 with the same molar ratios. The mechanical test re-
sults of the cast green samples prepared using only P4 or P6
also show effect of monomer structure onto the mechanical
properties. Flextural strength of the samples prepared using
P4 or P6 in the weight ratio between 4% and 10% of alumina
were only 0.5–1.5 MPa. The increase in weight ratio of P4
or P6 in the gel-cast samples has not affected their flextu-
ral strength, which shows that the dominant factor for their
mechanical properties is the monomer structure rather than
its amount under the current experimental conditions. As a
result of these, it can be said that difference in the copoly-
mer and/or polymer properties reflect upon the mechanical
properties of cast ceramic green structures.

3.3. Machinability properties

The machinability studies were carried out on the cast
green samples prepared by using P4 or P6 together with
AAm, where their weight ratios are lower than 50% in the
c The
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Fig. 6. Photographs of machined green samples prepared by using P4 or P6:
(a) internal screw, screw and rings and (b) Slots, recessed steps and internal
screw.

Fig. 7. TG curves of green samples with copolymer composition of AAm-
P4.
opolymer, because of their high mechanical strength.
achinability studies of the cast samples were perfor
sing conventional tools and equipments. No fractures
racks were developed during the fixing of the sample
he test machines. The samples prepared by using only
eing crosslinked with MBAM showed fractures or crac
harp edges can easily be obtained by lathing and mi
specially from the samples containing 10–35% of P4 o

n the copolymer. No cracks were observed after drilling
rounding. Machined samples exhibited good surface fi

n all cases, showing their chip resistance. These results
he contribution of the addition of P4 or P6 in the copolym
tructure, which lowers the brittleness of cast green cer
amples having high enough flextural strength. The repr
ative photographs of some machined green samples pre
sing P4 or P6 are shown inFig. 6. Screws, rings and recess
teps were prepared by lathing, internal screws by tap
lots by milling.

.4. Thermal removal of organic additives

The weight loss for the green ceramic samples prep
sing P4 starts at below 200◦C as the P4 used is in high
mounts. As the amount of P4 decreases, the starting po
eight loss, for the ceramic green samples, increased
bout 240◦C (seeFig. 7). The completion point for the weig

oss of ceramic green samples increased with the decre
he amount of P4 ratio. The degradation point for the sam
repared by using P4 shows a notable decrease, in an
ords, the binder (copolymer) can be removed more e
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Fig. 8. TG curves of green samples with copolymer composition of AAm-
P6.

from the cast ceramic samples. Similar trend is observed for
the samples prepared by using P6; the starting and end points
of degradation decrease as the P6 used increases (seeFig. 8).

4. Conclusions

The copolymers having various glass transition temper-
atures were prepared by the polymerization of AAm and
P4 or P6. The cast green ceramic compacts obtained using
these monomer mixtures with the various weight ratios in
the copolymer show flextural strength high enough for han-
dling and machining. Flextural strength decreased with the
increasing of P4 or P6 in the copolymer compositions, but
brittleness of the samples also decreased, which resulted in
good machinability properties. Elastic modulus of green ce-
ramic samples also decreased with the increasing of P4 or
P6 weight ratios almost linearly as similar asTg value of
copolymers, which shows the contribution of the copolymer
structure to the mechanical properties of cast green ceramic
samples. Introducing the P4 or P6 comonomer in the struc-

ture of copolymer also made the burn out of binder polymer
easier.
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