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Liquid drying of BeO gelcast green bodies using ethanol as liquid desiccant
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Abstract: BeO gelcast green bodies were dried by liquid drying method with liquid desiccant ethanol. Effects of ethanol
concentration, solids loading and aspect ratio of green body on the moisture and shrinkage of green bodies were studied through
measuring mass and dimension. Additionally, liquid drying stress was analyzed and a model of the initial stage drying stress was
established. The results show that higher ethanol concentration, lower solids loading and higher aspect ratio of gelcast green bodies
increase the drying rate. Increasing the ethanol concentration decreases the shrinkage rate. Liquid drying stress is generated due to a
non-uniform drying rate. During the process of liquid drying, the inner drying stress of the green body changes from compressive
stress to tensile stress, while the outer drying stress changes from tensile stress to compressive stress.
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1 Introduction

Gelcasting is a near net shape technique for
fabricating high-quality complex ceramics developed
during the early 1990s [1—4]. This technology integrates
the knowledge of polymer chemistry with the traditional
ceramic forming techniques to improve the current
ceramic gel-forming techniques vastly. In the nearly 20
years since its development, gelcasting has been widely
used in areas such as composite materials, porous
materials and functional materials, while few practical
applications have been found on an industrial scale [5,6].
One of the major reasons for this technique’s underuse is
that it is difficult to dry the gelcast green bodies [7-9].
Traditionally, the drying of gelcast parts is conducted
with controlled temperature and humidity. Also, in order
to avoid defects like surface cracking, the drying rate
cannot be too fast (especially for a thick-walled body of
large size), which results in low efficiency of this drying
method [10]. Studies conducted by HARN et al [11,12]
have shown that the time required for complete drying of
green bodies with this method is at least 24 h.

In order to solve the drying problem of gelcast
green body, JANNEY and KIGGANS [8] proposed the
liquid desiccant drying method (also known as
replacement drying) [13—15], which had previously been

used for wood drying. The basic mechanism underlying
this method is immersing the green body into a liquid
desiccant; the solvent (water) is excluded from the body
since the osmotic pressure of the solvent within the
liquid desiccant (such as water) is larger than that within
the green body [8]. Compared with the traditional
heating/drying methods, the liquid desiccant method is
more efficient, resulting in more homogeneous drying
with fewer drying defects like bending, surface wrinkling,
and cracking [8,16—18]. BARATI et al [16] used an
aqueous solution of polyethylene glycol (PEG1000) as
the liquid desiccant for Al,O; green bodies, which
resulted in the removal of 30% moisture in 3 h.
TRUNEC [18] investigated the influence of the
molecular mass of various polyethylene glycols on the
drying efficiency. Researches on wood drying using
liquid desiccants have shown that ethanol is a highly
efficient, energy-saving, and environmentally-friendly
liquid desiccant [19], while few have reported the use of
this solvent in liquid desiccant drying of gelcast green
bodies.

In the present work, ethanol was used as the liquid
desiccant for liquid drying of BeO gelcast green bodies,
and the effects of ethanol concentration, solids loading
and size of green bodies on the drying rate of BeO
gelcast green bodies were studied. The liquid
drying stress was analyzed and a drying stress model was
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established for the initial stage of the liquid drying
process.

2 Experimental

2.1 Materials
Experimental materials used in this work are listed
in Table 1.

2.2 Experimental procedure

BeO green bodies were prepared by typical
gelcasting processing. Firstly, BeO powders of high
purity were obtained after high-temperature calcination
treatment and ball-milled treatment [20]. The powders
were then added into a solution that contained amounts
of acryl amide monomer (AM), cross-linker N,N'-
methylenebisacrylamide (MBAM), and dispersant
NH4PAA was dissolved in deionized water. After 24 h of
ball milling (beryllium oxide, 1:1 mass ratio of ball to
materials), BeO powder suspensions with different
solids loadings were obtained. The suspensions were
degassed under vacuum, and added with initiator
ammonium persulfate (APS, 10%) and catalyst
N,N,N',N'-tetramethylethylenediamine = (TEMED) at
room temperature (25 °C). The solution was then poured

Table 1 Raw materials for experiment
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into a mold. After curing reaction within suspensions, the
green bodies were removed from the mold and dried.

2.3 Measurement and characterization

Changes in moisture and size of the green body
during the drying process were monitored using the
gravimetric method and size measurement method,
respectively. The green body newly removed from the
mold was immersed into the liquid desiccant of ethanol.
The body was taken out every 10 min (or 30 min) from
the desiccant, and the residual liquid on the surface was
absorbed by cotton, after which the mass and the size of
the body were measured. An electronic balance
(Mettler-Toledo Co., Ltd., China) with an accuracy of
0.001 g was used to measure the mass and a vernier
caliper (Harbin Measuring and Cutting Tool Group Co.,
Ltd., China) with an accuracy of 0.001 mm was used to
measure the size.

3 Results and discussion

3.1 Effects of ethanol concentration

Figure 1 shows the effects of ethanol (the liquid
desiccant) concentration on moisture and shrinkage of
the green body. At a higher ethanol concentration, there

Raw material Function Molecular formula Supplier
BeO Powder BeO Shuikoushan Nonferrous Metals Group Co., Ltd., China
Acrylamide (AM) Monofunctional monomer  C,H;CONH, Shanghai Chemical Reagent Co., Ltd., China

N,N',-methylene
bis-acrylamide (MBAM)
N,N,N',N'-tetramethy-

Difunctional monomer (C,H;CONH,),CH,

Shanghai Chemical Reagent Co., Ltd., China

lethylenediamine( TEMED) Catalyst CgH N> Beijing Chemical Reagent Co., Ltd., China
Ammonium persulfate (APS) Initiator (NHy),S,0g Changsha Organic Chemical Reagent Co., Ltd., China
Ammonium polyacrylate Dispersant NH4PAA Toagosei Chemical Reagent Co., Ltd., Japan
Ethanol Liquid desiccant CH;CH,OH Changsha Organic Chemical Reagent Co., Ltd., China
Deionized water Solvent H,O Self-produced
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Fig. 1 Effects of ethanol concentration on moisture (a) and length faction (b) of gelcast green body (The solids loading of the green

body is 50 % in volume faction)
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is a larger moisture gradient between the inside and
outside of the green body, as a result, the moisture
decreases faster, causing a significant reduction in the
moisture. This result is in agreement with that reported
by BARATI et al [16] who used PEG1000 solutions with
various concentrations to dry Al,O; green bodies. They
thought that there was an osmotic pressure gradient
between the two media (inside and outside of the green
body), and therefore, higher liquid desiccant
concentration and larger osmotic pressure gradient would
result in a higher drying rate of the body. Figure 1 also
shows that at a lower ethanol concentration, the
shrinkage of the body is larger. This is because at a lower
ethanol concentration, the drying rate is lower, which
gives the body a longer time to release the stress
generated during the drying process. The polymer
network within the body shrinks gradually, resulting in
larger shrinkage of the body.

3.2 Effects of solids loading
Figure 2 shows the effects of solids loading on
moisture and shrinkage of the gelcast green body using
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ethanol as a liquid desiccant. Green bodies with higher
solids loading have higher initial moisture, which allows
for easy replacement of the moisture within the bodies.
As a result, the drying rate of the green body is higher,
and the reduction in moisture is larger. The shrinkage
rate and shrinkage amount also show a corresponding
increase. The results obtained are consistent with those
obtained by BARATT et al [16].

3.3 Effects of green body size

Figure 3 shows the effects of green body size on
moisture and shrinkage during the drying process with
ethanol as the liquid desiccant. Compared with green
bodies with a height to aspect ratio of 1:1, those with a
height to aspect ratio of 5:1 have a larger contact area on
the surface with the liquid desiccant, which results in a
higher replacement rate of water. Meanwhile, the
replacement rate between moisture and liquid desiccant
is much higher in the radial direction than in the vertical
direction, which gives rise to change in body moisture.
Figure 3 also shows that a green body with a height to
aspect ratio of 5:1 is comparatively longer and has

| (b) -= 30%

100 g

- 45%

9t v 50%
o8|
97}
9%t
95|

0 100 200 300 400 500 600 700 800

Time/min

Fig. 2 Effects of solids loading on moisture (a) and length faction (b) in gelcast green body during drying with ethanol (The solids
loading of the green body is 50 % in volume faction. The ethanol concentration is 100%)
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green body is 50 % in volume faction. The ethanol concentration is 100%)
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greater shrinkage rate.

3.4 Drying stress in liquid drying
3.4.1 Changes of drying stress during liquid drying
process

During the drying process of a ceramic green body,
local drying rate is usually uneven, causing uneven
distribution of internal moisture of the green body, which
results in the development of stress. This leads to the
occurrence of phenomena such as warping, surface
wrinkles, and even cracking. Therefore, in order to better
control the drying process of a green body, it is necessary
to assess the stress generated during the liquid desiccant
drying process in gelcasting, i.e., the liquid drying stress.

At the moment when a green body is immersed into
the liquid desiccant, there is no immediate shrinking or
loss of moisture. Therefore, there is no stress within the
green body. After a short time, moisture on the surface is
lost quickly, which causes the green body to start
shrinking. However, due to the suppression by the inner
counteraction, shrinkage does not occur. At this time,
there is a tensile stress on the surface of the green body
that tries to curl up the body surface. At the same time,
since the inner body needs to maintain balance, there is a
compressive stress in the inner layers of the body that
tries to maintain the original status. If the body is cleaved
from the middle, deformation occurs where the body
bends outwardly (Fig. 4(a)). As the drying proceeds, the
moisture of the body decreases gradually, the thickness
of the surface anhydrous layer increases gradually, and
both the tensile and compressive stresses grow larger.
Also, there is a certain elastic-plasticity in the gelcast
green body. As a result, residual tensile stress
deformation is generated under the tensile stress on the
body surface, while residual compressive stress
deformation is generated under the compressive stress
within the green body. There is a dense layer formed on
the body surface, and its thickness increases gradually
with an increase in the liquid drying time [21,22]. The
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Fig. 4 Stress in green body during drying: (a) Initial period;
(b) Final period

dense layer lowers the deformation rate of the body
surface, and eventually makes it lower than that within
the body. As a result, when the drying process is
completed, the shrinkage is larger within the body than
that on the body surface, and within the green body
compressive stress has been converted to tensile stress.
Accordingly, on the surface of the body, the tensile stress
is converted to compressive stress. If the green body is
cleaved from the middle, deformation occurs where the
body bends inwardly (Fig. 4(b)).

There are two sources for the generation of internal
stress of a green body: the wet stress caused by uneven
local shrinkage of the body, and the residual stress
caused by the residual deformation generated within the
green body. Wet stress is time-correlated. When the
internal moisture reaches a balance, the wet stress
disappears; residual stress is relevant to factors such as
uneven gelcast curing reaction [23,24] and residual
deformation, but irrelevant to moisture. Residual stress is
generated during and after the drying process. Both
stresses are generated due to the change in moisture of
the green body. Figure 5 shows the change in total stress
of the green body dependent on the change in moisture
ratio.
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Fig. 5 Schematic representation of evolution of moisture and
stress in green body during drying

Based on the analyses above, at a later stage of the
drying process, when the shrinkage on the body surface
reaches a certain extent, there is only slight shrinkage or
even zero shrinkage, while shrinkage within the body
continues. Therefore, when the stress difference within
and without the green body reaches a certain threshold
point, the gelcast green body begins to crack, either
internally or externally. This is the drying defect that is
most likely to occur, especially during the drying of
large-sized, thick-walled green bodies.
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3.4.2 Drying stress during initial stage of liquid drying

As described above, during liquid drying of a
gelcast green body, the change in internal stress of the
body is mainly caused by the change in moisture ratio.
Therefore, excluding other factors, the shrinkage of a
green body depends primarily on the change in moisture
ratio during the initial stage of liquid drying. Figure 6
shows the relationship between the experimentally
measured shrinkage rate and change in moisture. As
shown in this graph, during the initial stage of liquid
drying, there is an approximately linear relationship
between these two variables, which are not affected by
the type of liquid desiccant and the size of the green body.
The linear relationship between the green body drying
shrinkage rate and moisture is

=K (W, -W) (1)

where Ly, My, and W, represent the initial length of the
green body, the initial moisture, and the initial moisture,
respectively; L, M, and W represent the body length,
moisture, and moisture after drying; M; represents the
dry mass of the green body; K represents the drying
coefficient, which is relevant to solids loading of the
green body.
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Fig. 6 Relationships between shrinkage rate and moisture
variation during drying (The ethanol concentration is 100%.
The solids loading of green body is 30% in volume fraction)

Indeed, a similar relationship exists during the wood
drying processes [13—15,19], which proves indirectly
that there is a linear relationship between shrinkage rate
and change in moisture. In wood science, K is called the
drying coefficient.

Providing that the cross-section of the body is
divided into numerous single layers, the liquid drying of
a single layer is similar to an infinite diffusion model,
i.e.,, a single-layer body is dried within infinite liquid
desiccant, and the moisture is only released through both
sides of the body. If both ends of the single layer body

are fixed, there must be an internal stress within the body
after the drying process. This stress and the shrinkage
obey the Hooke’s law:
o'=Eo' )
where E represents the elastic modulus of body; o'
represents the theoretical shrinkage rate, and its value is
L-L
Ly

évl

=K(Wy-W) 3)

Moisture is symmetrically distributed across the
cross-section of the body, and the moisture W is a
function of body thickness:

W=f(x) (4)
If both sides of the body are free ends, the body
rebalances again, and its internal stress is

o"=Eo" %)
where O represents the actual shrinkage rate and its
value is

Ly

6" = (6)

where L' represents the actual length.
Therefore, the actual internal stress of the body is
o0=06"—0"=E(0'-0") @)
The overall stress of the green body is balanced, and
therefore the following equation is satisfied:

+r
odx=0 )]

Assuming that the value of the elastic modulus is
fixed, then

r w,-w
J.j E(K——-6")dx=0 (9)
g 0
” 1¢+r . —
8" =K|Wy——[ " f(x)dv =K (W, -W) (10)
r
Substitution of Egs. (3) and (10) into Eq. (7) results
in
o =EK(W -W) (11)

As shown in the equation above, in the initial stage
of the liquid drying process, the initial moisture on the
body surface is equal to the average moisture of the
entire cross-section, w=w. Therefore, there is no
internal stress within the body in this stage. After a
period of drying, the moisture of the body surface is
lower than the average moisture of the entire
cross-section, W>w , and simultaneously, the moisture
within the body is higher than the average moisture of
the entire cross-section, W<Ww. Therefore, there is a
tensile stress on the surface of the body, while there is a
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compressive stress within the body. Figure 7 shows the
distribution of the moisture of the body’s cross-section
and the stress.
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Fig. 7 Distribution of moisture and stress on cross-section of
green body in initial drying stage: (a) Cross-section of green
body; (b) Distribution of moisture; (c) Distribution of stress

As shown in Eq. (11), the internal stress of a green
body is relevant to both the elastic modulus and the
drying coefficient. Apparently, both the elastic modulus
and the drying coefficient are determined by factors like
the relative molecular mass and geometry of the polymer
(gel) in the three-dimensional network of the gelcast
green body, the type of powder particles, their size and
distribution, and solids loading. Also, the drying
coefficient is affected by both the body morphology and
the size. As a result, the internal stress in liquid drying is
also affected by the factors described above.

It must be pointed out that during the middle and
later stages of liquid drying, the dense layer formed on
the surface of a green body has a great influence on
drying. Therefore, there is not a linear relationship
between the drying shrinkage rate and change in
moisture, which means that Eq. (1) cannot be established,
and the stress calculation formula cannot be used
(Eq. (11)). The evolution of drying stress during the
middle and later stages of liquid drying is very complex,
requiring consideration of the dual effects of change in

moisture and the dense layer on the surface of the body.
4 Conclusions

1) The moisture of a green body drying with higher
concentration of ethanol decreases more while shrinkage
rate decreases less. The drying efficacy of a green body
containing lower solids loading and higher height to
aspect ratio is better.

2) During the liquid drying process, liquid drying
stress is generated in the gelcast green body due to an
uneven local drying rate. In the initial stage of this
process, the relationship among the liquid drying stress,
the average body moisture (W) and the moisture () is
oc=EKW -W).

3) There is no internal stress within the green body
in the initial drying stage, while tensile stress is
generated on the body surface and compressive stress is
generated within the body after a period of drying. As the
drying proceeds, the compressive stress within the body
is converted to tensile stress, while the tensile stress in
the external portions is converted to compressive stress.
During the later stage of liquid drying, the shrinkage on
the body surface becomes slight or even stops as the
shrinkage reaches a certain degree, while the shrinkage
within the body continues. When the stress reaches a
certain threshold point, the gelcast green body suffers
from damages such as internal cracking and external
cracking.
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