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obtained using the Balkley-Herschel model. The phase transition from liquid to viscous-
plastic state indicates the presence of a crystallization zone consisting of liquid and
solid particles of beryllium oxide. Comparison of calculated data with experiment is
presented.
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1. Introduction

Ceramic fabrications of beryllium oxide (BeO) have unique physico-chemical properties that
combine with high chemical, thermal, radiation resistance, thermal conductivity, and transparency
for vacuum ultraviolet, x-ray, and microwave radiation [1-7]. The listed properties of BeO make it an
advanced material for use in electronics, radio engineering, instrumentation, nuclear reactors, and
etc [1]. The production of beryllium ceramic is carried out by complex properties and structural
homogeneity during hydrodynamic, relaxation, and physico-chemical processes taking place at the
formation stage. The casting process of BeO slip imposes really rigorous specifications on the product
properties and has considerable complexity, which is foremost due to high thermal conductivity. As
a result, in practice, mouldings are not of required quality, productiveness is low and output of items
is poor due to the complexity of controlling the structure formation of a semi-finished product. A
significant role in the homogeneous structure formation of the resulting products plays an ultrasonic
(US) activation effect [8].
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A number of works are devoted to various aspects of the preparation and casting of BeO slips [2-
7]. In this case the difficulty in obtaining high-quality products is caused, first of all, by the
thermophysical properties of BeO, in particular, its unique thermal conductivity [6,7]. High heat
conductivity of disperse medium complicates management of structure formation of the semi-
finished product while moulding. Increase of liquid phase in volume for increase of necessary
moulding properties of slip does not allow achieving required effect. While roasing "additional"
amount of binder leads to the appearance of structural defects and deformation of the products.
Technological methods, connected with temperature and pressure increase, do not give desirable
result too. In this connection, to improve products quality and increase moulding productiveness it
is advisable to use dynamic methods. Ultrasonic activation is one of the most effective methods of
such type [9].

Slip casting technology includes the stages [1]: the motion and heat exchange in liquid state; the
motion and heat exchange with regard for crystallization; the motion and heat exchange of the cast
in the solid state. At the stage of filling the forming cavity and holding under pressure, it is most
important to ensure the maximum impacts ultrasonic activation to obtain a homogeneous
suspension. This is achieved by Ultrasonic effect [1]. In the process of hardening, it is necessary to
achieve minimal friction against the walls of the forming cavity and maximum ductility without
destroying the structure of the casting.

The hydrodynamics of slip during casting should be viewed as a physical process of deformation
and flow. The slip flow retains its configuration after exiting the feeder. The experiments have
established that in the range of possible casting rates the flow of slip in a casting mold is laminar [1].
Slip enters the casting mold at temperature 75—80°C and cools in the mold till 40-45°C, at which the
cast can be extracted from the mold without being distorted.

The technology of slip casting is very relevant in connection with intensive development of the
metal injection molding, where similar physical processes take place [10].

The creation and realization of the hot casting method has been carried out empirically [1,6,7].
Below are the results of modeling the process of molding beryllium oxide ceramics by hot casting.

2. Experimental Data of Thermoplastic Slip

The thermoplastic slip (high-viscosity suspension) is a two-phase disperse system, where the solid
mineral phase is a beryllium oxide powder while the liquid phase is an organic binder [1,3-7]. The
organic binder consists of three components: paraffin, beeswax, and oleic acid in the mass ratio
(wt.%) 82:15:3. BeO powder has a granulometric composition by fractions (Table 1). Mass fraction of
organic binder is changed in the range of 0.095-0.117.

Molding properties of the slip are satisfactory for this composition of the BeO powder (Table 1),
if the binder mass content w is varied from 0.095 to 0.117. The required amount of binder w rises
with increasing number of finer fractions in the BeO powder. An increase of the number of coarser
fractions in the BeO powder causes a coloring of ceramic, which is sign of presence of micro pores
and cracks [1].

Experiments to study the forming process of a thermoplastic BeO slip are described in detail in
[1]. The liquid slip flows along the vertical annular cavity of the casting installation with an initial
temperature TO = 80°C. It changes the aggregation state, and passes from the liquid state to the
viscous-plastic state with the formation of a crystalline structure and into the solid-plastic state with
solidification. The change of state zone of the BeO slip can occupy a region limited with the solidus
isotherms (Tw = 54°C) and (Tw = 40°C) [11].
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Table 1

Main characteristics of the beryllium oxide powder

Bulk weight pox103 kg/m3 0.75

Specific surface area, S-10° m?/kg 1.72

Particle size distribution of BeO powder Fraction, um Content, %
uptol.4 35.2
1.4-4.2 52.7
4.2-7.0 9.6
7.0-9.8 1.7
9.3-12.6 0.4
12.6-15.4 0.3
15.4-18.2 0.1

The total amount of latent heat AH can be determined by the apparent heat capacity method
[12-17]. In this case, the change in heat capacity can be represented as [12]-[15]

c, t<ts, Iinsolidstate
Cp =1Cin» ts St <4y, In transition zone (1)
¢, t>t, inliquid state

fttsl c;(t)dt + H1—>2} /(t; — ts), Hi_, is the phase transition specific enthalpy of BeO

slip is determined by experiments [18].
The experimental data [1] of the temperature dependence of the slip heat capacity for the mass
fraction of the binder @=0.117 are described by the empirical formula

where ¢;, = {

c,(t) = 70 + 1070 - exp(0.0027 - t) , J/(kg-°C) (2)

Substituting c;(t) into the integral ¢;, of the Eqg. (1), we can determine the dependence of the
slip heat capacity on temperature in the transition zone.

The experimental data of the dependences of viscosity, shear yield stress, and thermal
conductivity on temperature at = 0.117 are described by the empirical Eqg. (3)-(5) [1]

u(t) = 293.6259 - exp(—0.05816 - t), Pa-s (3)
To(t) = 11.4 + 11.41 - exp(—(t — 70.06)/5.46) , Pa (4)
A(t) = 1.6 + 4.8 - exp(—0.017 - t), W/(m-°C) (5)

Similarly, for the binder @ = 0.10 the experimental data of the temperature dependence of the
thermal properties of the slip are expressed by the empirical formulas [1]

c;(t) =10+ 1070 - exp(—0.0027 - t) , J/(kg-°C)

u(t) = 4440.958 - exp(—0.09068 - t), Pa-s (6)
To(t) = 762.1393 - exp(—0.04968 - t) , Pa

A(t) =7.1-exp(—0.01-t), W/(m-°C)

The density of thermoplastic slip is determined by the concentrations of the BeO powder and the
binder
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where pmp is the density of the BeO, pc» is the density of the binder, wis specific mass content of the
binder in the fractions.
The density of the binder [1] is determined by the Eq. (8)

pep(t) = 0.8485 + 0.0755 - cos(0.0571 - t — 1.1392), x10? (kg/m?) (8)

The density of the beryllia is pmp=3020 kg/m3. The density of the binder in the range of
temperature from 80°C to 40°C changed within 775.9 to 880.3 kg/m3 and the density of the
thermoplastic slip during solidification increases from 2345 to 2425 kg/m3 for the fraction w = 0.100.

The thermophysical properties of the beryllium oxide slip are determined by the empirical Eq.
(2)-(8). In the casting mould, there is a transition of the liquid suspension into a solid state.

3. Thermomechanical Model

A motion and a heat exchange of the BeO thermoplastic slip in a forming bushing of the casting
installation are considered [1]. The mold cavity has a flat shape (Figure 1(a)) or an annular shape
(Figure 1(b)).

The flat cavity has a thickness of 2h =0.0015 m, a width of B =0.03 m and a length of L =0.035 m.
The annular cavity dimensions are r;=0.015 m, r=0.016 m, L = 0.089 m. The cooling circuit of the
bushing is divided into three parts. Temperature of the cooling water in the first part is #:=80°C, in
the second part is 8, =54°C, in the third part is 3= 40°C. The liquid slip with initial temperature to =
80°C flows into a cavity, cools and solidifies while moving. It acquiring structural form on the exit
from the molding cavity. The thermoplastic slip flows in the laminar mode. The density of the slip is
variable and increases with solidification.
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(a) (b}
Fig. 1. Bushing diagram: (a) flat shape cavity; (b) annular shape cavity

In the experiments Shakhov [3]-[5] a liquid slip of beryllium oxide shows a rheology of a non-
Newtonian Balkley-Herschel fluid [19]. The movement of the slip in the forming cavity is considered
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stationary, and for study the motion and heat transfer of the slip the system of equations in a narrow-
channel is used

u
ar

ou ou__ _dp 10 _ 10k
pu 0z tpv ar  dz  rkor or (T‘ TO) ()

ou dp 10 k
rk or

n-1 au) 19

dpu 1 arkpv
oz rk or

=0 (10)

As the slip moves conductive heat transfer occurs in the longitudinal and transverse directions of
the cavity. The latent heat of phase transition is determined by the apparent thermal capacity model
(1).

In the steady-state process of slip forming, the heat transfer equation, taking into account the
accepted assumptions, can be written in the form [13,20]

pucp%+pvcp% = %(Ag) +rik%(rk/1%) (11)

The following notations are used in the Eq. (9)-(11): z, r are axial and radial coordinates; u, v are
components of the velocity vector; p, p, t, 7o, ¢p, K, A are pressure, density, temperature, shear
stress, coefficients of apparent thermal capacity, viscosity and thermal conductivity of the slip,
respectively.

The system of Eq. (9)-(11) describe the formation process in a flat cavity for k=0 and in the annular
cavity for k=1.

The thermophysical properties of the slip are expressed by the empirical Eq. (1)-(8). Condition of
the mass flow rate conservation allows to determine the pressure gradient for the thermoplastic slip
extruding from the casting mold [21]

ff pUdS = pouoSO (12)
where Sy is cross-section area of the cavity.

The boundary conditions for the flat cavity are given in [13]. The following boundary conditions
are put at the entrance of the annular cavity
u=1uyv=0,t=tyforz=0 (13)

For the liquid slip the following conditions are placed on the inner wall of the annual cavity

at
u=v=0_—=0fr0<z<l,r=n (14)
For the liquid slip the following conditions are set on the outer wall of the annual cavity

u=v=0,t=0,for0<z<l;,r=n (15)

In the field of crystallization and solidification of the slip the following conditions for speed and
temperature are placed on the walls of the annular cavity
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Z—::O,v=0forz>l1, r=n,r="n (16)
%zoforll§z<l2,r=7‘13ndt=92f0rl1Sz<lz'7’=7’2 (27)
%ZO,forlzSz<l3,T=7‘1andt=93f0rlzSZ<Z3'r:rZ (18)

For the temperature at the outlet of the annular cavity the following boundary condition is set

at
6_2_0f0rZ2l3 (19)

For convenience of solution, the system of Eq. (1)-(19) is reduced to dimensionless form. The
coordinates z, r are divided by r1, the velocity components u, v by uo, the pressure p by the dynamic
head poug, the temperature t by to , and the density, shear stress, coefficients of specific heat,
viscosity, and thermal conductivity by their values at the temperature to.

The system of Eq. (1)-(12) is solved numerically at boundary conditions of Eq. (13)-(19) [21,22].
The considered zone is divided into elementary cells with sides Az, Ar;. Different analogs of the
motion Eq. (9) and energy Eq. (11) were obtained by the Crank—Nicolson method of the second order
precision, but difference analog of Eq. (10) was obtained by two-layer scheme of the second order
precision [21,22]. Pressure gradient is defined by the splitting method from the condition of
conservation of mass flow of Eq. (12) [21,22].

4. Verification of Calculated Data

Verification of the calculation results was carried out according to the experimental data Shakhov
and Bitsoev [1] obtained in the flat cavity for the beryllium oxide ceramic. The calculations are carried
out with the same operating conditions of the experiments (see Table 2).

Figure 2 presents the calculated data on the distribution of slip temperature and density in the
flat cavity at the binder concentration of w=0.100. At the inlet of the flat cavity, the temperature of
the slip is constant and equal to tp= 80°C. In the zone of the hot circuit with water temperature ¢: =
80°C, the slip is in a liquid state.

In the warm circuit zone of with water temperature 0, = 54°C, heat transfer occurs between the
hot slip and warm water, and the cooling of the slip mass begins. In the solidification zone between
the isotherms 56°C and 42°C, the slip transfers from the liquid state to the solid state. It is also seen
in the slip density distribution (Figure 2).

Figure 3 illustrates the temperature and density distributions of a beryllium oxide slip in the flat
cavity at the binder concentration @w=0.117.
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Fig. 2. Temperature (a) and density (b)
distribution of the BeO slip in the flat cavity
at the binder concentration of w = 0.100
and the casting speed u =3.083 mm/s
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Fig. 3. Temperature (a) and density (b)
distribution of the BeO slip in the flat cavity
at the binder concentration of ®=0.117 and
the casting speed u = 2.75 mm/s

In this case, the transition zones from the hot field to the warm one and from the warm field to
cold one for a slip density occupy a narrower region. This indicates the absence of blow holes or
shrinkage porosity in the slip mass of beryllium oxide that is sound casting of beryllium oxide ceramics
is obtained, as in the experimental studies [1].
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5. Discussion of Calculation Results

Figure 4 and Figure 5 show the temperature distribution in the annular cavity for a three contour
bushing with a cavity thickness of I, = I =1 mm at the casting speeds of u=1.542 mm/s; 3.083 mm/s;

6.167 mm/s, and the binder concentration @ = 0.100 (see Figure 4); as well as at the casting speeds
of 1.375 mm/s; 2.75 mm/s; 5.5 mm/s, and the binder concentration @=0.117 (see Figure 5). Water

temperatures in the cooling circuits are equal to 01 = 80°C; 92 =54°C, 6, =40°C.
The slip temperature at the entrance to the annular cavity is constant along the cross-section,
and which is equal to t =1;. In the first cooling circuit, the wall temperature is equal to 80°C and the

temperature field is constant in this region (see Figure 4 and Figure 5). In the second cooling circuit,
the wall temperature is equal to 54°C. The dynamic viscosity u(t), density o(t) and yield stress

7,(t) of the slip increase with decreasing temperature, and the slip solidifying clearly begins to

appear. The slip slides along the wall of the cavity. The longitudinal velocity component will be
constant across the cavity section.

A growth of heat removal of wall in the second cooling circuit leads to a reduction of the
temperature (Figure 4 and Figure 5). There is a transition zone in the beginning of the second circuit,
where the the temperature of the slip changing from 80°C to 56°C and determines upper limit of the
slip crystallization. In the transition zone at the temperature range from 56°C to 42°C, crystallization
of the slip occurs.

As can be seen from Figure 6 and Figure 7 the slip density distribution increases with cooling and
a decrease in temperature along the length of the annular cavity. The slip density increases during
the transition from a liquid to a solid state and shows the process of solidifying of the BeO slip in the
annular cavity. In the area of the first cooling circuit, the density field is constant. In the zone of the
second cooling circuit, the slip crystallization takes place. In the zone of the third cooling circuit, the
BeO slip solidifies and is in the solid state.
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(a) (b) (c)
Fig. 4. Temperature distribution of the BeO slip in
the annular cavity at the binder concentration of
o = 0.100 and the different casting speeds: a)
1.542 mm/s; 3.083 mm/s; 6.167 mm/s
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Fig. 5. Temperature distribution of the BeO slip in
the annular cavity at the binder concentration of
o = 0.117 and the different casting speeds: a)
1.375 mm/s; b) 2.75 mm/s; ¢) 5.5 mm/s
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Fig. 6. Density distribution of the BeO slip in the
annular cavity at the binder concentration of =
0.100 and the different casting speeds: a) 1.542
mm/s; b) 3.083 mm/s; c) 6.167 mm/s

The density distributions of the slip at different thicknesses of the annular cavity are shown in
Figure 8. An increase in the thickness of the annular cavity leads to an expansion of the slip
crystallization zone. The zone of solid state shows a density packing of the slip (see Figure 8).
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17

6. Comparison of Calculation Results with Experiment

Specific surface area of the powder described in Table 1 has an optimal value for obtaining the
ceramic fabrication of good soundness. Experiments show that at other values of specific surface
area of the powder, weight content of binder increases or ceramic crumbling occurs due to presence
of micropores and fractures [1].
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The experimental data for the slip viscosity and molding capacity values, molding velocities for
different weigh fractions of binder in slip are presented in Table 2 for the annular cavity molding
process (see Figure 9). These data show that for each mass fraction of the binder corresponds to the
optimal value of the casting speed, providing mechanical strength of the casting during molding.

Table 2

Parameters of slip of beryllium oxide depending on the casting speed

The weight content of  Slip viscosity at To  Slip molding Casting speed, Flexural strength of
the binder in the slip, =80 °C, Pa's capacity, mm m/min the cast, mPa

%wt

0.100 5.76 35 0.185 9.33

0.117 2.80 89 0.165 8.17

The temperature and the density distributions of the slip in the annular cavity have been obtained
at a casting speed u=3.083 mm/s, cavity thickness 0.75 mm, and bond concentration @=0.100 (see
Figure 9).

Figure 9 shows the areas of the slip temperature and density transition from one cooling circuit
to another. In the third circuit zone there is a uniform distribution of temperature and density over
the cross section of the casting. The structural-mechanical property of the casting will be uniform
and result in uniform shrinkage of the beryllium oxide ceramics at the exit of the casting mold.
Therefore, holes and voids, leading to a loss of strength of the casting, are not formed.

Similar data were obtained in the annular cavity at a casting speed of u=2.75 mm/s, a cavity
thickness of 0.75 mm, and a binder concentration of @=0.117 (see Figure 10). A uniform temperature
and density distribution in the solidification zone of the beryllium oxide slip is also seen here. The
calculations show that the slip hardens in the casting mold. This means that the ceramics made of
BeO has shaped the structural form for further treatment.
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Fig. 9. Distributions of the temperature (a) and
density (b) of the BeO slip in the annular cavity
at u=3.083 mm/s; w=0.100
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7. Conclusion

Rheological (viscosity, limiting friction stress) and thermophysical (density, thermal conductivity,
heat capacity) properties of a slip made of thermoplastic beryllium oxide were obtained on the basis
of experimental data and generalized in the form of empirical formulas, as in the works [23-26].

The thermomechanical model of a casting describes the motion and heat transfer of a
thermoplastic suspension of beryllium oxide in a molding cavity in a liquid, taking into account
crystallization and viscous-plastic states. The calculated data at different casting rates are consistent
with experimental data and confirm the physical validity and correctness of the thermomechanical
model.

The calculation results show a state change of a thermoplastic slip of beryllium oxide during
casting using ultrasonic activation. At the beginning of the forming cavity section of the casting
installation, the thermoplastic slip is in a liquid state. In accordance with the thermal condition of
casting the slip begins to cool and, as it moves along the cavity, has a crystallization zone with a
transition to a viscous-plastic state. The density of the slip mass increases with the transition from a
liguid to a viscous-plastic state. This density distribution expresses the mechanism of volumetric
changes in the slip and is in satisfactory agreement with the experiment [1].

Analysis of the results shows that it is possible to control the process of solidification of a
beryllium oxide slip in an injection mold by adjusting the flow rate, casting speed and thermal cooling
mode. In the calculations, it can be found the optimal conditions for the process of molding ceramics
by hot casting, which allow to obtain a hardened product with a uniform structure at the output [1].
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