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IDENTIFICATION OF THE BEHAVIOR

OF PROPERTIES OF A COLD-HARDENING
GLASS-LIQUID MIXTURE WITH
PROPYLENE-CARBONATE DIFFERENT
IN DOSING COMPONENTS
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O6’ckmom docrioncenns € mMo0eri, wo onuUcyIomy 6NAUE PIOK020 CKIG MaA NPONIIeHKApOOHAmY K 3ameep-
Oacysaua popmysanvioi cymiwi na ii eracmusocmi. OOnuMm 3 HAUOIALUL NPOOICMHUX MICUD € BUSHAUCHN NOBEOTHKU
BLACTMUBOCET CYMIW 3G YMOG GIOXULCHHS 810 ONMUMATLHUX ZHAUCHD 6MICMY PIK020 CKIA SK 36 A3YH0U020 Ma
nponirenxapbonamy sx sameepoicysavua. Busnauenis maxoi nogedinku ajnciueo uepes me, w0 003604UmMs 600-
CKOHANI08AMU NPOYECU PE2YNI0BANHA 3A6ANMANCEHH A SMIUYBAYIE 8 ABMOMAMUIOEANHUX CUCTNEMAX 8UZOMOBIEHHSL
CYMIWL 8 TUBAPHUX UCXAX.

B x00i docridacenns suKopucmosysarucs Memoou KanoHiunozo nepemeopeniis nosepxuell 6i02yKy, wo onucy-
10Mb 6NAUE MICTY PIOK020 CKAA MA NPONILEHKAPOOHAMY HA HACMYNHI GLACMUBOCTE CYMIWLL: JICUBYUICTNL, Melca
Miynocmi na cmuck uepes 1 200uny, uepes 3 200unu, uepes 24 200unu, ocunacmicmos. OnuUcano Mexamiamu XiMiunux
peakyiil, uo npueoodsmy 00 NPoUecy 3ameepoNcenis CYMiuli ma uepe3 GUSHAUEHH XIMI3MY NPOUECy 00TPYHMOBANO
MOJNCAUBICMD OMPUMAHHI AKICHUX XAPAKMEPUCTIUK CYMIWLI.

Ompumano y xanoniunomy euzisoi AHarimuunuil Onuc nosepxti 6idzyxky 6 cmayionapuii 06aacmi y nepemao-
PEHOMY 30 CIMAHOAPMHOI0 NPOUEOYPOIO DAKMOPHOMY NPOCMOPT <6MICM PIOK020 CKAA — 8Micm nponiienkapoo-
namy». Taxe nepemeopenns 0036015€ OUIHUMU Xapaxmep noepxii 6i02yKy uepes anaiis cnigeionowend 6AACHUX
yucell, Wo 6X00ams 00 ii KanOHIuH020 ONUCY, 34 BEAUUUNOI MA 3HAKOM. TaKUll BUKOPUCTANULL NIOXI0 MAE BANCIUBY
ocobnusicmo, max sk 0036078¢ 0E3N0CEPEOHLO BUSHAUUMU NOCCOTHKY SAACMUBOCMEl CYMiu 6 pa3i ei0xuIenHs
610 ONMUMATLHUX 3HAUEeHb BMICTY PIOK020 CKAG Ma NPONiienKapOonamy.

3ae0sKu yboMy 3a0e3NeUYEMbCs MOICIUCICI BUSHAUEHHS 3AX00i16 A00 MEXHIUHUX piuenb udo pobomu abo
B00CKOHANEHHSL CUCTNEM PezYI08ANHsL NPOUECI8 D03YBAHHI 8 ABMOMAMUI0BANUX CUCTNEMAX BUZOTNOBIEHHSL CYMIULT
6 ausapnux uexax. Ipu yvomy moxciusa adanmauis 00 6yob-aKUX GI0OMUX CUCeM 003Y6anHs. 36 S3YI0UUX A
sameepoxcysauis xoroonomeepoiouux cymiwei. Ile sioxkpusae nepcnexmusu wodo cmabirizayii axocmi popmy-
BANLHOT UL CIMPUINCHLOBOT CYMIULT Ma NIOBUEHIS AKOCME (PACOHHUX BUNUBKIE O MAUUNOOYOYBANHS, 30KPeMa

gidnosidarvnux ma 6a306ux tumux demanetl 06uzyHie enympiunvozo seopsuns ([IB3).
Kmouosi crosa: xoodnomeepdiioua cymiut, nponitenxapbonam, pioke ckio, 6AACMUBOCI Cymiui, 003yeanis
KOMNOHEHMIB, KAHOHIUHe Nepemeopens N0BePXHI 8I02YKY.

1. Introduction

Improving the quality of molding compounds is a pre-
requisite for obtaining high-quality castings for engineering
purposes. If the castings are responsible and they are pre-
sented with improved properties of geometric and dimen-
sional accuracy, for example, cast parts of internal combus-
tion engines (ICE), then the quality control of molding
sands (MS) is of particular relevance. High quality MS is
also one of the resource saving factors, as it allows to obtain
a cleaner surface of the castings, reducing the amount of
allowances for machining. Therefore, the chemical industry
specializing in the synthesis of MS components for the
foundry industry faces the task of finding the best solu-
tions for the component composition of the MS in terms
of the use of binders and catalysts. In this direction, active
developments are underway, among which [1, 2], for example,
can be noted, in which the effect of hardeners on MS pro-
perties, in particular their regenerable abilities, has been
investigated. Improving the MS properties is considered

through the use of new solutions in the field of chemical
technologies, as exemplified by the results of the study of
the effect of furfuryloxypropylcyclocarbonates (FOTPCC)
for cold hardening mixtures (CHM) [3]. However, such
new solutions in the field of chemical synthesis often re-
quire the use of new special technological equipment. In
the conditions of limited capacities of enterprises for the
modernization of production, it is important to search for
solutions that are aimed at combining the possibilities of
automating technological processes of mixing and searching
for optimal MS compositions that can be used in such au-
tomated systems. One example of such an implementation
can be a dosing system for the main available components
of the CHM, for example, liquid glass and propylene car-
bonate. In this case, of interest is the study of the ques-
tion of possible changes in the properties of mixtures with
deviations from the optimum amount of liquid glass and
propylene carbonate. Appropriate adjustments can be taken
into account in the dosing systems used in the processes
and systems of mixing.

.
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2. The ohject of research
and its technological audit

The object of research is models that describe the ef-
fect of liquid glass and propylene carbonate as a hardener
of the molding mixture on its properties. Namely: survi-
vability, compressive strength after 24 hours, crumbling
after 24 hours of hardening. The validity of the choice
of object is related to the fact that the studied compo-
nents of the mixture find a great practical application in
those conditions when the transition to new technological
solutions is difficult. Propylene carbonate is a complex,
complete cyclic ester of propylene glycol and carbonic
acid with the structural formula:

CH,— CH —CH;

Propylene carbonate is synthesized in the presence of
a catalyst of carbon dioxide and propylene oxide:

CH,— CH — CH;

AN

0]

In the chemical industry, propylene carbonate is used
to extract byproducts of gaseous products, for example,
H5S in the manufacture of synthetic fibers. Its use in the
foundry industry is due to the fact that when it interacts
with liquid glass, the ester is hydrolyzed in an alkaline
medium to form propylene glycol and carbonic acid. The
latter, reacting with liquid glass, causes the formation
of silicic acid and sodium bicarbonate. This occurs at
the initial stage of hardening. Sodium bicarbonate in the
process of further hardening of the mixture reacts with
alkali of liquid glass and goes into monohydrate sodium
carbonate. The described reactions proceed according to
the following scheme:

CH;

| CH;

| P C —0O+NaOH—CHOH+NaHCO;
CHz - O |

CH,OH
Na,S1,05+H,CO3 2 Na,CO5;+H,S1,05

or
NaZO'nSi02+C02+mHgO =

ﬁNaz(:OgﬂL l'lSiOz' mH20

At the initial stage of gelation, that is, in the so-
called induction period, liquid-glass compositions with
propylene carbonate are weakly structured liquids with
a slight viscosity gradient. The viscosity of the composi-
tions increases dramatically as the reactions proceed after
the end of the induction period. This can be explained by
the polycondensation of monomers of silicic acid, formed

as a result of the interaction of carbonic acid with liquid
glass. Thus, the main product of the interaction of liquid
glass with propylene carbonate is silicic acid Si(OH)y,
which forms a high degree of polycondensation silica poly-
mer, which is responsible for forming the strength of the
foundry molding sands. Identification of the strength of
the mixture and its other technological parameters when
using various combinations in the content of liquid glass
and propylene carbonate is the task of technological audit.
Experimental data obtained in the course of research can
be used to build mathematical models and find optimal
solutions for the choice of the composition of molding
compounds that satisfies one priority or several speci-
fied properties.

3. The aim and ohjectives of research

The aim of research is the analysis of response surfaces,
describing the influence of the composition of cold-harde-
ning mixtures on their properties, in a stationary region.

To achieve this aim it is necessary to:

1. Determine the nature of the stationary regions de-
pending on the properties of the mixtures based on the
canonical transformation of the response surface for each
of the investigated parameters.

2. Evaluate possible changes in the properties of mix-
tures with deviations in the dosing of liquid glass and
propylene carbonate.

4. Research of existing solutions
of the prohlem

In [4], a method for obtaining an optimal solution for
reducing the amount of liquid glass in a mixture while
maintaining acceptable strength for raw material is shown
using a ridge analysis. The results are shown on the example
of using propylene carbonate as a hardener. However, as
the output variable, only the compressive strength of the
molding sand is used.

In [5], an optimization problem is solved to determine
the CHM composition based on liquid glass and propylene
carbonate as a binder and hardener, respectively, with the
choice of the optimization criterion for the maximum sur-
vivability of the mixture and the minimum of crumbling.
It is noted that the obtained results can be used in the
automated production of molding sand to improve the
quality of cast parts of the internal combustion engine.

The mathematical model described in [6] makes it
possible to establish that the priority factor influencing
the strength of a sample subjected to thermal drying with
magnetized liquid glass is the magnetic field strength.
The paper presents the optimal technological parame-
ters of the process, however, this model can’t be ap-
plied to optimize the CHM components with propylene
carbonate.

In [7], a regression equation is obtained reflecting the
functional relationship between such properties of a mixture
with liquid glass and a hardener — survivability, compres-
sive strength, and crumbling. The authors of this work
have shown that compressive strength is a more signifi-
cant factor influencing the survivability compared with
crumbling, and almost 3 times. It ws also concluded that
both of these factors have a positive effect on the survi-
vability of the mixture — with an increase in compressive
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strength and crumbling stability, vitality increases. How-
ever, issues related to the influence of deviations from the
given values of the content of the binder and hardener is
not investigated. A partial answer to this question in this
paper can be found by analyzing the ridge lines, however
such accents in [7] are not made.

A complex of mathematical models describing the influ-
ence of the content of liquid glass and propylene carbonate
in the CHM is given in [8], in which the problem of the
optimal combination of the properties of the synthesis of
the CHM composition is also solved. The given rational
regions of the compositions allow in some way to remove
the restriction indicated in [7]; however, a more rigorous
analysis of the stationary regions for each of the proper-
ties under study would allow obtaining more accurate
results. In particular, it would be of interest to study
the behavior of properties with deviations from the op-
timal values of the content of the binder and hardener.
The obtained results could find practical application in
automated processes for mixing and creating more ad-
vanced dosing controls for mixing preparation systems.
Relevant technical solutions may be of interest to world
manufacturers specializing in the manufacture of mixing
preparation equipment, such as:

— Belloi & Romagnoli S.r.l. (Italy) [9];

— Webac Maschinenbau GmbH (Germany) [10];

— DISA Group (a large international company with

branches worldwide) [11].

5. Methods of research

Mathematical models obtained by the method of plan-
ning an experiment based on the construction of a cen-
tral orthogonal design of a full factorial experiment are
analyzed [8, 12, 13]:

N
a; = C1foyf, i=1,..,n,

()
j=t
a;=c[(x1,)? —Bly/, i=n+1,..,2n, (2)
N .
ai=c; Y xjxly’, i=1.,m pEA i=2n+1.k 3)
j=1
1y N
aozﬁzyj_ﬁzan-ﬂ'- (4)
= j=t

In formulas (1)—(4): ¢y, ¢, c3 — coefficients for linear,
quadratic and paired relationships, respectively; n — the
number of linear terms of the equation; N — the number
of experiments; B — parameter calculated depending on
the number of points of the core of the composition plan
277, the leg of the «star» points o and the number of
points to the plan according to the formula:

N .
xi)?
;‘( ) 27+

S ©

To analyze the stationary region and describe the be-
havior of the output variables — CHM properties using
liquid glass as a binder and the curing agent of propylene

carbonate — the canonical transformation of the response
surface is performed [14]. The conversion is carried out
according to the procedure below.

1. Determination of the coordinates of the stationary
point x* by solving a system of linear equations:

Ay ... Uy X1 ay

=] .| (6)

Apy = Ay Xn a,

2. Calculation of the target value at the stationary
point:
y*=ay+2a’x*+x* Ax*.

(7

3. Determination of n eigenvalues Af, Ag,..., Ay:

ay—A  ap Ay
Ay [25) -\ Ay _ (—7»)" +P17u”4 +-~-Pn -0. (8)
Ay Ay -y — 7"

4. Notation of the response surface equation in cano-
nical form:

Y-y =MET+ AEE+ .+ A8 )

Thus, as a result of the transfer and rotation of the
axes and the transition from the coordinate system (xy; x2)

to the coordinate system (&;; &»), the initial equation for
the response surface is transformed:

y(x)=ay+2a’x + x’Ax,

to canonical form y—y*=AE?+N.E3+...+ A, E2:

x=x* 1B, (10)
where B — rotation matrix; B’B=1, and the difference
between the values of the output variable at an arbitrary
and stationary point is described by the equation:

y(&)-y*=¢L& (11)

Output variables — the properties of the mixture — are
selected:

— mixture survivability, min — yq;

— compressive strength, MPa (after 1 hour) — ys;

— compressive strength, MPa (after 3 hours) — ys;

— compressive strength, MPa (after 24 hours) — yy;

— crumbling, % — ys.

Input variables are:

— xy — content of liquid glass, mass fraction;

— x9 — content of propylene carbonate, mass fraction.

6. Research results

The following values of the coefficient matrices in
equation (7) were obtained to calculate the value of the
target quantity at the stationary point:

5
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— mixture survivability, min:

2
ap=14.623, a= (0 08}

0.083

A 0.0325 0 )
0o -02175)

— compressive strength, MPa (after 1 hour):

-0.094
ap=1.166, a= ,

0.151

’

(0.068 0.0325
“10.0325 -0.112

— compressive strength, MPa (after 3 hours);

-0.083
ap=2.388, az( J

0.213

)

(04534 0.125
“lo0125 -0.242

— compressive strength, MPa (after 24 hours):
0.535

ag=5.284, a= )
-0.13

)

~(-0.207 0.0275
“10.0275 -0.327

— crumbling, %:

ap=0.068, a= ~0.035 :
0.010
[ 0.045 -0.014
“(-0.014 0015 )

The implementation of procedure 1-4 yields the fol-
lowing results in the form of equations describing the
response surface in canonical form:

— for the mixture survivability:

y—y*=-0.2175E2 +0.0325¢3; (12)

— for the compressive strength, MPa (after 1 hour):

y—y*=-0.117882+0.0736&3; (13)

— for the compressive strength, MPa (after 3 hours):
y—y*=-0.2778&} +0.1896E3; (14)
— for the compressive strength, MPa (after 24 hours):

y—y*=-0.333367 +0.2013¢3; (15)

— for the crumbling, %:

y—y*=0.0097E2 +0.0504E3. (16)

To determine the type of stationary region, it is possible
to analyze the ratios of the eigenvalues. In terms of size
and sign, they will determine the type of response surface
and the type of the corresponding two-dimensional sections
of the response surface (4 variants of two-dimensional
sections are given below):

— option 1 — hyperbola (stationary point — ridge point):

0] # A

LA <0, A, >0;
— option 2 — hyperbola (stationary point — ridge point):

[ [

LA >0,A,<0;
— option 3 — ellipses (stationary point — maximum):

0] %2

LA <0, A, <0;
— option 4 — ellipses (stationary point — minimum):

e

LA >0,4,>0.

Analysis of the equation describing the stationary region
for survivability (11) suggests that there are hyperbolas
in the two-dimensional section. Deviation in the dosing
of propylene carbonate in a large direction with accurate
dosing of liquid glass will lead to a distance from the
stationary point. However, based on the fact that the
stationary region has a ridge point, and it is necessary
to maximize survivability, such a deviation is not critical.
The question of the magnitude of the deviations of the
values of survivability from the local maximum in the case
of inaccuracy of dosing of propylene carbonate relative
to its locally optimal value can be solved by analyzing
ridge lines [5]. These locally optimal values correspond
to the points of intersection of the response surface and
the surface of the restrictions imposed by the planning
area of the experiment.

Analysis of equations (12)—(14), describing the sta-
tionary region for the ultimate strength of the mixture,
regardless of the control time, suggests that all conclusions
made regarding survivability are also valid in relation to
the strength of the mixture.

Other conclusions can be made with respect to the
stationary region described by equation (15) for crumbling.
Deviations in dosing in a large way and for propylene
carbonate, and for liquid glass leads to the removal of
the crumbling value from the optimal value. Since the
optimum point is a minimum point (option 4), this op-
tion is unacceptable. The deviation in the dosing of pro-
pylene carbonate and liquid glass downwards also causes
the crumbling value to deviate from the optimum, but in
the other direction.

The obtained solutions can be used as an element of
decision support systems, and the technical implementa-
tion of the obtained results assumes the use of mixture
preparation in automated systems. A fragment of such
a general scheme at the level of the conditional repre-
sentation of the dosing circuits of the components may
have the form shown in Fig. 1.
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Decision support
system

TE _QT)

associated with the need for technical implemen-
tation.

In particular, the resulting mathematical de-
scriptions should be part of decision support sys-
tems for automated dosing systems in the mixing
process.

Opportunities. Opportunities when using the above
results in industrial conditions are associated with
the stabilization of the quality of the mixture and
the resulting molded parts obtained with its use. In
addition, it is possible to talk about improving the
accuracy of dosing of liquid glass and propylene car-
bonate, focusing on maintaining the optimal amount
of binder and hardener.

®
VY

Threats. Obvious threats when using the obtained
results are related to the fact that the existing so-
lutions in the field of automation of technological

MR

@

Fig. 1. Conditional functional diagram of the dosing of liquid glass and propylene

carbonate: 1 — dosing circuit of liquid glass; 2 — dosing circuit
of propylene carbonate; 3 — mixer

7. SWOT analysis of research resulis

Strengths. The strength of this research is obtaining
an analytical description of the behavior of the proper-
ties of a cold-hardening mixture with deviations from
the optimal values of the binder amount — liquid glass
and the hardener — propylene carbonate. Due to its ca-
nonical appearance, the obtained description provides an
opportunity to see how, for example, it will affect the
studied properties of the mixture — survivability, ultimate
compressive strength and crumbling — fluctuations in the
number of loaded components. The latter may be caused
by inaccuracy of their dosing. On the one hand, it is
obvious that the costs of implementing the process of
mixing preparation are directly related to the consump-
tion of components. Therefore, consumption in a big way
leads to their overspending. On the other hand, deviations
from the optimal values of the number of components
lead to an increase in the probability of a decrease in
the quality of the mixture. This can lead to casting de-
fects for reasons of violation of geometric and dimensional
accuracy and surface quality. If the cast parts are the
critical parts of an internal combustion engine, this is
especially problematic. Therefore, the solutions obtained
allow to quickly prevent these problems, minimizing the
cost of the process and reducing the likelihood of low-
quality casting.

Weaknesses. The weak points of this research are re-
lated to the fact that the practical application of the
obtained theoretical solutions implies additional costs

processes of mixing preparation are focused on the
use of their mathematical description, which is part
of the software and hardware. In addition, there
are a large number of new technological proces-
ses and modern mixtures, using other components.
The combination of modern solutions in the field
of mixtures and process equipment eliminates the
possibility of widespread use of the solutions ob-
tained in this research.

The obtained results can be used only where
there are grounds for this, for example, using li-
quid glass as a binder and propylene carbonate as
a hardener. Attempting to implement in other condi-
tions may not meet expectations and may be among
the risks.

1. On the basis of the canonical transformation of the
obtained response surface, a different character of statio-
nary regions is revealed, depending on the properties of
the mixtures. So, the presence of a ridge point is revealed
for survivability and compressive strength. This means
that a change in the dosing of propylene carbonate will
cause an offset from this point, but it is not critical,
since the magnitude of vitality must be maximized. The
absolute change in the position of the maximum in this
case can be estimated on the basis of the analysis of
the ridge lines describing the locally optimal values as
the intersection points of the response surface and the
surface of the restrictions imposed by the planning area
of the experiment.

2. Tt is shown that the deviation in the dosing of pro-
pylene carbonate and liquid glass leads to the removal
of the value of crumbling from the optimal value. Since
the optimum point is a minimum point, this option is
unacceptable. Therefore, the issue of dosing accuracy in
terms of minimizing flaking is particularly important.
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