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Alumina ceramics were prepared by gelcasting, based on an in-situ polymerization that promotes the formation of
homogeneous green ceramic parts and allows the preparation of complex shapes and/or large-size ceramics. The
influence of the monomer on the sintering behaviour of alumina pellets has been studied by considering three
acrylamide-based monomers, i.e. acrylamide (AM), methacrylamide (MAM) and dimethylacrylamide (DMAA).
Slurries with an alumina solid content of 50 vol% have been cast and pre-sintered pellets (1000 °C) with relative
densities around 55% were obtained. These presintered pellets exhibit different granular packing, depending on
the initial monomer used, as demonstrated by X-ray tomography, SEM and Hg porosimetry analyses. This results

in significant differences in sintering behaviour, giving rise to very different final densities after 1 h sintering at
1530 °C: from 88% to 98%. This behaviour is described in terms of shrinkage rate, linked to the granular packing

induced by the gelation process.

1. Introduction

Ceramic materials are renowned for their high-temperature proper-
ties (chemically inertness, temperature resistance) and hardness.
Machining dense ceramics is therefore very expensive. That explains
why many works have been undertaken to develop net-shape processes
that enable the production of parts with complex shapes. The best
known are injection moulding [1], extrusion [2] and now additive
manufacturing [3]. Another process, developed and patented in the 90s
at Oak Ridge National Laboratory [4], is also noteworthy: gelcasting
[5-7].

Actually, gelcasting makes it possible to obtain high quality ceramic
parts with complex shapes and large dimensions. The principle of this
process is based on the preparation of a suspension loaded with a
ceramic powder, to which a monomer [8] and a cross-linking agent are
added. After the casting and due to an initiator, these organic com-
pounds will generate a 3D polymeric network [9], thereby freezing the
ceramic suspension and ensuring a homogeneous and optimized packing
of the grains.

This process has many advantages. First, high powder loadings (>50

vol%) can be achieved, reducing the shrinkage [10] during the drying
step [11-13] and thus limiting the occurrence of stresses during this
critical stage. Second, the suspension contains a low amount of organic
compounds (~3 wt%), which simplifies the debinding process. Third,
various materials can be used for the design of the moulds, such as PVA
[14], PVB [15], metal [16], wax [17] etc ..., that are reusable and low
cost, Fourth, the samples obtained by gelcasting have a high green
mechanical resistance, allowing for machining or modifications at a
reduced costs at this stage [18]. Lastly, this method is applicable to
ceramic powder [19-23], metallic powders [24,25], or polymers [26]
which makes this process generic for the preparation of green materials.

In the literature related to gelcasting, acrylamide (AM) was the first
monomer to be used [4,5,27]. It has been widely used in many works,
including recently [28,29]. However, due to the toxic character of this
compound, other acrylamide monomers have been considered such as
methacrylamide (MAM) [16,30,31], dimethylacrylamide (DMAA)
[32-36]. In the same way, acrylate monomers such as hydroxyethyl
methacrylate (HEMA) [37], hydroxyethyl acrylate (HEA) [38,39], car-
boxyethyl acrylate (CEA) [40], diglyceryl acrylate (DGA) [41] or acrylic
acid-based systems [42,43] were studied. For most of these monomers,
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the same cross-linking agent has been commonly used, ie. methyl-
enebisacrylamide (MBAM). One should also mention that other
non-toxic and natural gelling systems have been largely studied as for
example agar, ISOBAM™ ... A well-documented review is proposed in
Ref. [44]. As a general concern, the effect of the nature of the monomer
on the gelcasting process has been investigated. Ortega et al. [8]
compared different monomer systems for the gelcasting of foams.
Pietrzak et al. [41] developed a new monomer to improve the properties
of the ceramic suspensions and the sintered bodies. Hong et al. [23]
studied the fabrication of ZrB,-SiC ceramic composites, focusing their
work on the influence of hydrogel characteristics on the mechanical
properties of the sintered composites. Nevertheless, no study has yet
been proposed to investigate the influence of acrylamide-based mono-
mers on the microstructure of the obtained green compacts and on the
subsequent sintering process. It is well known that the green micro-
structural characteristics, particularly grain packing and homogeneity,
are of primary importance for densification [45]. When it comes to
gelcasting, the question of the grain arrangement resulting from the
suspension polymerization arises. Considering the same family of
monomers, it is possible to produce green pellets under similar chemical
and physical conditions that feature slightly different microstructures,
resulting in varying sintering trajectories. This paper, therefore, presents
a comparative study on the sintering of gelcast alumina using three
distinct acrylamide monomers.

2. Experimental
2.1. Materials

All experiments conducted in this work were carried out using an
a-alumina powder (purity >99.84 wt%, P172LSB, Alteo, France) with a
theoretical density (du,) of 3.97 g cm > The main impurities present in
this powder are presented in Table 1 and the median particle size in
volume is dsp = 0.4 pm. This value is in good agreement with the
average particle size that can be observed in the SEM micrograph, given
in Fig. 1.

The three tested monomers were acrylamide (AM: C3HsNO, >98%,
Alfa Aesar, USA), methacrylamide (MAM: C4H;NO, >98%, TCI, Japan),
and N,N'-dimethylacrylamide (DMAA: CsHoNO, stabilized with Mequi-
nol (MEHQ), >99%, TCI, Japan). N,N'-methylenebisacrylamide (MBAM:
C7H19N202, 97%, ThermoScientific, USA) was the cross-linking agent.
To obtain a high solid loading and a high stability suspension, an
ammonium polyacrylate dispersant was added (Dolapix CE64, Zschim-
mer&Schwarz, Germany). A plasticizer, (PEG 400: poly(ethylene glycol)
400, H(OCH->CH,),OH, ThermoScientific, USA) was also added to
improve the drying behaviour of the samples [46]. Finally, ammonium
persulfate (APS: (NH4)2S20s, 98%, Alfa Aesar, USA) was used to initiate
the polymerization. The semi-developed formulae of the resulting
polymers are shown in Fig. 2, according to the initial monomer used.

2.2. Sample preparation

The gelcasting process is described in Fig. 3 and was the same for the
three types of sample, as follows. First, a premix solution was prepared,
containing the monomer, the cross-linking agent (MBAM), the disper-
sant (CE64) and the plasticizer (PEG 400). The same proportions were
used for all slurries studied. Monomer content was 15 wt%, based on
deionized water. MBAM to monomer ratio was 1/6. The amount of CE64
was 0.35 wt%, based on alumina powder and the amount of PEG 400
was 2.5 wt%, based on deionized water. All these compounds were

Table 1

Chemical composition of P172LSB alumina powder (Alteo data sheet).
Al,O3 NaO CaO SiO, Fey03 MgO
99.84 wt% 400 ppm 210 ppm 295 ppm 180 ppm 500 ppm
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Fig. 1. SEM micrograph of the as-received a-alumina powder.

dissolved in deionized water. The alumina powder was then added with
a solid load of 50 vol%. The slurry was then ball-milled for 24 h. The
stability of the suspensions was checked. Their zeta potential was close
and always greater than —30 mV at the working pH (pH = 9). The APS
initiator was added after degassing the slurry, which was cast in 3D-
printed plastic moulds. Following gelation at 60 °C, the samples were
demoulded and subsequently dried, using an osmotic drying process in a
liquid bath [47-49].

Dried bodies were then debinded at 600 °C for 1 h under air, with a
heating rate of 0.5 °C/min. It was previously verified by thermogravi-
metric analysis (SetsysEvo, SETARAM, USA) that all organics were
decomposed at 600 °C. The debinding cycle was followed by a pre-
sintered stage, done in the same furnace, at 1000 °C for 1 h, under air,
with a heating rate of 2 °C/min. This stage was added so that necks were
created between grains and thus ensured mechanical strength to the
samples. For sintering studies, the pre-sintered pellets (20 mm in height
and 20 mm in diameter) were finally heat treated at 1530 °C for 1 h or 3
h in air, with a heating ramp of 10 °C/min. Some samples were also
removed during the heating stage and air-quenched from 1420 °C.

2.3. Methods and characterizations

Debinding and sintering heat treatments were carried out in furnaces
designed by Galtenco Solutions, which allow very precise control of the
heating rate and the temperature in each part of the furnace [50,51].
Dilatometry measurements (DIL 402 C, NETZSCH, Germany) were
conducted with a 10 °C/min heating ramp until 1475 °C (maximum
temperature of the dilatometer) for 10 min on 5 x 5x5 mm? pre-sintered
samples. The relative densities of pre-sintered samples were obtained
from mass and geometric measurements. Relative densities of sintered
and air-quenched samples were determined by Archimedes’ method in
deionized water. These results are obtained from at least four pellets per
sample type. The granular homogeneity of the pre-sintered pellets was
investigated by X-ray tomography. These analyses were carried out (V|
tome|X S, General Electric, USA) with the following experimental pa-
rameters: 0.1 mm Cu filter, U = 100 kV, I = 250 pA, exposure time 1 s,
average of 3 images per projection, 2000 projections, voxel size 5 pm. In
every case, 3D volumes were reconstructed from the collected radio-
graphs using a filtered back projection Feldkamp-algorithm. To avoid
experimental variations in X-ray absorption from one experiment to
another, all samples were measured in a single run. Image analyses were
then performed using the free and open-source Fiji software [52]. Pore
size distributions of the presintered samples were determined by a
mercury intrusion porosimeter (AutoPore IV, Micrometrics, USA). Mi-
crostructures of pre-sintered, air-quenched, and densified samples were
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observed using SEM (VEGA II SBH, TESCAN, Czech Republic). In order
to determine the grain size, the sintered samples were polished using SiC
discs and diamond suspensions down to 1/4 pum. After polishing, the
samples were thermally etched by performing an annealing treatment at
70 °C below the sintering temperature (10 °C/min heating ramp and 10
min dwell time). The intercept method was used to determine the
average intercept size (G) on SEM micrographs [53].

3. Results and discussions
3.1. Sintering

In the following, the samples studied are named according to the
monomer used for gelcasting. Nevertheless, it should be reminded

(Section 2.2) that no polymer, nor residual carbon was observed after
the debinding and pre-sintering steps. Table 2 summarizes the relative

Table 2
Relative density (d) and grain size (G) of the pre-sintered and sintered samples.
Pre-sintered 1530 °C-1h 1530°C-3 h
Monomer  d (% d) d (% dw) G (pm) d (% dem) G (pm)
AM 55.7+1 96.2 + 0.5 1.1+0.1 98.2 + 0.5 1.3+0.2
MAM 549 +1 91.2 +£ 0.5 1.1+0.1 96.2 + 0.5 1.3£0.1
DMAA 536 +1 83.6 £ 0.5 09+0.1 88.9 + 0.5 1.1+0.1

a) AM 1530 °C-1 h
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densities obtained before (pre-sintered state) and after sintering (1 h or
3 h at 1530 °C), as well as the average grain size. A small difference is
observed between the relative densities for the three pre-sintered pellets.
This difference becomes large and significant after sintering at 1530 °C
and increases with the sintering duration. The microstructures of the
sintered samples are presented in Fig. 4. The porosity in the sintered
samples appears quite different, depending on the initial monomer used.
Indeed, the samples prepared with AM, Fig. 4 (a) and Fig. 4 (d), are
almost dense whatever the sintering time. On the contrary, the samples
made with DMAA, Fig. 4 (c¢) and Fig. 4 (f), show a significant amount of
intergranular porosity, in agreement with the measured sintered den-
sities that did not exceed 90% of the relative density. However, the in-
crease in dwell time does not lead to appreciable grain growth,
according to the G values provided in Table 2. Moreover, no abnormal
growth is observed in SEM micrographs (Fig. 4).

3.2. Dilatometry

In order to explain the variations in densities found in Table 2, a
dilatometry study was carried out on these samples, up to 1475 °C. Fig. 5
(a) shows the evolution of the relative density as a function of temper-
ature. Thanks to the gel casting process, there is no anisotropy of
shrinkage (it was checked that the difference between radial and axial
shrinkage was less than 1%) and the relative density can be deduced

Fig. 4. SEM microstructures of samples sintered at 1530 °C for 1 h, initially gelcast with a) AM, b) MAM, c) DMAA and samples sintered at 1530 °C for 3 h, initially
gelcast with d) AM, e) MAM and f) DMAA. All samples were polished and thermally etched.
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ray tomography.

from the shrinkage measurements according to Equation (1).

—Po 100
()
0

pr, the relative density, po, the pre-sintered density, %’, the length

= (Eq.1)

variation during the dilatometry analysis.

For the three samples, the densification starts around 1100 °C and as
the sintering temperature increases, the differences in relative density
for the three samples become more pronounced. In particular, the AM
sample showed a more significant change of slope than both the MAM
and the DMAA samples. Furthermore, the evolution of the density dur-
ing the stage at 1475 °C shows that DMAA sample densifies less than the
other two. At the end of the dilatometric cycle, the final densities of the
samples were 70.8%, 76.4% and 79.4% for the DMAA, MAM and AM
samples respectively.

To determine more precisely the sintering behaviour of the three
types of samples, the evolution of the shrinkage rate (d(Al/l,)/dt) as a
function of temperature has been plotted (Fig. 5 (b)). This curve can be
analysed by considering two temperature domains, characteristic of two
different sintering stages. The first domain, (1), ranges from 1000 °C to
approximately 1250 °C and corresponds to the start of sintering. This
stage appears to be relatively similar for all three samples. However, a
slight shift of the curves towards higher temperatures can be observed,
related to a small difference in terms of onset of sintering. The lower the
green (pre-sintered) relative densities, the higher the temperature at
which sintering begins. Thus, the sintering of AM sample begins before
that of the MAM and DMAA samples. The second domain, (2), starts at T
~ 1250 °C and a large difference in behaviour between the three types of
samples can be seen. In particular, for the DMAA type pellets, the
shrinkage rate remains nearly constant, contrary to the two other sam-
ples which, despite a change in slope from the previous domain, still

Open Ceramics 16 (2023) 100447

display an increasing shrinkage rate.

Air quenching at 1420 °C was also performed on the three types of
samples in order to characterize their microstructure during the second
sintering domain and their relative densities were also measured. This
temperature has been chosen according to the shrinkage rate evolution
(Fig. 5 (b)). The density values are plotted in Fig. 5 (a) and fit quite well
with the dilatometry curves. The microstructures of these polished
samples were analysed by SEM and are shown in Fig. 6. At this tem-
perature, the densification process has progressed significantly and
notable differences could be observed. The AM pellet had a higher de-
gree of sintering and less porosity than the other two samples, which is
consistent with the measured densities. One can also notice that smaller
pore sizes were present in AM compared to MAM and DMAA pellets.

3.3. Characterization of the pre-sintered pellets

As the densification depends directly on the initial grain packing
when the same powder is used, characterization of the microstructure of
the pre-sintered samples has been realised.

3.3.1. X-ray tomography (XRT)

An X-ray tomographic analysis was conducted to investigate at a
macroscopic scale the granular homogeneity of the three pre-sintered
samples. The resolution used was greater than the average grain size
(5 pm > 0.4 pm), meaning each voxel represents a cluster of multiple
grains, which will cause broad grey level distributions. Nonetheless, a
homogeneous sample is likely to display a narrower grey level distri-
bution than a more heterogeneous sample. The grey level distributions
are shown in Fig. 7. These distributions are symmetrical and can be well
represented by a Gaussian function according to Equation (2) [54].

w=n?

y=Axe »? (qu)

A is the peak height, p is the peak position and ¢ is the full width at
half maximum (FWHM).

The position (p) of the peak of the histogram is related to the
macroscopic density of the sample; the denser the material, the more the
maximum will be shifted towards higher levels of grey (white). The full
width at half maximum of the distribution (¢) can be used to charac-
terize the homogeneity of the granular packing.

The data extracted from the fits of the grey level distribution curves,
using the method of the least squares, are presented in Table 4. These
results indicate that the p parameter increases from the DMAA type
sample, to MAM and AM, which confirms the density measurements of
the pre-sintered pellets, presented in Table 2, where dpyaa < dmam <
dam-

Table 4 also shows that the parameter ¢ evolves inversely to the
parameter p. That is, FWHMay < FWHMpam < FWHMppaa- This sec-
ond observation reveals a difference in the homogeneity of the samples.
The larger FWHM for the sample shaped from DMAA can be attributed
to the presence of both denser and more porous zones than the other
samples. This was confirmed by inspecting the fractures of the pre-

Fig. 8. SEM microstructures of fractures of pre-sintered samples, shaped with the following monomers: a) AM, b) MAM and c¢) DMAA. The white arrows highlight

agglomerates.
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Table 3
Porosity features of the pre-sintered samples.
AM MAM DMAA
Porosity range (pm) 0.02-0.13 0.02-0.16 0.02-0.21
Mode of the distribution (um) 0.10 0.13 0.19
Median pore diameter (pm) 0.11 0.14 0.19
Cumulative intrusion vol. (mL/g) 0.184 0.199 0.209

sintered samples (Fig. 8), which, particularly for the DMAA-type pellets,
show the presence of agglomerates (marked by white arrows) composed
of a few grains, and apparently larger porosities than in the other
samples.

3.3.2. Hg-porosimetry

Fig. 9 shows the pore size distribution of the presintered pellets. The
porosity is primarily of a macroporous type (D, > 50 nm), although a
small amount of mesoporosity (2 nm < D, < 50 nm) is also present in the
case of DMAA. The size distribution of the pores is mainly monomodal
for both AM and MAM samples, while that of DMAA has a significant
peak foot on the side of the small pore sizes. Taking only the main mode
(or the median of the distribution) into consideration, it is found that the
smallest pore size is for AM, followed by MAM and DMAA (Table 3).
Therefore, the DMAA has a wider porosity range than the two other
pellets. The cumulative volume of mercury intrusion given in Table 3
also confirms the previous relative density measurements of pre-sintered
materials, with lower porosity for AM type samples, followed by MAM
and DMAA.

3.4. Discussion

The first sintering domain, identified below ~ 1250 °C on Fig. 5(b),
can be attributed to the first stage of sintering [45], which is formation
and growth of necks between particles. All three samples were made
from the same P172LSB alumina powder, and so the formation of necks
between the same types of particle, shaped in the same way (gelcasting),
should exhibit the same kinetics - as was observed in Fig. 5(b). The slight
differences in the onset sintering temperatures are likely due to

Table 4
Parameters characterizing the grey level distributions obtained by tomographic
analysis of the 3 types of samples.

AM MAM DMAA
A 11,782 £ 11 11,707 £ 10 11,630 £ 10
B 37,937 £3 36,432 +£ 3 34,000 + 3
c 2576 +£ 3 2592 + 3 2610 £ 3

Open Ceramics 16 (2023) 100447
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variations in the grain coordination number between the samples. Lower
relative densities correspond to lower grain coordination numbers [45],
which explains why the DMAA-type sample begins sintering at a slightly
higher temperature than the MAM and AM samples. A way to confirm
that domain (1) corresponds to the first stage of sintering is to express
the shrinkage rate as a function of the relative density. Fig. 10 shows, for
all curves, a clear change in slope that can be used to separate the pre-
viously identified domains (1) and (2) (this is only illustrated for the
DMAA sample in Fig. 10). Domain (1) corresponds to an increase in
density of about 3-5% for the three types of samples, a result which is
expected for this stage.

The second domain is related to the densification of the granular
packing obtained through the gelcasting process (Fig. 5 b). Although the
gelation process produces homogeneous green compacts, heterogene-
ities in the grain packing (agglomerates, difference of porosity ...)
cannot be entirely avoided. Indeed, X-Ray tomography and porosity
measurements, presented above, demonstrate that the density and ho-
mogeneity of the granular packing of the green bodies can be slightly
modified, according to the monomer used during the gelcasting process.
It should be noted that these variations remain quite small compared to
prior experiments displaying the effect of the initial density of the green
compacts on their subsequent sintering [55,56]. It is well-documented in
the literature that packing defects generate heterogeneities that favour
the formation of dense regions surrounded by large pores, in other
words, that generate different sintering rates within a same compact
(differential sintering) [45]. Considering the two extreme samples
(DMAA and AM), the microstructure characterizations show that these
pre-sintered samples have different granular homogeneities (different
grey level distributions in XRT) and pore sizes. The DMAA has a less
homogeneous packing, a larger pore size, and a wider pore size distri-
bution, resulting in lower densification rate than those of AM. Indeed,
the shrinkage rate of DMAA pellets is almost constant for temperatures
above 1250 °C (Fig. 5 b) and 10). Such a behaviour agrees quite well
with the assumption of Zheng or German that suggested that a pore size
less than half of the grain size is typically necessary to ensure densifi-

cation [45,57]. DMAA has an initial median pore size close to half of the

initial grain size of P172LSB powder (D;, ~ w), which is not the

case of AM and MAM type samples. However, when sintering is pro-
ceeding, grain growth occurs, and in the case of DMAA, the pore size
that should remain almost constant at the start of densification becomes
lower than half of the grain size, resulting in improved densification.
This can be seen in Fig. 10 where the DMMA shrinkage rate rises again
when the relative density exceeds 63%. Then, the slope of this sample
becomes similar to the slope of the two other samples.

The sintering trajectories analysed and discussed here are thus
related to the microstructure of the green bodies, which is itself induced
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by the nature of the monomer involved in the gelcasting stage. A first
approach is to consider the hydrophilicity of the monomers and poly-
mers. From the polymer (monomer) formulas given in Fig. 2, it appears
that AM possesses terminal -NH; groups, MAM possesses —~CH3 and
-NH; groups, while DMAA only presents —-CH3 groups. Methyl groups
are known for their low affinity with water, whereas amine groups are
hydrophilic. Viscosity measurements were performed on alumina slur-
ries (before the addition of the initiator) as a function of the monomer
used. The values obtained at a 10 s—! shear rate were n(AM) = 79 mPa.s
and n(MAM) ~ n(DMAA) = 97 mPa.s. The suspensions containing
DMAA and MAM exhibit slightly higher viscosity compared to those
containing AM, suggesting that the presence of methyl groups does not
promote suspension dispersion. Also, during gelation, the more polar
character of the amine groups favours the establishment of hydrogen
bonds with the surface of alumina grains, which are negatively charged
under the conditions of suspension preparation (pH = 9). These
hydrogen bonds between the polymer and the surface of alumina grains
should promote the coating and dispersion of the grains within the
polymer, thus improving the granular packing, finally observed in the
pre-sintered samples. A less uniform microstructure is observed in the
pellets shaped with the monomer containing more methyl groups. These
hypotheses still require confirmation and are currently under investi-
gation. They will be presented in an upcoming article.

4. Conclusion

This work demonstrates that the choice of the monomer in the gel-
casting process is of primary importance to promote a high degree of
homogeneity in the green compact, resulting in enhanced densification.

Alumina ceramics were shaped by gelcasting, considering three
chemically related monomers of the acrylamide family, AM, MAM and
DMAA. After debinding and pre-sintering heat treatments, a small dif-
ference in relative density has been pointed out, with higher values for
AM type samples. After sintering at 1530 °C, a large difference in
densification was observed, ranging from 88% for the DMAA sample to
98% for the AM sample. Through a dilatometry study, two different
sintering domains were identified. The first one, similar for the 3 sam-
ples, was attributed to the first stage of sintering, i.e. formation and
growth of necks between particles. The second one could be related to
the grain packing formed during gelcasting. The granular homogeneity
of the pre-sintered compact was characterized by X-ray tomography. It
was shown that the use of DMAA monomer leads to a less homogeneous
microstructure than with the two other monomers. Hg-porosimetry also
showed that the median pore size as well as the amount of porosity
within the pre-sintered pellets were slightly larger for DMAA compared
to MAM and then to AM. These observations were confirmed by SEM
analyses that show more agglomeration in the DMAA pre-sintered pel-
lets. As a result, a slightly less homogeneous grain packing, including
small agglomerates and/or larger porosities result in a large difference
in final sintered density.

Finally, the homogeneity of the granular packing may be related to
the varying hydrophilicity of the monomer. The formation of hydrogen
bonds with the surface of alumina grains during slurry preparation and
polymerization is likely to promote grain dispersion and thus packing
when the polymer is removed.
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