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Currently, the use of ceramic shells for casting metal melts is a common practice in most machine-building en-
terprises. The primary method of producing ceramic molds involves investment casting, followed by the re-
moval of the pattern material. The formation of ceramics from a ceramic suspension via a repeated application
method necessitates the use of processing additives with a number of physico-chemical properties that ensure
the quality of the fabricated shells. Processing additives based on water are characterized by a rather complex
composition, including several organic compounds. This results in their compatibility issues and a reduction
in the long-term performance under continuous mixing of the ceramic suspension susceptible to sedimenta-
tion. Furthermore, the composition of the suspension varies due to uneven removal of components during ope-
ration. It is evident that in order to develop an efficient processing additive, it is necessary to carry out an
in-depth study of the physico-chemical properties of the components and their combined aqueous solutions,
which would allow the selection of components and their concentration to be optimized.

Keywords: component compatibility, calorimetry, wax surface wettability, selection of antifoaming agent, de-
velopment of binder.

INTRODUCTION

The fabrication of ceramic molds for the casting of
high-temperature alloys involves the formation of ceramic
shells through the repeated application of an aqueous suspen-
sion of high-temperature fine-grained metal oxide materials.
This process is followed by the intermediate drying of the
layers, which are surfaced with coarse-grain powders. The
number of layers reaches 10 — 12, with the first two or three
layers being responsible for accurately reproducing the shape
of the future casting within the allowed deviations of size di-
mensions. The subsequent layers typically provide strength
to the mold, ensuring its preservation during metal casting
and crystallization [1, 2]. The strength of the resulting ce-
ramic product depends largely on the composition of the ce-
ramic suspension, which includes aqueous colloidal process-
ing additives. A commonly used component that is intro-
duced to increase the strength of the products is aluminum
powder, in particular of the ASD-4 type [3, 4]. It is important
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to note that the introduction of this component into the com-
position of an aqueous ceramic suspension results in the for-
mation of explosive hydrogenas a result of the interaction of
aluminum with water. Therefore, the development of a
method to prevent this undesirable reaction is of importance.
Given the diverse functions of the shell layers and the
type of casting, such as equiaxed casting or directed crystalli-
zation casting, the compositions of ceramic powders and
aqueous colloidal processing additives used at different
stages of mold manufacturing are typically distinct [1 — 6].
Processing additives are highly concentrated colloidal
solutions of silica or alumina sol, characterized by the re-
quired size and sufficiently high value of the zeta potential of
the micelles [7 — 9], as well as the stability of the potential
over a longtime interval. The studies showed that the zeta po-
tential of silica sols manufactured by Kompas LLC, Kazan,
has remained at a high level for over a year. The composition
of aqueous processing additives includes various organic
components such as surfactants to ensure the wettability of
the wax pattern, antifoaming agents to prevent foaming dur-
ing continuous stirring of the suspension, which is characte-
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rized by sedimentation instability, binders (adhesives) to pro-
vide the primary strength of the green shell, bactericides, and
other components [10, 11]. Since the first three components
are of key importance in the development of the processing
additive composition, they can be selected based on the study
of the physico-chemical properties of their aqueous solu-
tions.

Mutual compatibility of introduced organic additives,
which can be evaluated experimentally, is essential. One
method is the calorimetric measurement of the heat of mix-
ing of components. Since the enthalpy of mixing (AH™) is
one of the variables of the Gibbs free energy in the process of
mutual dissolution of components, its positive value can ex-
ceed the configurational entropy component of their mixing,
resulting in a positive change in the Gibbs free energy
[12 — 15]. In this case, the system may become unstable, po-
tentially leading to the segregation of individual phases.

The chemical stability of fine ASD-4 aluminum powder
in aqueous surfactant solutions is of paramount importance
in the development of a processing additive for reinforced
ceramics. This stability can be evaluated both using calorim-
etry and directly by studying the gas emission.

Prior to the actual development of the additive composi-
tion, the scope of physico-chemical studies involves the se-
lection of an optimal foaming agent, including its optimal
concentration, and a binder (adhesive) that provides suffi-
cient strength of the green ceramic shell to ensure precise re-
production of the shape of a product. It is important to note
that the mutual influence of organic components on the
physico-chemical properties of their aqueous solutions is fre-
quently nonlinear and non-additive, and on occasion, syner-
gistic. This necessitates the use of specific methodologies in
the development of processing additives.

1. RESULTS

1.1. Calorimetric studies

The heat of mixing was determined using an adiabatic
calorimeter (Fig. 1) [16].

TABLE 1. Thermal Effects of Solution Mixing
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Fig. 1. Scheme of calorimetric system: /) syringe; 2) tube; 3 ) air
outlet tube; 4) test tube for supplying a solution for mixing; 5 ) test
tube for mixing two solutions; 6 ) sealed test tube with one of the dif-
ferential thermocouple junctions; 7) isothermal shell; 7, AT') out-
puts of temperature and temperature difference signals of a thermo-
couple to the corresponding devices.

The calorimetric experiment is divided into three stages:

— I stage — a uniform variation in temperature diffe-
rence AT between test tubes 5 and 6 over time is established
and recorded, resulting from steady-state heat exchange with
shell 7 and secondary thermal processes within the calorime-
ter (temperature drift);

— 2 stage — mixing of solutions. Upon pressing sy-
ringe /, the solution from test tube 4 is forced by air through
tube 2 into test tube 5. Consequently, the differential thermo-
couple reacts to the release/absorption of heat of mixing,
while any deviation from the temperature baseline estab-
lished during the initial “free run” stage is recorded on the
scale of the M17/2 string galvanometer. The sensitivity of
the system was 0.002°C per scale division (5 mm) of the gal-
vanometer;

— 3 stage — upon the completion of the studied dissolu-
tion process and release of the heat of mixing, the tempera-
ture drift of the calorimeter returns to uniformity. The main
criterion for the energy of interaction of the components, the
height of a single temperature pulse recorded relative to the
baseline is proportional to the heat of mixing (Table 1). It is
important to note that the heat of mixing and the enthalpy of
mixing are characterized by opposite signs.

Thermal effect value in units of galvanometer scale

I I e
LAKESIL® 40 - - - - - - - -
2% PVA solution =31 - - - - - - -
10% LABSA solution +46.5 —4 - — - - - -
CH,O0 solution —20.5 —4 —24.5 - - - - -
CoAl,O, solution -2.5 -1 +3 -5 - - - -

1% KLEO universal solution —6 -1.2 -53 -6.3 +1 - - -
Laprol 6003 -2 -1 +56.5 +5 +6 - - -
1% KLEO solution -2.5 -3 -5 +9 0 - -3.5 -
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Fig. 2. Thermal effects of interaction between aqueous solutions of
alkyl polyglucoside (APG) wetting agents, sulfoethoxylate of fatty
alcohols, and synthanol AE-7 with ASD-4 aluminum powder.

The obtained results indicate that in most cases the
enthalpy of mixing is positive, which suggests the potential
for segregation of the mixture when the permissible concen-
tration limits of the components are exceeded. In two cases,
the enthalpy of mixing exhibits a significant negative value.
This indicates the chemical reaction that occurs during the
interaction of the components, which can have adverse ef-
fects during the development of processing additive formula-
tions. Although these results are qualitative rather than quan-
titative, they provide useful information on the properties of
mixtures.

Significantly different are the data on the interaction of
ASD-4 powder with aqueous surfactant solutions. Figure 2
shows the test results of the interaction of aqueous solutions
of three surfactants with aluminum powder [17].

Figure 2 illustrates that the chemical interaction of alu-
minum with water persists for 25 min when alkyl polygluco-
side (APG) and fatty alcohol sulfoethoxylate surfactants are
used, while for synthanol AE-7 surfactants, the reaction is
terminated following 15 min of the experiment. In the au-
thors’ opinion, the molecules of synthanol AE-7 adsorbed on
the particles of ASD-4 powder prevent the access of water
molecules to the aluminum surface, which results in the ter-
mination or retardation of the reaction between them. In ad-
dition, these findings were confirmed by the direct investiga-
tion of gas emission in sealed cells with a gas outlet tube, as
evidenced by the data presented in Table 2.

1.2. Selection of antifoaming agent

As mentioned earlier, the antifoaming agent is used to
eliminate a side effect resulting from the use of surfactant
wetting agents. This is achieved by ensuring the rapid degra-
dation of foam on the surface of the agitated ceramic slurry.
This is necessary to prevent the trapping of foam bubbles on
the surface of the forming ceramic shell, which is especially
relevant for the first face layer of ceramics on the surface of
the wax pattern [18, 19]. The wetting agent and antifoaming
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TABLE 2. Selection of a Surfactant-Wetting Agent to Prevent the
Reaction Resulting from the Interaction of Aluminum Powder
ASD-4 with Water

Duration of protective action
(no hydrogen release or alumi-
num oxide precipitation)

Solution of a surfactant-wetting
agent in water

Alkylbenzene sulfonic acid 3h
Sulfonol 6h
Sulfoethoxylate of fatty acids grade B <24h;
precipitation of Al,O4
Alkyl polyglucoside (APG) lh
Syntanol AE-7 > 30 days
Neonol9-9 <24h
Neonol9-6 > 24 h;
precipitation of Al,O4
Laprol 3603 > 7 days;
precipitation of Al,O4
Laprol 6003 <24h
Penta-475 antifoaming agent > 30 days
Polyvinyl alcohol (PVA) binder > 30 days

TABLE 3. Selection of the Concentration of Penta-475 Anti-
foaming Agent in the Processing Additive Composition for a Face
Layer

LAKESIL® 40 + 400 ppm
LABSA + 440 ppm
Laprol 6003 + 50 ppm KLEO

LAKESIL® 40 + 200 ppm
LABSA + 220 ppm
Laprol 6003 + 20 ppm KLEO

Foam half-life 7 5 Foam half-life 7 5

397.5 sec 213.5 sec
+ 70 ppm of Penta-475 antifoaming agent

Contact angle in
two cycles of im-

Contact angle in
two cycles of im-

Tos mersing/removing Tos mersing/removing
a model plate a model plate
6 sec 0/0/0/0 5.8 sec 19.48/0/0/0

agent should be thermodynamically compatible. Further-
more, it is essential to ensure that the concentration of the
antifoaming agent be always in excess in order to prevent
foaming at any concentration of the wetting agent. This is
particularly important when considering the gradual removal
of the wetting agent and other components from the suspen-
sion volume due to their adsorption on the surface of the ce-
ramic powders introduced into the suspension during the
production of a series of ceramic products.

Consequently, following the selection of the basic com-
ponents, the optimal concentration of the antifoaming agent
should be determined empirically, as it is no longer a matter
of concentration selection.

Table 3 provides an example of selecting the concentra-
tion of the additional penta-475 antifoaming agent, used in
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TABLE 4. Compositions of Processing Additive Solutions for a Face Layer

Content of LABSA  Content of KLEO

Content of laprol ~ Content of penta-475 Contact angle of the

Solution No. . . 6003 antifoaming  antifoaming agent, non-degreased wax
wetting agent, ppm binder, ppm .
agent, ppm ppm surface,
1 1000 50 1100 70 43
2 1000 150 1100 70 69
3 400 150 440 70 47
4 400 50 440 70 12
5 700 100 770 70 32

combination with the basic antifoaming agent laprol 6003, in
the development of the processing additive composition for
the face layer.

1.3. Determination of a concentration of a binder
(adhesive)

A fundamental requirement for this component is the
ability to wet the powder material that forms the ceramic
slurry. For each type of adhesive, it is necessary to determine
the concentration range that would ensure the desired strength
of the green ceramic product, taking into account the as-
sumed additive components.

2. DEVELOPMENT OF FORMULATIONS FOR
PROCESSING ADDITIVES

One of the requirements for the processing additive is its
performance at varying compositions within certain limits,
since during the use of ceramic slurry for layer-by-layer for-
mation of casting molds or other products, the components of
the additive are removed from the volume unevenly. The se-
cond requisite is the precise reproduction of the pattern shape
during the fabrication of the ceramic shell.

2.1. Processing additive composition for a face layer

The development of a processing additive composition
for a face layer of ceramics without the reinforcing compo-
nent ASD-4 is presented as an example. The development
was carried out by a combined method that integrated ele-
ments of mathematical planning for a two-parameter experi-
ment. The concentrations of a LABSA wetting agent and a
modified KLEO starch binder (adhesive) were used as axes
on the coordinate plane. The contact angle of the wax surface
was selected as a response function as the most crucial and
sensitive characteristic of the processing additive. The con-
tact angle was measured using a KRUSS 100 tensiometer. A
more detailed description of the measurement technique can
be found elsewhere [22]. The experiment was carried out
using five combinations of solution concentrations, as de-
tailed in Table 4.

The step of concentration variation, determined by the
sensitivity of the response function, should ensure that its al-

teration be achieved with a confidence probability exceeding
95%. The concentration of the Laprol 6003 antifoaming
agent was 10% higher than the concentration of the wetting
agent [23].

Each solution was examined twice: for a degreased wax
pattern in a 10% Metalin solution and a non-degreased wax
pattern pre-lubricated with a solution of castor oil in alcohol.
In both scenarios, the technology in production was imitated.
The results of the mathematical processing of data on contact
angle are presented in Figs. 3 and 4.

The parameters of the empirical equations and the results
of the mathematical processing of the experimental data are
presented in Figs. 3 and 4. The resulting equations allow the
contact angle to be calculated over the entire specified range
of variation of the equation parameters.

The research findings indicated that the intervals for
varying the concentrations of processing additive compo-
nents were selected in an appropriate manner. This was evi-
denced by a sufficiently large shift in the contact angle when
transitioning to different points in the experiment plan. From

Rank 23 Eqn 3252 z=a+bx"3+cy"3
2=0.99519422 DF Adj r"2=09807769 FitStdErr=0.19068428 Fstat=207.08298
a=0.80574148 b=0.00095469174
¢=0.0022394815

Fig. 3. Dependence of contact angle o x 10~ ! (z-axis, degrees of
angle) on the concentration of LABSA ¢ x 10~ 2 ppm (x-axis) and
the concentration of KLEO ¢ x 10~ ! ppm (y-axis) for a degreased
wax model.
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Rank 30 Eqn 3249 z=a+bx"3+cy* 2
r"2=0.98691899 DF Adjr*2=0.94767594 FitStdErr=0.32683262 Fstat=75.446671
a=0.88456532 b=0.00091422814
€=0.030474549

Fig. 4. Dependence of contact angle o x 10~ ! (z-axis, degrees of
angle) on the concentration of LABSA ¢ x 10~ 2ppm (x-axis) and
the concentration of KLEO ¢ x 10~ ! ppm (y-axis) for a non-de-
greased wax model.
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Fig. 5. Experimental plan for the development of a processing addi-
tive for ceramics containing ASD-4 reinforcing agent.

the graphical representation shown in Fig. 4, it can be seen
that the lowest point of the theoretical curve is above the
lowest possible values shown on the x and y axes, which in-

TABLE 5. Concentrations of Components in Solutions

' Content of Content Content of
ppm ppm agent, ppm
1 200 50 0
2 20 50 0
3 110 100 50 0
4 200 150 0
5 20 150 0
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Fig. 6. Variations in contact angle for a degreased wax plate in solu-
tion No. 2.
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Fig. 7. Variations in contact angle for a non-degreased wax plate in
solution No. 2.

dicates that the theoretical minimum of the response function
is located below the plane of 10°. In this regard, another
composition of the processing additive was investigated —
LAKESIL® 40 + 200 ppm of LABSA + 220 ppm of Laprol
6003 + 20 ppm of KLEO — which was obtained by calcula-
tion according to the equation shown in Fig. 4. The direct ex-
perimental measurement confirmed that the contact angle for
this composition is lower than the calculated value and is
equal to zero.

2.2. Composition of a processing additive for subsequent
ceramic layers containing ASD-4 reinforcing agent

The method for developing the processing additive com-
position was described in the previous example. Five solu-
tions were used for the experiment: the concentration of the
wetting agent synthanol AE-7 in the solution was varied in
90 ppm increments (20 — 200 ppm), the concentration of the
PVA adhesive was varied in 50 ppm increments (50—
150 ppm), the concentration of the antifoaming agent
penta-475 was 50 ppm in all solutions. The experimental
plan is presented in Table 5 and Fig. 5.

The measurement results of the contact angle for the two
types of wax plates in solution No. 2 are shown in Figs. 6 and 7.
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As the plate is immersed, the contact angle decreases to
zero, indicating that the wax model is well-wetted by the so-
lution in both cases (Figs. 6 and 7). The contact angle is zero
over the entire immersion depth of the plate.

The results of this experiment demonstrate that the inter-
vals for varying the concentrations of additives were selected
in an appropriate manner. In addition, the solution with the
lowest concentration (No. 2) exhibited the highest wettabi-
lity of the wax pattern [24].

The research was carried out using the scientific equip-
ment at the Center for Science-Intensive Chemical Techno-
logies and Physical-Chemical Research of the Perm Na-
tional Research Polytechnic University under the project of
the Perm Research Center ‘“Rational Subsurface Manage-
ment (REMEFI162120X0038).
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