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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



CHAPTER 4. CAST STRUCTURES WITH COMPOSITE AND REINFORCED NON-METALLIC FUNCTIONAL FILLER

145

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.
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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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