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CAST STRUCTURES WITH COMPOSITE AND REINFORCED NON-METALLIC 
FUNCTIONAL FILLER

ABSTRACT

The chapter presents the results of research on the scientific and technological prerequisites for obtain-
ing steel hollow castings with composite and reinforced non-metallic filler by the lost foam casting method.

A system of equations was obtained that describes the gas-hydrodynamic conditions of  lost foam 
casting with polystyrene patterns saturated with reinforcing elements (RE), and taking into account the heat 
exchange between RE and the matrix melt during mold filling and casting solidification.

Modern domestic and foreign materials for cast structures for protective purposes were analyzed and 
the prospects for the use of  low-alloy and microalloyed steels were determined. It was established that 
optimal performance characteristics are achieved under the conditions of the correct selection of heat 
treatment modes, which provides a combination of high strength with sufficient plasticity.

To  determine the influence of  composite and non-metallic fillers on  the possibility of  obtaining 
a high-quality casting, computer simulation methods were used and the results obtained were verified 
by full-scale experiments.

The research conducted by the authors at the Physico-Technological Institute of Metals and Alloys of the 
National Academy of Sciences of Ukraine and carried out within the framework of project No. 2023.04/0029, 
state registration 0124U003980, supported by a grant from the National Research Foundation of Ukraine 
under the program “Science for Strengthening the Defense Capability of Ukraine” is of high scientific and 
practical importance for the manufacture of special-purpose foundry products and will be useful for spe-
cialists-manufacturers of foundry, scientists and scientific and pedagogical workers in the specialty “Metal
lurgy” (Foundry).
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Modern foundry production today is focused on a significant reduction in the metal content of prod-
ucts, simultaneously with the complication of their geometry and functional purpose. Therefore, the cre-
ation of scientifically based new technologies for the manufacture of hollow steel structures with special 
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properties by the method of lost foam casting using reinforcing fillers is relevant and required additional 
research into the processes of heat and mass transfer and gas-hydrodynamics and the determination 
of optimal technological parameters.

To  implement in  industry a new design of cast hollow steel modules with a spherical surface and 
high-hardness compacted fillers and metal composites with a steel shell, the technology of lost foam cast-
ing was adapted, which made it possible to obtain a given binary design of modules of the system “steel 
shell — compacted filler in a bound state” and “steel shell — reinforced metal composite” in a single-cycle 
technological process and directly in the mold.

The new technological process for producing cast binary modules is based on the use of polystyrene 
foam patterns filled with the specified dispersed materials, which are installed in a mold, in which a vacuum 
is created and directly in the presence of the pattern, the liquid metal of the shell is poured. Under the 
conditions of heat exchange between the liquid metal and the polymer pattern, the latter undergoes thermal 
destruction, and its volume is filled with liquid metal. Under the influence of the heat flow from the metal, 
the filler forms a solid material in the form of a metal composite with a reinforcing steel phase, which cor-
responds in chemical composition to the shell metal. In this case, the liquid metal seeps into the filler due 
to the pressure gradient between the metal Pm and the porous filler Pf (Pm—Pf), since a vacuum is formed 
in the latter within (0.1…0.2) Pa (Pa — atmospheric pressure).

4.1	 DETERMINATION OF THE THERMOPHYSICAL MODEL OF THE INTERACTION OF THE REINFORCING 
FILLER AND THE STEEL MATRIX MELT IN THE MOLD

The production of reinforced castings by lost foam casting are accompanied by complex gas-hydrody-
namic and heat-mass exchange processes. When obtaining hollow castings by reinforcing them with metal 
and non-metallic fillers located in polystyrene foam patterns, new multi-component systems arise for the 
theory of casting processes: “metal — pattern — filler — mold” and “metal — reinforcing filler — mold”. There-
fore, the study of the regularities of heat and mass exchange in these systems in the manufacture of shell 
binary cast structures and their mathematical description is relevant. In this case, it is necessary to deter-
mine the influence of the presence of solid and porous polystyrene foam patterns, metal and non-metallic 
materials in the mold on the conditions of heat exchange in the mold. The phenomenon of liquid flow during 
lost foam casting is essentially a problem of unsteady flow with free boundaries. Molten metal flowing in the 
mold during lost foam casting destroys the polystyrene foam pattern, forming a gas gap between the molten 
metal and the pattern. The rate of destruction of the pattern and the pressure in this gap depend on the heat 
exchange in the mold, and in the presence of reinforcing elements this process is complicated. There is in-
formation on the development of a two-dimensional thermal model, which is based on the mass and energy 
balance in the gas gap between the polystyrene foam pattern and the molten metal. The pressure in the gap 
is determined by the mass and energy balance method, which directly takes into account such important 
process parameters as the permeability of the coating, foam characteristics, pouring temperature and 
metal properties, but does not take into account the presence of additional reinforcement [1].
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Therefore, research devoted to the development of a thermophysical model of the interaction of the re-
inforcing filler, polystyrene foam pattern and liquid steel in the mold during lost foam casting was relevant.

At the same time, the development of a thermophysical model of the interaction of the reinforcing 
filler, liquid steel and polystyrene foam pattern in the mold during lost foam casting will make it possible 
to predict the conditions of the melt flow, its solidification and cooling in the mold, which makes it possible 
to create promising casting methods for obtaining high-quality reinforced structures, including hollow bi-
nary modules for protective structures.

The authors established the conditions of heat exchange in the mold in which the reinforcing elements 
are placed, under different flow regimes of the matrix alloy in the porous channels of the polystyrene foam 
pattern.

The process of interaction of molten metal with mono- and reinforced polystyrene foam pattern during 
lost foam casting was investigated.

According to previously established laws on the conditions of casting solidification, movement of ma-
trix alloy (MA) in the mold in the presence of metal reinforcing elements (RE), their interaction with the 
polystyrene foam pattern and thermal destruction products in the form of liquid, gaseous and solid phases, 
a physical model of mass and heat transfer was developed during the formation of the structure and prop-
erties of cast reinforced structures in multicomponent systems new to the theory of casting processes: 
“metal —  pattern —  RE — mold” [2, 3].

At the same time, the boundary temperature conditions and the final temperature at the heat exchange 
boundary of the “MA-RE” system were established

,
2

L S
k

T T
T

−
= 	 (4.1)

where TL, TS — liquidus and solidus temperatures for the matrix alloy, °C.
For the integrated MA-RE system, the heat exchange contact area will be n·SP, n·SMRE, respectively, where 

n —the number of reinforcing elements located in the mold cavity, pcs., and their mass will be

20.785 ,  MRP MRP MRPm n g R L kg= ⋅ ⋅ ⋅ ⋅  kg	 (4.2)

where gMRP — density, kg/m3; LMRP — characteristic length of the reinforcing element, m.
It should be noted that the vertical reinforcing elements installed in the mold (in this case, it is possible 

to consider them in the form of rods) complicate the flow area of the liquid metal (mold) and have a certain 
effect on the thermophysical and hydrodynamic processes occurring in it.

When obtaining castings, the resistance of the filler metal medium to be poured depends on the tem-
perature conditions of filling the mold, the dimensions and geometry of the reinforcing elements and their 
placement in the mold cavity. It should be noted that the liquid alloy with dense packing of RE flows through 
“capillary” thin channels, which are formed by particles of these elements or  in the cavity of the mold, 
in which RE are located at a fixed distance from each other.
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To simplify the problem, it is possible to use the conditions of heat exchange in the form of a limit in a 
single channel of length L, filled with rods according to the heat balance scheme presented in works [3, 4] 
and in Fig. 4.1, a, and has the form

( ) ( )
1 2 ,p cp c b b c n c b c

c V F T T F T T⋅ρ⋅ ⋅ ⋅ − =α ⋅ ⋅ − 	 (4.3)

where Tb2 — the average temperature at the channel outlet over the channel cross section, °C;
Tb1 — the average temperature at the channel inlet over the channel cross section, °C;
Cp — the specific heat capacity, J/(kg×°C);
ρ — the MA density, kg/m3;
Fc — the cross-sectional area of a single capillary channel, m2;
Vc — the average flow velocity in the channel, m/s;
Fn — the total contact area of the liquid metal with the surface of the channel (filler), m2;
Tc — the average wall temperature along the channel length, °C;
Tb — respectively, the average temperature of the liquid alloy along the channel length, °C;
αc — the heat transfer coefficient at the boundary of the porous channel formed between the RE and 

the MA melt, W/m2,°C.
It is also recommended to determine the heat transfer coefficient by formulas, the structure of which 

depends on the MA flow regime in the pore channels (laminar or turbulent) [4]. At the same time, for prac-
tical use and study of the kinetics of changes in the temperature of the matrix melt in the pore space, it is 
recommended to represent the contact surface of heat exchange in the system “matrix melt — reinforced 
phase” through the equivalent (integral) radius of the reinforcing element Rae [2]. In this case, the heat 
transfer coefficient for the MA laminar flow in the channels formed by the RE is determined by the equation 
of the dimensionless heat transfer coefficient NuD [4]

( )
0,140,33
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D D
c s

D D
Nu

L

  α µ
= = ⋅ ⋅ ⋅  λ µ   

	 (4.4)

where D  — the given channel diameter, m;
λc — Nusselt criterion, which characterizes the similarity of heat transfer processes at the interface 

between the wall and the fluid flow;

Pr
a
ν

=  — Prandtl criterion;

Re
V D⋅

=
ν

 — Reynolds criterion;

n — viscosity coefficient, m2/s;
αc — thermal diffusivity coefficient, m2/s;
µb — dynamic viscosity at metal temperature Tb, H×s/m2;
µc — dynamic viscosity at wall temperature Ts (Ts³ TL);
TL — liquidus temperature of the matrix alloy °C.
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For turbulent MA flow regime in RE porous channels, the formula for Nu is recommended

0,055

0,8 0,330,036 Re Pr ,c
DD

c

D D
Nu

L

 α ⋅
= = ⋅ ⋅ ⋅ λ  

	 (4.5)

 Fig. 4.1 Heat exchange scheme during melt flow in the pore space of the reinforcing phase along: a - the length; 
b - the cross-section of the mold with RE oriented in it: (b): 1 — shell (mold); 2 — reinforcing element; 3 — matrix 
melt; 2’ — equivalent cross-section of the reinforcing element; 3’ — equivalent cross-section of the matrix melt
Source: [3]

However, despite the achievements in the theory of MA melt flow in the RE environment located in the 
cavity of the mold, in the theory of lost foam casting the features of the interaction of thermal destruction 
products of the gasified pattern (GP) and their influence on the gasohydrodynamics of the process and 
the formation of the quality of cast blanks in the absence of a macroreinforcing phase were more often 
considered.

The RE presence directly in the polystyrene GP, and the latter is located in the cavity of the mold, allows 
to change the conditions of filtration and mass transfer of vapor-gas (VGP) and liquid products (LP), which 
are formed during the destruction of the pattern and modify the gas dynamics of the process, as well as the 
conditions for forming the quality of castings.

The features of VGP filtration through the known system: “ VGP — coating — mold” and the new “VGP 
RE channel — GP — coating — mold” were considered, taking as a basis the physical model of the process 
of filling the mold with GP with “zero” open porosity, which is presented in the works [2, 5].
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When filling the mold through the gap “metal — pattern” and channels around the reinforcing elements, the 
GP undergoes the VGP filtration process. During the mold pouring with liquid MA 1 (Fig. 4.2) at a speed W1, the GP 
decomposes at a linear speed W5, and since W1 < W5, a “meta l- pattern” gap d1 is formed, in which a backpressure 
Rf is formed due to the VGP formation. At the same time, the LP covers the entire surface of the MA flow front 
in the form of a thin film “D” [6]. The heat flux from the liquid MA to the GP is transmitted by radiation and ther-
mal conductivity through the LP film “D” and the gas-saturated gap “d”. In this case, the heat exchange surface 
on the side of the pattern F5’ is reduced by the area of the RE Fa compared to the monopattern. In addition, part 
of the pattern destruction products at the time of the formation of the gap d1 is filtered in the VGP form into the 
depth of the mold under the action of the Pf—Po pressure gradient, first through the refractory coating (RC) 2 
and accumulates on the grains of the molding material (MM) 4 in the form of a condensed liquid phase (CLP).

pattern

VGP

4

3

CLP

5

2

6

1

LPW5

Ia b

IIa b

PM, W1

a4

l4’’

l4’

Pp

dn

dv

 Fig. 4.2 Physical model of the interaction of a gasified pattern with metal during the period of filling the mold 
with: a - a mono pattern; b - reinforced pattern: 1 — metal; 2 — refractory coating on the pattern; 3 — zone of low gas 
permeability (LGP); 4 — molding material (MM); 5 — mold; 6 — gap “metal — pattern”; products of thermal destruction 
of polystyrene: LP — liquid, VGP — vapor-gas; CLP — VGP condensate on MM grains; Pp, Pm — VGP pressure in the gap 
and metal, respectively; W1, W5 — linear velocity of destruction of the pattern and metal rise in the mold; I — initial 
stage of pouring, II — final stage of pouring
Source: [3]
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At the same time, a zone of low gas permeability 3 (LGP) with a width of a4 is formed at a distance 
of  l4 from the “metal- mold” boundary due to partial CLP overlap of  the MM channels. In  this case, 
the VGP flow passes through four zones in  the mold: RC with a  thickness d and gas permeability Kp,  
two MM layers with a thickness l4’ and l4’’ and gas permeability K4, and LGP with a width of a4 with gas 
permeability KLGP.

In the same period, when the mold is filled with MA, VGP is also filtered through channels with a diam-
eter dn—da, which formed around the RE by GP thermal destruction due to temperature exchange between 
the RE and the GP. At the same time, a new heat exchange system is also formed: “GP (VGP) — RE (pore 
channels)”, which leads to additional GP thermal destruction and an increase in the channel diameter to the 
value dy [2].

In this case, the VGP is filtered through the channel with an area Fd and the RC into the mold wall with 
the formation of a similar LGP. Under the action of the pressure gradient (Pp—Pv), the LP formation in a mix-
ture with VGP is carried to the end surface of the mold, and does not accumulate in the pore channel or on 
the surface of the metal flow front.

Based on the presented physical model of VGP filtration in the mold, the kinetics of the change in the 
gas regime during the lost-foam casting (LFC) process was described using the well-known system of equa-
tions (6), which is presented in works [3, 5]
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where α — heat transfer coefficient, W/(m2K);
ρ5 — pattern density;
ρp — liquid phase density, kg/m3;
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t — time, s;
y' — thickness of spheroids Pp, m;
ΔT — temperature difference between metal and melting pattern, K;
Vg — specific VGP volume, m3/kg;
λ — thermal conductivity coefficient of vapor-gas phase, W/(m×K);
r — heat of fusion of pattern material, J/kg;
N — melting criterion;
δ — gap, m;
δ0 — gap at which W5 < W1, m;
Mr — degree of destruction;
φ — accumulation of liquid GP products;
F5 — cross-sectional area of pattern (casting), m2;
P5 — perimeter of pattern (casting) cross-section, m;
K4 — gas permeability of the molding material, m2/(N s);
Kp — gas permeability of the coating, units;
l4’, l4’’ — length of the molding material layer, m;
a4 — LGP width, m;
φg — gas permeability reduction coefficient;
Q — VGP volume, m3;
Pf — pressure in the gap, Pa;
T3 — temperature of the alloy being poured, K;
τ1 — time from the moment of pouring the metal into the mold, s.
Given that the GP has pore channels around the reinforcing elements with an area of ΣFd, then the con-

tact area of the heat flow of the metal with the GP Fk can be represented by the following equations (4.7)—(4.9)
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and finally

( ) 2
51 ,KF F m= −ξ 	 (4.9)

where Fk; F5; Fi — area of thermal contact, monopattern and pore channels around RE, respectively, m2; 
ξ — porosity degree of the pattern.
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As a result of the formation of a new VGP filtration system, namely: “VGP — reinforced phase — pore 
channels — coating —mold”, the total VGP filtration area can be determined by the following mathematical 
dependence (4.10)

( ) 2
5 5 , .F F m∑ = δΠ +ξ 	 (4.10)

At the same time, the cross-sectional area of the elementary pore channel Fi  is a variable value, 
because under the action of heating its VGP contact surface, the GP material around the RE decom-
poses at a speed 5a ′, which leads to an increase in its diameter di. The change in the total area of the  
GP channels can be described by the following expression, assuming that the channels have a cylindrical 
shape (4.11), (4.12) [3]:
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( )51 2 ,G nd a T dτ
′= + 	 (4.12)

where dn — the initial diameter of the elementary pore channel, equal to the diameter of the reinforcing 
element da, m;

dτ — the current diameter of the elementary pore channel around the reinforcing element, m;

5a ′ — the linear melting velocity of the GP in the pore channel, m/s;
Tg — the VGP temperature, K;
τ — the current pouring time, s.
In order to use equations (4.11), (4.12) in the mathematical model (4.6), the following transformations 

should be performed, namely (4.13):
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and finally, the variable porosity (14):
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In this case, the system of equations of the gas dynamics of the casting process in the presence of GP 
with RE in the mold has the following form (4.15):
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To determine the coefficient, it is possible to use the data of work [7] and construct the dependence 
d = f(Tg), where d — the diameter of the pore channel, and Tg — the temperature of the gas passing through 
this channel. According to the graph (Fig. 4.3), this dependence is expressed by a straight line. In this case, 
the equation for determining the coefficient 5a ′ has the following form (4.16)

5 ,
2 10G

d
a

T
∆′ =
∆ ⋅

	 (4.16)

where 10 is the time of gas passage through the pore channel of the GP in the experiment, C.
Then the value of the coefficient is  5a ′ = 1×10-3 mm/s °C.
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 Fig. 4.3 Kinetics of change in linear dimensions of the pore channel in the polystyrene foam pattern
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Now the system of equations (4.15) can be used to determine the parameters, including the back pres-
sure of the VGP Pp, the gap “metal —pattern” δ and the rate of metal rise in the mold W1 with a reinforced GP.

It is also important to note that the amount of LP products that accumulate on the surface of the metal 
flow front is also reduced by the value (F5—ΣFd). In this case, to determine the volume of LP accumulation, 
the time of its gasification on the contact surface for time tg and the hardening coefficient R, it is advisable 
to use the system of equations (4.15) by supplementing it with the expression ( ) 51 Fτ− ξ .

Then the system of equations describing the gas-hydrodynamic conditions of lost foam casting with 
polystyrene patterns saturated with RE, and taking into account the heat exchange between the RE and the 
MA during mold filling and matrix alloy solidification, has the final form (4.17):
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where η — the coefficient of VGP dynamic viscosity;
Tp — the metal temperature, K;
Tm — the mold temperature, K;
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C — the permeability, Darcy;
tG — the gasification time of the pattern;
dp — the diameter of the pore channel (reinforcing element);
φg — the SRC resistance coefficient;
b4 — the heat storage capacity of the mold, W×s0.5/m2×K;
l4 — the mold wall thickness, m;
D1 — the diameter (reduced thickness) of the casting, m;
F1, Fp — the cross-sectional area of the casting and the pore space, respectively, m2;
ξ — the porosity coefficient of the mold;
λc — the thermal conductivity coefficient, W/(m×K);

Pr
a
ν

=  — Prandtl criterion;

Re
V D⋅

=
ν

 — Reynolds criterion;

n — the viscosity coefficient, m2/s;
αc — the thermal diffusivity coefficient, m2/s;
µb — dynamic viscosity at metal temperature Tb, N×s/m2;
µc — dynamic viscosity at wall temperature Ts (Ts ³ TL), N×s/m2;
TL —  liquidus temperature of matrix alloy °C.
Thus, hydro-gas-dynamic, thermophysical models were created that describe the features of gas 

dynamics and heat and mass transfer in molds with reinforcing elements, a polystyrene foam pattern 
saturated with RE, which allow predicting the flow conditions of the matrix alloy, its solidification, and 
cooling in molds, which makes it possible to create promising casting methods using gasifying patterns 
to obtain high-quality reinforced structures with various functional properties from iron-carbon and non- 
ferrous alloys.

4.2	 ANALYSIS AND SELECTION OF STEEL GRADES FOR THE MANUFACTURE OF HOLLOW CAST 
STRUCTURES FOR MULTIFUNCTIONAL PURPOSES

High requirements for the level of physical and mechanical properties of cast alloys, as well as the 
technological possibility of forming hollow castings with metallic and non-metallic reinforcing phases by 
lost foam casting, determine the feasibility of developing new high-strength economical alloyed steels. Such 
steels should provide the required set of operational properties without the use of scarce and expensive 
alloying elements, as well as contribute to the creation of highly efficient casting technologies and optimal 
heat treatment modes to obtain high-quality parts of protective structures [8—11].

Modern requirements for materials, in particular, for multifunctional protective structures, provide for 
a combination of high strength, sufficient plasticity and resistance to dynamic loads. The choice of material 
is a key factor determining the reliability and durability of structures manufactured by casting methods. 
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In this regard, there is a need for systematic research of alloys suitable for forming thin-walled castings 
of complex configuration [12].

For the analysis, domestic and foreign analogues of steels and iron-based alloys used in the production 
of cast structures were considered [13—15]. Based on the comparative analysis, it was established that 
among such materials, low- and medium-carbon low-alloy, microalloyed and modified steels have the great-
est prospects. The urgent need for protective structures and structural requirements for their component 
modules — the level of physical and mechanical properties of steels, the possibility of manufacturing struc-
tural modules with non-metallic and metallic reinforcing phases (NRP and MRP) requires the development 
of new high-strength economically alloyed cast steels that do not contain expensive and scarce alloying 
elements, highly efficient technologies for manufacturing cast elements of a cellular structure and optimal 
modes of their heat treatment. A review of world analogues of steels used for the manufacture of multifunc-
tional modules of protective structures has established that the steels used for their manufacture must pro-
vide a tensile strength of 500…950 MPa; yield strength — 450…800 MPa, relative narrowing 15…30%; impact 
toughness 50…70 J/cm2. In addition, given the great need for protective structures, steels for cast modules 
should not contain scarce and expensive alloying elements — nickel, molybdenum, copper, etc. An analysis 
of modern technical literature has established that for cast modules of protective structures, the required 
level of physical and mechanical properties of steels of the C-Si-Mn system is currently provided exclusively 
by their complex alloying with chromium, nickel, molybdenum, vanadium and the corresponding labor-inten-
sive heat treatment regimes. Thus, regulatory documents for foundry steels in the USA — A352...A732 and 
Germany — DIN1681 provide for the manufacture of cast parts used as elements of protective structures, 
steels of the C-Si-Mn system, which are alloyed with the above chemical elements. This makes it possible, 
after appropriate heat treatment regimes, to obtain metal in products with a yield strength of over 400 MPa.

Based on previous studies [13], it can be stated that the processes of high-quality and optimal addi-
tional alloying, microalloying with carbide and nitride-forming elements and modification with nitrogen can 
achieve the required physical and mechanical properties (tensile strength at rupture 550…900 MPa, yield 
strength at rupture 450…750 MPa, relative elongation 15…30%, impact toughness 55…75 J/cm2).

The physical and mechanical properties were determined and the microstructure of the experimental 
steels was considered using modern testing equipment and analytical methods. Special attention was paid 
to the influence of heat treatment modes on the operational characteristics of the metal, since energy 
consumption and stability of the properties of cast parts during mass production depend on this.

The blanks for samples for various purposes were manufactured in dry, heated sand-clay molds. To de-
termine the mechanical properties, samples were made from blanks with a diameter of 12 mm and a length 
of 70 mm, to determine the impact toughness of steels, blanks with dimensions of 12 mm×12 mm×60 mm 
were cast, from which standard samples were made.

To compare the physical and mechanical properties and the results of metallographic studies, samples 
from blanks made using the tooling developed by us and cut from a tertiary blank in accordance with the 
requirements [14] were used.

To determine the impact toughness of the studied steels, blanks with dimensions of 12 mm×12 mm×60 mm 
were cast, from which standard samples were made.
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To study other properties of steels (for example, choosing the optimal heat treatment regime for steels, 
studying the structure, etc.), cylindrical blanks with a diameter of 20 mm and a length of 90 mm and the 
lower part of the riser of the sprue system were used.

In order to determine the correctness of the choice of the tooling developed by us, a comparative 
assessment of the quality of the metal in the blanks made using the proposed tooling and made using a ter-
tiary blank (DSTU 8781:2018, option 2) or a square (Fig. 4.4, a). The metal has almost the same properties, 
but a complex test is more effective and much cheaper for the manufacture of samples from experimental 
steels (Fig. 4.4, b). Obtaining high-quality metal in the samples using this technology is ensured by a mas-
sive boss under the riser.

a b

 Fig. 4.4 Pattern tooling for the production of cast blanks: a — square, riser and tertiary blank;  
b — complex tooling (without riser)

The analysis of a large amount of material presented in the works of scientists of the Physico-Techno-
logical Institute of Metals and Alloys of the National Academy of Sciences of Ukraine on the use of alloying, 
microalloying and modification processes of C-Si-Mn alloys has identified specific areas for improving these 
processes for lost foam casting: approximate temperatures of base melts before performing the processes 
of additional alloying, microalloying and modification of base steels and pouring them into molds and spe-
cific individual chemical elements and complexes of elements to minimize their quantity with the maximum 
increase in the properties of experimental steels [15].

The studies have established that the optimal content of the main chemical elements in medium-car-
bon steels to achieve high strength and ductility should be as follows, wt.%: C = 0.30...0.55; Mn = 0.40...1.20; 
Si = 0.30...0.60.

In order to achieve the required indicators of physical and mechanical properties for alloying, microal-
loying and modification of base steels, it is advisable to use the following chemical elements: for alloying 
and microalloying — titanium, niobium, chromium and vanadium, for modification — nitrogen and rare earth 
metals on a cerium basis.
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Taking into account the interaction of chemical elements in the C-Si-Mn system, to determine the 
optimal chemical composition of steels that can provide the required level of physical and mechanical 
properties of the metal of cast modules and their corrosion resistance in various aggressive environ-
ments, the effect of changing the content of the main chemical elements within the following limits was 
studied: carbon — from 0.25% to 0.60%, silicon — from 0.30% to 0.90%, manganese — from 0.50% 
to 2.0%. The content of phosphorus and sulfur did not exceed 0.045% of each element. The nitro-
gen and vanadium content was calculated for each steel grade taking into account that the equilibri-
um temperature of dissolution (separation) of the vanadium nitride phase in a solid solution does not  
exceed 1030°C [16].

Previous studies conducted at the Physico-Technological Institute of Metals and Alloys of the NAS 
of Ukraine on the influence of microalloying and modification processes with vanadium and nitrogen on the 
properties of structural steels of the C-Si-Mn-Cr system of ferritic-pearlitic and pearlitic classes have es-
tablished that the separation of dispersed particles of VN and AlN in a solid solution provides a compre-
hensive increase in the strength and plasticity characteristics of steels to the level of properties of steels 
alloyed with molybdenum, nickel, niobium, vanadium, etc.

In this case, the process of dispersion strengthening of steel is  implemented during the tempering 
of the product after normalization or quenching, which should occur at temperatures 100...150°C lower than 
the equilibrium temperature of dissolution (formation) of the vanadium nitride (VN) phase.

According to the results of previous studies, 35KhGAFL steel was selected, which has the highest in-
dicators of casting and physical and mechanical properties for casting the above-mentioned protective 
modules [17—21].

Based on thermodynamic calculations of  the equilibrium temperature of formation of  the nitride 
disodium phase in a solid solution, it was established that the optimal range of austenitizing heating of 
35KhGAFL steel during normalization and quenching is 920—940°C with holding for 1 hour.

After normalization, the samples were cooled in air, and during quenching — in water. Tempering was 
carried out at temperatures of 510—600°C with holding for 1 hour and subsequent cooling in air. Physical and 
mechanical properties were determined after normalization, quenching and tempering (Table 4.1).

After normalization (austenization), a fine-grained structure is observed in 35KhGAFL steel samples: 
6—7 points and 7—8 points, respectively. The choice of heat treatment modes allows to provide the neces-
sary set of steel properties depending on the operating conditions of protective structures.

To reduce the cost of casting and energy consumption, it is recommended to carry out normaliza-
tion at 930°C with air cooling. The properties obtained under this mode fully comply with the technical 
requirements, and the grain size of  the steel is 7—8 points, which indicates an optimal fine-grained 
structure [20].

The microstructures of steels after normalization and tempering are shown in Fig. 4.5. The micro-
structure of 35KhGAFL steel after normalization at a temperature of 930°C is pearlitic-ferritic: pearlite 
is thin-lamellar, ferrite is  located outside the austenite grains in the form of broken meshes. Tempering 
of steel after normalization contributes to an increase in hardness due to the dispersion segregation of the 
vanadium nitride phase inside the grains.
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a b

 Fig. 4.5 Microstructures of the experimental 35KhGAFL steel after normalization at a temperature:  
a — of 930°C; b — normalization at a temperature of 930°C + tempering at a temperature of 510°C; ×200

Another urgent task during the production of castings using the lost foam casting process is to deter-
mine the level of non-metallic inclusions of medium and large sizes in the metal of the products. It is im-
portant to know not only the level of contamination of the metal with non-metallic inclusions, but also their 
morphology, size, shape and reasons contributing to their formation. In this case, it will be possible to use 
certain technological measures that will reduce their number or change their shape, for example, convert 
non-metallic inclusions from an acute-angled shape to a globular one, which will significantly increase the 
physical and mechanical properties of the metal.

 Table 4.1 Heat treatment modes and physical and mechanical properties of 35KhGAFL steel

Heat treatment modes Physical and mechanical properties of steel

normalization, quenching °C, 
cooling medium

στ, MPa
tempering °C σв, MPa ψ, % KCU,  

J/cm2 Hardness, HRC

no less than

normalization at a tempera-
ture of 930°C, air

without tempering 600.0 850.0 22.0 72.0 20.0

510 600.0 850.0 24.0 82.0 22.5

550 600.0 890.0 24.0 82.0 22.0

600 605.0 915.0 23.0 67.0 25.0

quenching from a temperature 
of 930°C, water

510 1010.0 1150.0 20.0 75.0 31.0

550 795.0 980.0 27.0 84.0 26.0

600 850.0 1010.0 24.0 75.0 26.0

Requirements according to the technical 
specifications

450…750 550…900 15…30 55…75 ≥15
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The metal contamination index by non-metallic inclusions was determined by the linear method ac-
cording to the requirements [21, 22] on unetched sections made from steel blanks. The results of the nu-
merical values of each type of non-metallic inclusions and the total metal contamination index are given 
in Table 4.2.

 Table 4.2 Metal contamination index of multifunctional modules by non-metallic inclusions of different morphology 
and the total contamination index

No. Type of non-metallic inclusions Contamination index of 35KhGAFL steel

1 Nitrides 0

2 Oxides 0.001127

3 Silicates 0.000407

4 Sulfides 0.008800

5 Total steel contamination index 0.002414

Analysis of the obtained results of the study of non-metallic inclusions in the recommended 35KhGAFL 
steel allowed to establish that the general index of contamination of the cast metal of samples cut from 
real modules made using polystyrene foam patterns is at the level of  indicators for the metal of carbon 
steel products obtained using traditional casting technologies in one-time volumetric sand-clay molds [23].

Relatively large non-metallic inclusions of an oxide nature are observed in 35KhGAFL steel. Their ap-
pearance may be due to the presence of slag particles, since the samples were cut from the upper part 
of the cast module, or as a result of secondary oxidation of the melt during pouring the molds.

The heat treatment modes of the recommended steel do not significantly affect the morphology and 
number of non-metallic inclusions, with the exception of the normalization process. Prolonged cooling 
of the metal in air contributes to a partial redistribution of morphological types of inclusions — in particular, 
the proportion of sulfides increases, which is explained by a decrease in the solubility of sulfur in iron with 
a decrease in the temperature of the metal.

Based on the conducted studies, the optimal heat treatment regime is one that involves quenching 
from a temperature of 930°C in water with subsequent tempering at 510°C.

After such treatment, the steel is characterized by the following properties:
— tensile strength σᵥ — not less than 1150 MPa;
— yield strength σₜ — not less than 1010 MPa;
— relative elongation δ — 16%;
— relative narrowing ψ — 20%;
— impact toughness KCU — 70 J/cm²;
— hardness — 31 HRC.
The results obtained confirm that 35KhGAFL steel provides increased strength and ductility combined 

with good castability, which is crucial for the manufacture of thin-walled hollow elements of complex geo
metry [24].
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4.3	 DETERMINATION OF THE REINFORCEMENT INFLUENCE ON THE HYDRODYNAMICS OF MOLD FILLING 
AND THERMAL PROCESSES IN THE FUNCTIONAL FILLER

The influence of reinforcing steel elements and reinforcement directly from the liquid alloy of the shell 
on the hydrodynamics of mold filling and thermal processes in the functional filler was determined using com-
puter simulation. Successful computer simulation can help reduce the number of tests and reduce the time for 
developing new castings due to a better understanding of the complex mechanisms and interaction of various 
technological parameters in the mold filling process, especially in the gasified pattern casting process [25, 26]. 
In accordance with the tasks of implementing technologies for obtaining lightweight high-strength steel hollow 
structures with non-metallic and metallic functional filler, the following types of them were proposed:

1 — steel shell filled with non-metallic functional material;
2 — steel shell with non-metallic functional material, which is reinforced with metal elements that 

simultaneously combine the shell and functional material;
3 — steel shell with non-metallic functional material, which is reinforced by solidification in its channels 

of liquid alloy of the shell, which at the same time combines the shell and functional material.
Computer simulation of the processes of pouring and solidification of the lost foam casting was per-

formed using the Procast software. 3D drawings of the cell model of one element of the module (Fig. 4.6), 
gating system, reinforcement, core (functional filler) built in the CAD system were saved in IGES format and 
loaded into the simulation program. The element size when applying the mesh to the model, core and reinforce-
ment was set to 2 mm. The total number of calculated elements was 739 thousand. The following materials 
were set from the database: Steel AISI 1040 — for the alloy, Sand LFC — for the g mold, Foam 30 kg/m3 — for the 
model, Resin bonded sand permeable — for the core, Chill Carbon steel — for the reinforcement. The pouring 
temperature of the steel was set at 1580°C, the initial temperature of the mold, core, model and reinforcement, 
and the environment was 20°C. The heat transfer coefficients were set as follows: between liquid metal and 
foam — FOAMHTC 840, FOAMHTCMAX 10460, between liquid metal and mold/core — 500, between metal and 
reinforcement — 3000, between mold and core — 400. The boundary conditions were: inlet pressure on the 
upper surface of the riser 1.05 atm, temperature 1580°C, pressure around the mold 1 atm [9].

a cb d

 Fig. 4.6 General view of 3D models: a — cell; b — cell with membranes; c — reinforcement, d — core with channels
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Fig. 4.7 shows the process of pouring an experimental cell with a functional filler without reinforce-
ment. Under these conditions, the metal front moves from top to bottom with gradual spreading to the sides 
and the closing of two flows in the part opposite the supply point. In the case of the presence of polysty-
rene foam elements between the walls of the cell as a functional material, the nature of pouring is simi-
lar (Fig. 4.8). The presence of processes of filling thin channels of membranes (4x4 mm) is distinctive. Since 
the metal fills the cylindrical part of the cell, the metal enters each “beam” of the membrane from the main 
wall and moves to the point of their intersection.

 Fig. 4.7 The process of pouring an experimental cell (without reinforcement)

 Fig. 4.8 The process of pouring an experimental cell with thin channels for reinforcement
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The flow rate of liquid metal in the channels for reinforcement is shown in Fig. 4.9. At the beginning 
of filling the upper channel, the flow rate is about 2 cm/s. Then the speed increases to 4 cm/s. At the end 
of filling the channel, the speed briefly rises to 8 cm/s.

 Fig. 4.9 The flow rate of liquid metal in the channels of the functional filler: a — 4.8 s, b — 5.0 s, c — 5.1 s, 
d — 6.0 s, e — 6.1 s, f — 6.3 s

A similar picture occurs when filling the middle and lower partitions. At the beginning of filling the 
channels, the speed is 2—3 cm/s. Then the speed increases to 6 cm/s, and briefly rises to 10—12 cm/s. It is 
believed that the optimal speed is 3—4 cm/s. When the metal moves through thin channels, a high speed 
contributes to their filling, since at a low speed the flow may stop due to its cooling.
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Fig. 4.10, a shows the temperature fields of the longitudinal section of a casting with a functional filler, 
a casting with a functional filler and reinforcement (Fig. 4.10, b), a casting with membranes and a functional 
filler (Fig. 4.10, c).

 Fig. 4.10 Temperature fields (cell cross-section) during pouring: a — casting with functional material;  
b — casting with reinforced filler; c — casting with functional filler reinforced from the liquid phase of the shell metal

The nature of filling the casting cavity for the first two cases is the same. In the third variant, the 
nature of filling is somewhat different, which is associated with the presence of partitions. During pouring, 
the functional material is heated only in the contact zone to approximately 400oC. At the end of pouring, the 
upper part of the functional filler is heated to a depth of up to 2 mm to a temperature of 700oC.

Fig. 4.11 shows the temperature fields of the longitudinal section of the casting during solidification 
and cooling of the metal. Fig. 4.12 shows the solidification time of the section of the castings. 30 seconds 
after filling the casting, the functional filler is heated to a depth of up to 7 mm. Complete heating of the 
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functional filler in the first variant occurs in 180 s, in the variant with reinforcement — in 130 s, in the variant 
with reinforcement from the liquid phase of the shell metal — in 100 s.

The highest temperature to which the functional filler is fully heated in the first case is 850oC, in the 
case of using reinforcement — 1050oC, in the case of casting with membranes — 1150oC. Thus, the best con-
ditions for sintering the functional filler are created in the second two variants.

 Fig. 4.11 Temperature fields (cell cross-section) during solidification and cooling: a — casting with functional 
material; b — casting with reinforced functional material; c — casting with functional filler, which is reinforced 
from the liquid phase of the shell metal
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The presence of reinforcement or membranes affects the solidification processes (Fig. 4.12). The rein-
forcement acts as a refrigerator and reduces the solidification time of the casting by 11 s. The membranes 
harden quite quickly (12 s) and partially cool the casting, but reduce the solidification time of the casting 
by only 6 s.

 Fig. 4.12 Casting solidification time: a — casting with functional material; b — casting with reinforced functional 
material; c — casting with functional filler, which is reinforced from the liquid phase of the shell metal

The nature of filling the cell without membranes, determined on the basis of simulation, is typical 
for the upper feed for lost foam casting due to the presence of a polystyrene foam pattern, which exerts 
thermomechanical resistance. In the presence of membranes, significant changes in the nature of filling 
the main wall of the cell do not occur, due to the fact that the volume of the membranes is 3.5% of the total 
volume of the cell. However, the metal flow rate in the membranes is 3—4 times higher than the metal flow 
in the cavity of the main wall of the casting, which is due to hydrodynamic pressure.

The results of the study of the temperature fields of the casting and the functional filler during pouring, 
solidification and cooling of the metal showed that when using reinforcement and the presence of metal 
membranes, better conditions are created for sintering the functional filler due to the heat of the matrix 
metal.

The increase in the heating rate of the functional filler in the presence of steel reinforcement is asso-
ciated with the higher thermal conductivity of the steel, which is heated by the heat of the casting. In the 
case of a casting with membranes, they increase the area of the contact surface for heat exchange of the 
metal with the functional filler. In addition, the casting with membranes has a larger mass, respectively, the 
amount of heat transferred by the matrix metal to the functional filler increases.

Reducing the hardening time, i.e. increasing the hardening rate, creates conditions for increasing the 
mechanical properties of the casting.
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In addition to the hardening rate, the level of mechanical properties of steel is affected by the pres-
ence of casting defects, so the work analyzed the shrinkage that is formed in the cell casting. The shrink-
age fields of the first and third types of shells are presented in Fig. 4.13. The simulation results showed 
that in a casting without partitions, shrinkage is concentrated in the pouring part. At the same time, in a 
casting with a filler, which is reinforced from the liquid phase of the shell metal, shrinkage cavities are 
also present in the center of the partitions. This is explained by the formed “thermal node”, which occurs 
when six “beams” are connected, which solidifies without being fed with liquid metal from the main walls 
of the shell or pouring.

To prevent shrinkage in the center of the partitions, another design was proposed, in which the cen-
tral part has the shape of a ring. The simulation results of the solidification of this version of the casting 
(Fig. 4.14) showed that there is a certain porosity in the partitions (reinforcement formed from the liquid 
phase of the shell metal). However, the size of the shrinkage defects has significantly decreased compared 
to the previous version.

a b

 Fig. 4.13 Shrinkage fields: a — casting with functional filler; b — casting with functional filler reinforced 
from the liquid phase of the shell metal
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 Fig. 4.14 Porosity in a casting with a changed geometry of the reinforcement

Thus, the conducted studies have shown the feasibility of using solid reinforcement and reinforcement 
from liquid metal to increase the mechanical adhesion of the shell metal with the functional filler and create 
better conditions for its sintering for the purpose of strengthening.

4.3.2	 STUDIES ON THE SELECTION OF A FUNCTIONAL FILLER

The functional filler of the metal shell must satisfy several parameters — availability, low mass, refrac-
toriness, etc. At the same time, the filler must have sufficient hardness to resist the penetration of objects 
(fragments, bullets, etc.) into them, and have a low density so as not to significantly increase the total mass 
of the protective module.

The properties of some common materials (Table 4.3) that can be used as fillers are analyzed. The 
most accessible and cheap is quartz sand, which has a sufficiently high refractoriness and hardness, 
is characterized by a small bulk mass. Electrocorundum and silicon carbide are more refractory and hard, 
but they are more expensive and have a higher density. An accessible material that has a low bulk density 
is expanded vermiculite, but is characterized by low refractoriness and low hardness.
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 Table 4.3 Characteristics of non-metallic fillers

No. Name Chemical 
formula

Density, 
kg/m3

Bulk weight, 
kg/m3

Melting tem-
perature (fire 
resistance), oC

Mohs 
hardness

1 Crystalline quartz 
(quartz sand)

SiO2 2650 1400—1700 1713 (1650) 5.5—7.0

2 Electrocorundum Al2O3 3990 2400 2050 9.0

3 Expanded  
vermiculite

(Mg, Fe2+, Fe3+)3 [(OH)2 

(Al, Si)4·4H2O
380 200 ~1300 1.0—1.5

4 Silicon carbide SiC 3210 1900 2730 9.5

For practical testing of the behavior of functional fillers in combination with the shells of protective 
structures, cylindrical samples were filled with different fillers. Polystyrene cylinders were made — outer 
diameter 66 mm, inner 40 mm, height 50 mm. As fillers, quartz sand of fraction 0.16—0.2 mm, fraction 0.8—
1.0 mm, expanded vermiculite of fraction 1.0 mm, normal electrocorundum of fraction 0.8 mm (F24) were 
used. Liquid glass was used as a binder, which was added in an amount of 7% by weight of the core mixture.

8 samples of models with different fillers were made (Fig. 4.15):
1 — quartz sand of fraction 0.16—0.2 mm;
2 — a mixture of vermiculite and quartz sand of fraction 0.16—0.2 mm;
3 — quartz sand of fraction 0.16—0.2 mm mixed with aluminum shavings;
4 — quartz sand of fraction 0.8—1.0 mm;
5 — quartz sand of fraction 0.8—1.0 mm mixed with polystyrene granules;
6 — quartz sand of fraction 0.8—1.0 mm with polystyrene foam membranes;
7 — vermiculite;
8 — normal electrocorundum.

 Fig. 4.15 Cylindrical samples with different fillers
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The core mixtures were obtained by mixing the components until the refractory particles were com-
pletely “wetted” with liquid glass. Then the mixture was “stuffed” into the cylinder hole and left for 24 hours 
in a warm room to cure and dry the mixture. After that, the elements of the gating system were glued and 
a refractory coating was applied (Fig. 4.16, a). After the coating dried, the pattern blocks were molded in dry 
quartz sand using the traditional LFC technology. The molds were poured with liquid steel 45L. After the 
castings cooled, they were knocked out of the mold (Fig. 4.16, b) and separated from the sprues (Fig. 4.17).

a b

 Fig. 4.16 Samples: a — pattern blocks; b — casting bushes

 Fig. 4.17 Cast samples with different fillers

To study the interaction of fillers with the shell metal, a longitudinal section of the cylinders was performed 
(Fig. 4.18–4.20). Samples with quartz sand were characterized by metal penetration to a depth of 1 mm, and 
samples with a mixture of vermiculite and quartz sand — to a depth of 2—3 mm. Aluminum chips, which were 
added to the sand to “bind” the sand grains, melted only in a 5 mm thick layer adjacent to the shell metal.
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Coarse sand had larger porosity between the sand grains, which should contribute to better metal 
penetration. However, no significant increase in the penetration depth was observed, only within 1—2 mm. 
In the filler with the addition of polystyrene foam granules, the thickness of the penetration layer increased 
to 3 mm, but the cavities formed after the polystyrene foam granules burned out did not fill with metal. 
Moreover, the formed cavities reduced the filler’s resistance to spalling. When using polystyrene foam mem-
branes, the shell metal penetration layer into the filler increased to 3—4 mm.

Samples with expanded vermiculite had shells and were characterized by significant defects. This is ex-
plained by the low fire resistance of this filler. Because of this, the mixture with vermiculite also had high spalling.

In samples with electrocorundum filler, the penetration layer was 1—2 mm. These samples were also 
characterized by average spalling. The reason for this is that the material used consists of particles of the 
same fraction. For example, quartz sand by its nature consists of particles of different sizes. In this case, 
the binder creates more bonds, since small grains are located between large ones. Therefore, to increase 
the strength of corundum fillers, it is necessary to mix several fractions to get more bonds in the mixture. 
Also, samples with corundum had a greater mass than samples with quartz sand.

a b

c

Quartz sand 0.16-0.2 mm

Vermiculite + Quartz sand 0.16-0.2 mm

Quartz sand 0.16-0.2 mm + Al chips

Quartz sand 0.8-1.0 mm

Quartz sand 0.8-1.0 mm + Polystyrene foam granules

Quartz sand 0.8-1.0 mm + Polystyrene membranes

Vermiculite

Electrocorundum

 Fig. 4.18 Sections of cast samples with fillers
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 Fig. 4.19 Sections of cast samples with different fillers

a b

 Fig. 4.20 Section of samples with quartz sand filler and membranes obtained by liquid-phase reinforcement

The conducted studies have shown that a mixture of quartz sand with liquid glass is the most suitable 
functional filler for shell modules. Adding vermiculite to quartz sand may also be promising in order to re-
duce the mass of the cast module. The use of reinforcement of the filler from the liquid phase of the shell 
contributed to an increase in the metal penetration layer and the formation of a metal composite.
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4.3.3	 DEVELOPMENT OF TECHNOLOGY FOR MANUFACTURING MODULE CASTING

Taking into account previous experience in obtaining similar castings, a gating-feeding system was 
developed, the general view of which is shown in Fig. 4.21, for a 500x500 mm module casting. The lower 
metal supply was selected to ensure uniform filling and uniform gasification of the pattern. To compensate 
for shrinkage, a riser was placed above the casting.

riser

pattern
(casting)

sprue

gate

 Fig. 4.21 General view of the gating system

Simulation of the pouring and solidification processes of the module casting by lost foam casting was 
performed using the Procast software. 

The parameters necessary for simulation — the properties of 45L steel, polystyrene foam and quartz 
sand — were selected from the database. The pouring temperature of the steel was set to 1580°C, the initial 
temperature of the mold — 20°C.

The results of the simulation of pouring a casting of a module 500x500 are shown in Fig. 4.22. The 
total pouring time is 45 s. Filling occurs from one side of the gates. The metal front moves from right to left 
and from bottom to top simultaneously. This nature of pouring is due to the thermomechanical resistance 
of the polystyrene foam pattern.
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 Fig. 4.22 Hydrodynamics of pouring a casting of a module 500x500

An  important parameter of  the pouring process that affects the formation of  casting defects 
is  the melt velocity in  the mold. Therefore, the melt flow velocity when filling the casting cavity was  
investigated. 
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As the simulation results show (Fig. 4.23), the melt front velocity is within 3—5 cm/s throughout the 
entire pouring time. In the gate and the cell near it, the flow velocity reaches a value of 15 cm/s, which is due 
to the hydrodynamic pressure created by the metal in the sprue.

 Fig. 4.23 Melt velocity during pouring of the casting

The results of simulation the solidification process of  the casting showed that the solidification 
of the casting body occurs almost uniformly (within 60—90 s) (Fig. 4.24, a). The solidification time of the 
riser is twice as long, which contributes to the feeding of the walls of the casting with liquid metal from 
it. The sprue solidifies last, since it contains the hottest metal, and the layers of molding sand around 
it heat up during pouring, respectively, the temperature gradient between the sprue metal and the mold 
decreases, slowing down the solidification rate. As a result, shrinkage is concentrated in the riser and 
the sprue (Fig. 4.24, b).

The porosity in the casting was also studied. The simulation results demonstrated (Fig. 4.25) that the 
porosity of a shrinkage nature is absent in the casting body.
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 Fig. 4.24 Module casting: a — solidification time; b — shrinkage

 Fig. 4.25 Porosity in the 500x500 module casting

The gating system developed in this way ensures gradual and uniform gasification of the polystyrene 
foam pattern, contributing to the removal of destruction products from the mold. The melt front velocity 
of 3—5 cm/s contributes to the rapid replacement of the pattern, but allows to avoid the “coverage” mode 
of the pattern and the formation of gas defects due to this. During solidification, due to the equilaterality, 
the casting solidifies almost simultaneously, and shrinkage cavities are concentrated in the riser.



152

MODERN TRENDS IN CONSTRUCTION MATERIALS TECHNOLOGIES

4.3.4	 VERIFICATION OF THE TECHNOLOGICAL PROCESS

To verify the technological process of manufacturing hollow cast structures with composite and rein-
forced non-metallic functional filler from developed steels according to LFC, laboratory and experimental 
verifications of calculations, simulation and the developed route technological process were carried out.

In this test evaluation, the developed methods for calculating basic parameters and a set of technological 
divisions, types and characteristics of materials, limits of variation in the parameters of the technological pro-
cesses of obtaining polystyrene foam patterns, reinforcing composite, preparation and application of refractory 
coatings on these patterns, as well as pouring the mold and obtaining castings were subject to the developed 
test evaluation. A casting drawing was previously developed and a pattern was cut out of an EPS 150 (PSB 25—30) 
polystyrene board on a 3D milling machine, the cavity of which was filled with a reinforcing mixture (Fig. 4.26).

 Fig. 4.26 Polystyrene foam pattern of the protective module

In the following, the stages of the technological process were sequentially performed, steel of the 
required chemical composition was melted and high-quality castings were obtained (Fig. 4.27).

 Fig. 4.27 Reinforced steel castings of the protective module, which were manufactured using the 
developed technology
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Thus, the created technological processes for obtaining hollow cast structures with composite and re-
inforced non-metallic functional filler from developed steels using LFC make it possible to obtain reinforced 
structures that can be used in protective structures.

CONCLUSIONS

Based on the mechanism of interaction of matrix alloy (MA) in the mold in the presence of metal re-
inforcing elements with polystyrene foam pattern and thermal destruction products in the form of liquid, 
gaseous and solid phases, a computational model of heat and mass exchange processes was developed 
with the determination of the heat transfer coefficient in the criterion form (based on the Nusselt, Prandtl, 
Reynolds criteria) for the flow of liquid MA in the mold.

The task of developing a technological process for obtaining lightweight high-strength steel hollow 
structures with a non-metallic functional filler, which is a binary part of a single structure and counteracts 
impact dynamic loads upon contact with high-speed bodies, was solved. Additional reinforcement was 
carried out in the systems “metal shell — functional filler — solid reinforcing phase or reinforcing phase 
formed from liquid shell metal”, which has not yet been studied in the theory of foundry production, and 
therefore there are no analogues.

According to the results of research on the features of the hydrodynamic conditions for filling the mold 
cavity with liquid steel and in the presence of a solid reinforcing phase and thin channels formed in the 
functional filler, it was established that the time for filling the mold cavity is 7.5…8.0 s for all types of ob-
jects under study and the metal flow rate in the thin channels of the filler is 5..7 cm/s, which are optimal for 
obtaining steel shells when lost foam casting.

The presence of solid metal reinforcement and liquid, solidifying metal of the shell in its thin channels 
placed in the functional filler affects the heat and mass transfer processes in the mold. Thus, with intensive 
heating of the functional material due to heat transfer from the reinforcing phase, the functional material 
heats up during the solidification of the metal shell to a temperature of 1050oC in 130 s (solid state) and 
during the formation of the reinforcing phase from the shell metal to 1150oC in 100 s. Under such ther-
mophysical conditions, the possibility of sintering (melting) of the non-metallic (metallic) functional layer 
around the reinforcing phase is created and thereby significantly additionally enhances the operational 
characteristics of the binary module structure. 

It is also determined that the filling of the shell in the thin channels formed in the functional material 
occurs when pouring metal, which guarantees the specified geometric dimensions of the reinforcing phase 
and, accordingly, its mechanical properties, which also enhances the operational parameters of the binary 
module structure.

It was determined that a mixture of quartz sand with liquid glass is the most acceptable functional 
filler for shell modules. Adding vermiculite to quartz sand may also be promising in order to reduce the 
mass of the cast module. The use of filler reinforcement with the liquid phase of the shell contributed to an 
increase in the metal penetration layer and the formation of a metal composite.
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According to the results of research on the selection of the optimal chemical composition of steels 
with specified mechanical properties for hollow structures for the construction of  various types of 
modular protective structures, 35KhGAFL steel with the chemical composition, wt.%: C  =  0.30...0.40; 
Mn = 0.60...0.90; Si = 0.55...0.65; Cr = 0.20...0.70; N = 0.012...0.015; V = 0.08...0.11; S and P ≤ 0.025 of each 
element; Al = 0.015...0.025. It was established that the best set of mechanical properties for 35KhGAFL steel 
can be achieved after quenching from a temperature of 930°C in water and tempering at a temperature 
of 510°C: σv = 1150 MPa, στ = 1010 MPa, δ = 16%, ψ = 20%, KCU = 70 J/cm2, hardness — 31 HRC.

Technological processes for obtaining hollow cast structures with composite and reinforced non-me-
tallic functional filler from developed steels according to LFC have been created and tested, which make 
it possible to obtain reinforced structures, in particular for protective structures.
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