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Аннотация. Высокие требования, предъявляемые к качеству поверхности и сложности геометрии металлоизделий, конструкций и узлов 

деталей, получаемых из широкой линейки цветных и черных сплавов, определяют востребованность литья по выплавляемым моделям 
(ЛВМ) как метода, обеспечивающего номенклатуру изделий ответственного назначения для нужд авиа-, судо-, и машиностроения. К ряду 
«узких» мест в реализации процессов ЛВМ можно отнести значительное число технологических операций, каждая из которых сопро-
вождается явлениями теплофизической природы, требующих коррекции, что в конченом итоге определяет высокую стоимость литья. 
Сложность представляют такие явления, как усадка модельного материала, его температурное расширение на стадиях выплавления из 
керамической формы, определяющее проникновение модельной массы в поры керамики и способное повлиять на появление поверх-
ностных дефектов, химический состав и структуру сплава будущей отливки. На устранение отмеченных недостатков направлен процесс 
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Abstract. The high demands placed on the surface quality and geometric complexity of metal products, structures and parts produced from a wide range 

of non-ferrous and ferrous alloys determine the demand for investment casting as a method that provides a range of critical products for the needs 
of aircraft, ship building and mechanical engineering industries. A number of “bottlenecks” in the implementation of investment casting processes 
include a significant number of technological operations, each of them is accompanied by phenomena of a thermophysical nature that require 
correction, and it ultimately determines the high cost of casting. The difficulties arise from phenomena such as shrinkage of the pattern material, its 
thermal expansion during melting from a ceramic mold, which determines penetration of pattern mass into ceramic pores and can affect the appea-
rance of surface defects, the chemical composition and structure of the alloy of future casting. The process of forming a porous surface on wax 
patterns without shrinkage defects by pressing powders of waxy materials is aimed at eliminating the noted shortcomings, which ensures the required 
geometry of the compacts and absence of deformation effects on ceramics of the model material at the stage of its melting. Widespread use 
of the method is hampered by the lack of information about the features of stress control in the compact body determining the magnitude of elastic 
response of the compacted material, which is an order of magnitude less than thermal shrinkage. The paper presents the results of an experimental 
study of influence of the compression rate of powder materials on the stress-strain state of pressed wax patterns formed in a closed matrix, as well 
as on the strength of these compacts. 
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 Introduction

A key feature of modern industrial enterprises specia-
lizing in the production of products for the automotive, 
aircraft, and shipbuilding industries is the high demand 
for metals and the increased production of high-quality 
cast products with the required set of characteristics, 
driven by the use of energy- and material-efficient tech-
nologies [1 – 4]. 

In these sectors, it is crucial to reduce costs at all 
stages of the technological cycle, especially in the forma-
tion of castings for high-precision and complex-shaped 
parts made from a wide range of alloys [5].

One of the most in-demand methods for obtaining pre-
cision cast blanks from a variety of structural steels and 
alloys is investment casting (IC), which allows the cre-
ation of complex-shaped products by combining separate 
parts into all-cast assemblies [6; 7]. The versatility of this 
method makes it suitable for producing both thin-walled 
castings of relatively small mass and cast products with 
linear dimensions of up to 500 mm [8 – 10].

The surface of such castings can achieve a roughness 
of up to Ra = 1.25 µm, meet quality grades 11 – 16, and 
achieve mold cavity dimensional tolerances of no more 
than grades 8 – 9 according to GOST 25347–82 “Basic 
norms of interchangeability. Unified system of tolerances 
and fits. Tolerance fields and recommended fits”.

Like any technological sequence, IC has its draw-
backs, largely due to the large number of operations 
involved, which are characterized by a certain degree 
of irreparable defects. These factors ultimately increase 
the cost of the final product and complicate the calcula-
tion and modeling of the IC process outcomes [11].

The most widely used sequence in IC processes 
includes the following operations [12]: 

– manufacturing of wax models and elements of the 
gating and feeding systems by injection of the model com-
position (melt or paste) into the corresponding mold, fol-
lowed by the assembly of all elements into model clusters;

– layer-by-layer application of ceramic coating 
to the model cluster and drying of the ceramic shell;

– melting of the pattern material from the ceramic 
shell, followed by its firing and pouring of molten metal.

A significant problem is the negative impact of ther-
mophysical phenomena, which result in changes in mate-
rial volume due to thermal expansion or shrinkage. These 
phenomena accompany many of the technological opera-
tions mentioned above. Combatting shrinkage defects, 
characteristic of IC processes, which manifest both in 
the alloy of the casting body [13; 14] and during the pro-
duction of wax models [15; 16], presents several techno-
logical challenges. The solution primarily involves ensur-
ing a narrow pouring temperature range and controlling 
the solidification conditions of both the molten metal and 
the model mass. 

For instance, during the cooling phase of the wax mass 
in the formation of the wax pattern, volumetric shrinkage 
can reach 14 %, manifesting on the surface in the form 
of sink marks, wrinkles, and waviness, requiring addi-
tional resources to correct these defects [17]. Preventing 
such defects is only partially achieved by optimizing pro-
cesses at the design stage, strictly controlling the injection 
temperature of the pattern materials, and improving their 
compositions, which helps reduce the thermal expansion 
coefficient [18 – 21]. Geometrical distortion in castings 
can also occur due to the poor wettability of the wax 
model surface by the materials forming the ceramic 
shell [22]. The thermal expansion of the pattern material 
during its melting from the shell is also a cause of shell 
integrity violations [23]. The issue of low crack resistance 
in ceramics is sometimes addressed by reinforcing them 
with various materials and inserts [24]. After achieving 
the required ceramic thickness, shell molds are often 
subjected to a de-waxing process, typically performed 
by autoclaving. This operation also carries certain risks 
of damage to the inner layers due to the thermal expan-
sion of the pattern material, which penetrates the pores 
of the ceramic during melting [25]. Residual wax mate-
rial in the ceramic layers can affect the structure and sur-
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face properties of the casting. These issues necessitate 
increased allowances for mechanical processing, leading 
to higher metal consumption.

The researchers from the Laboratory of Problems 
of Creation and Processing of Materials and Products at 
the Khabarovsk Federal Research Center of the Far Eas-
tern Branch of the Russian Academy of Sciences have 
proposed a comprehensive solution to the aforemen-
tioned problems related to the thermal expansion of pat-
tern materials. The solution involves forming wax patterns 
either entirely or their surface (in the case of producing 
wax patterns for bimetallic castings, where the surface is 
formed by pressing pattern material powder onto a steel 
frame) through cold pressing of fractions of waxy pat-
tern materials. This approach allows for the creation 
of a pressed structure with porosity of up to 12 %, with 
the outer surface configuration corresponding to the shap-
ing cavity of the mold [26; 27].

This method of forming wax patterns ensures that 
the pattern material penetrates complex shaping cavities 
of the press matrix and achieves the required density in 
sections of the compact [28; 29]. Pressed wax patterns 
are distinguished by the absence of such casting defects 
as shrinkage, waviness, or geometric distortion. During 
the stage of model removal from the ceramic mold, these 
models do not deform the shell, and the pattern material 
does not penetrate its structure, thereby ensuring its crack 
resistance. The absence of pattern material in the pores 
of the ceramic ensures predictable structure and surface 
properties of the final casting.

A drawback of the presented process is the potential for 
dimensional changes in the compact due to the unloading 
of the pattern material and the release of air trapped dur-
ing compaction. The magnitude of the elastic response 
of the compacted material after the load is removed 
can reach 0.7 – 1.2 % in the pressing axis direction and 
0.4 – 0.5 % in the transverse direction, which, although 
significantly lower than the values of volumetric shrink-
age, still requires a special approach to eliminate this 
phenomenon [30]. The mechanical strength of porous 
pressed wax patterns is lower than that of traditional 
models but is compensated by higher thermal stability.

The magnitude of the elastic unloading of the com-
pacted material largely depends on its rheological char-
acteristics: elasticity, plasticity, strength, viscosity, etc. 
During the compaction of a plastic powder body with-
out external heat sources, the temperature in local sec-
tions of the compact material increases. Thus, reducing 
the valu es of elastic unloading depends on both the com-
paction speed and the stress relaxation time [31; 32]. 
In view of the aforementioned, the production of pressed 
wax patterns or their elements with predictable dimen-
sions and minimal geometric distortions relative 

to the press mold cavity appears to be a relevant task in 
the pressing of waxy pattern material powders.

In previous works [33; 34], various solutions were 
proposed for addressing the issues related to the pres-
sing modes that ensure stress relaxation in the compacts, 
and consequently, a reduction in the elastic after-effect 
of the compacted material. However, the comprehensive 
study of the influence of compaction speed modes of waxy 
powder materials in a closed press mold on the stress-strain 
state of the compacts, as well as the final strength and nature 
of their failure, is presented here for the first time. 

Thus, the purpose of the present work is to deter-
mine the influence of the movement speed of the press 
punch during the deformation of powder bodies com-
posed of waxy pattern materials on the stress-strain state 
of the compacts formed in a closed matrix. 

To achieve this goal, the following tasks were 
addressed in the study:

– experimental determination of the stress dependen-
cies accompanying the stages of compaction and unload-
ing of compacts with porosity ranging from 0 to 10 %, as 
a function of time, at various press punch movement rates 
and fractions of waxy powder materials;

– experimental determination of the ultimate com-
pression strength as a function of the porosity of sam-
ples formed from fractions of waxy powder materials 
at various press punch movement rates, and evaluation 
of the influence of pressing conditions on the nature 
of compact failure.

 Methods for conducting the study

In the experimental part of the study, which involved 
forming the compacts and recording stresses during their 
compaction and failure, the reliability of the measured 
stress values was ensured by using the Shimadzu AG-X 
Plus testing machine. The specified characteristics of this 
machine, as regulated by the manufacturer, include a per-
missible deviation of 0.03 % at a load of 100 kN and 
a deformation of 10 mm. Fig. 1 shows the working area 
of the testing machine, located between the stationary 
lower support 1, which holds the press matrix 2 (fitted 
with a punch), and the moving rod 3. The press matrix 
is made of steel grade 45 in the form of a hollow blind-
bottom cylinder with an inner diameter of d = 44 mm 
and a wall thickness of 4 mm, which, within the scope 
of this experiment, allows it to be considered non-defor-
mable. The mold cavity was filled with a calculated dose 
of waxy powder material required for each experiment. 
For the experimental tasks, waxy powders commonly 
used in investment casting processes, corresponding 
to the first classification group of model compositions, 
were employed [6]:
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– refined paraffin of grade T1, with a melting point 
of 60 °C and a density of ρТ1 = 0.86 g/cm3 in the cast 
state;

– PS50/50 (a paraffin-stearin alloy in a 1:1 ratio), 
with a melting point of 52 °C and a density of ρPS50/50 = 
= 0.935 g/cm3 in the cast state. 

The melting point and density of the materials in 
their cast state are essential for ensuring the accuracy 
of the experimental data. These values slightly differ from 
the characteristics specified by relevant GOST standards 
(for example, “Petroleum solid paraffins. Specifications. 
GOST 23683–89”) and were determined experimentally. 
The melting points of T1 and PS50/50 were prelimina-
rily determined using the Shimadzu DTG-60H differen-
tial thermal analyzer during the heating of these materials 
at a rate of 2 °C/min [17]. Since the materials used in 
the study are low-melting, the experiments were con-
ducted at ambient temperatures of 20 ± 2 °С. The pow-
der fractions of the waxy materials mentioned above 
were obtained by sieving through model 026 sieves in 
the technologically preferred standard size range of 0.63 
to 2.5 mm [33]. Using smaller fractions is impractical due 
to the high tendency of the material to cake, and using 
fractions larger than 2.5 mm may, in some cases, lead 
to the formation of “arches” in the inner sections of com-
plex-shaped molds, causing uneven material distribution 
and, as a result, compacts with zones of local over-com-
paction. The bulk density values (ρbulk) depend on the type 

and fraction of the materials and are as follows: for T1 
with a fraction of 2.5 mm, ρbulk = 0.360 g/cm3; for T1 with 
a fraction of 0.63 mm, ρbulk = 0.320 g/cm3; for PS50/50 
with a fraction of 2.5 mm, ρbulk = 0.340 g/cm3; and for 
PS50/50 with a fraction of 0.63 mm, ρbulk = 0.310 g/cm3. 

To reduce the effect of friction between the mate-
rial and the inner surface of the press mold on the stress 
values that occur during compaction, the mold ca vity 
was treated with kerosene. The uniform distribution 
of the material within the volume of the powder body 
placed in the press mold was achieved by pre-vibrating it 
for 5 min at a frequency of 3.5 Hz. After the vibration pro-
cess, the experimental materials were compacted at press 
punch movement speeds of 0.5 mm/s and 1.5 mm/s, 
which were controlled by the movement of the crosshead 
of the universal testing machine AG-X Plus Shimadzu. 
As a result of the uniaxial movement of the punch, a com-
pact was formed in the lower part of the press mold, with 
final dimensions satisfying the condition: d = h = 0.44 m 
(where h is the final height of the compact). 

The dose of waxy powder material was determined by 
the final porosity of the compacts, which in the experi-
ment varied in increments of 2 % within the range 
0 % ≤ P ≤ 10 %, depending on the mechanical charac-
teristics of the compacts. For example, in preliminary 
experiments, it was found that compacts with porosity 
P > 10 % exhibited reduced strength.

The porosity of the compact was calculated using 
the formula 

       (1)

where ρp is the density of the compact, kg/m3, and ρc is 
the density of the cast material, kg/m3.

It is evident that compacts with a porosity of P = 0 % 
will have a density equal to the density of the material in 
its freely cast state, which for materials of grades T1 and 
PS50/50 ρcТ1 = 0.86 g/cm3 and ρcPS50/50 = 0.935 g/cm3. 

The mass М of the waxy powder material required 
to form a compact with the desired porosity was deter-
mined based on the condition 

               (2)

The Table presents the values of the mass and bulk 
density of the powdered materials of grades T1 and 
PS50/50 used in the experiment to form compacts with 
final porosity in the range of 0 % ≤ P ≤ 10 %.

From the data presented in the Table, it is evident that 
the values of the final porosity of the compacts, in this case 
confined within the volume of a cylindrical cavity with 
a diameter and height of 44 mm, determine the mass and bulk 

Fig. 1. Press matrix and working area of the testing machine

Рис. 1. Пресс-матрица и рабочая зона тестовой машины
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density values of the powdered materials used in the experi-
ment. These factors, combined with the material fractions, 
account for the varying heights of the powder filling in 
the shaping cavity of the press matrix and, consequently, 
the differences in the deformation values of the compacted 
powder bodies. Thus, it is clear that at equal press punch 
movement rates, the time required to obtain compacts with 
different final porosity values will vary.

Fig. 2 presents the experimental dependencies 
of the deformation of powder bodies composed of T1 and 
PS50/50 materials with fractions of 0.63 and 2.5 mm, as 
a function of the compaction time to achieve porosity val-
ues of 0 % ≤ P ≤ 10 %, with press punch movement rates 
of 1.5 mm/s (a) and 0.5 mm/s (b). These dependencies 
are shown in different colors. The equations correspond-
ing to each curve are displayed in the same color scheme 
on the graph. For each curve shown in Fig. 2, the porosity 
values decrease from 10 to 0 % as the compaction time 
increases (i.e., from left to right).

It can be seen from Fig. 2 that the deformation magni-
tude of the compacted powder bodies for compacts with 
all porosity values does not exceed 60 %. Additionally, 
larger fractions of homogeneous materials exhibit higher 
bulk density values and, consequently, slightly lower 
final deformation values. 

Once the height h was reached, the crosshead 
of the testing machine was fixed, and the stresses were 
recorded. One of the factors affecting the geometry 
of the resulting porous wax patterns is the magnitude 
of residual stresses in the compact material. Therefore, 
after the compaction process was completed, the samples 
were held under load with the press mold elements closed 
for 15 min. Preliminary experiments established that this 
amount of time is sufficient for stress relaxation to 90 % 
or more [33]. 

Next, to determine the maximum stresses correspond-
ing to the failure of the samples and the nature of their 

Values of masses and bulk density of waxy materials powders 

Значения масс и насыпной плотности порошков воскообразных материалов

Porosity, %
Filling mass, g / Bulk density, g/cm3

Т1 ПС 50/50
0 57.51/0.8600 62.52/0.9350
2 56.36/0.8428 61.27/0.9163
4 55.21/0.8256 60.02/0.8976
6 54.06/0.8084 58.77/0.8789
8 52.91/0.7912 57.52/0.8602
10 51.76/0.7740 56.27/0.8415

Fig. 2. Dependence of powder body deformation on time of its compaction when moving the press punch 
at a rate of 1.5 mm/s (a) and 0.5 mm/s (b): 

1 – Т1, fraction 0.63 mm; 2 – PS50/50, fraction 0.63 mm; 3 – Т1, fraction 2.5 mm; 4 – PS50/50, fraction 2.5 mm

Рис. 2. Зависимости деформации порошкового тела от времени его уплотнения при перемещении пресс-пуансона 
со скоростью 1,5 мм/с (а) и 0,5 мм/с (b): 

1 – Т1, фракция 0,63 мм; 2 – ПС50/50, фракция 0,63 мм; 3 – Т1, фракция 2,5 мм; 4 – ПС50/50, фракция 2,5 мм
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failure, the resulting compacts were subjected to a com-
pression test, as shown in Fig. 3. 

The stresses arising during the determination 
of the compressive strength of the experimental cylin-
drical compacted samples were also recorded using 
the AG-X Plus Shimadzu testing machine. Since waxy 
powder materials are not structural materials and there 
are no standards for this type of testing, the movement 
speed of the testing machine’s crosshead was selected at 
22 mm/min, in accordance with GOST 4651–2014 “Plas-
tics. Compression testing method”. 

Based on the data obtained from the series of experi-
ments, the dependencies of the stresses accompanying 
the stages of material compaction and unloading on time, 
as well as the stresses arising during compression tests as 
a function of the porosity of the samples formed at vari-
ous deformation rates, were plotted.

 Results and discussion

The waxy model compositions used in the present 
experiment have a relatively high yield point [34], which 
naturally influences the nature of the compaction process 
of the powder body and the formation of the final pro-
perties of the compact. During the forming of materials 
with significant plasticity, the stages of the pressing pro-
cess occur simultaneously, and the sections of the curves 
characterizing the compaction stages overlap with each 
other. Thus, in the case under consideration, the stages 
of the forming process in a closed press matrix (typi-
cal of the sequential stages of ideal compaction), such 
as structural deformation of the powder body, pressure 
increase without an increase in compact density, and sub-
sequent plastic deformation distributed throughout its 
volume, have no clear boundaries.

As a result of the experiment, the stress depen-
dencies accompanying the compaction and unloa-
ding stages of the compacts, with final porosity values 
of P = 0 – 10 %, were determined as a function of time, 
using various press punch movement speeds for fractions 
of waxy powder materials.

Fig. 4 shows the stress dependencies accompany-
ing the compaction stages up to a porosity value of 0 % 
and the unloading stages as a function of time for com-
pacts made from T1 and PS50/50 materials with fractions 
of 0.63 mm (a) and 2.5 mm (b). Fig. 5 shows similar 
stress dependencies for the processes of forming com-
pacts with a porosity of P = 10 %.

The sections of the dependencies shown in Figs. 4 
and 5 that lie in the region of negative time values charac-
terize the compaction processes of waxy powder bo dies. 

Fig. 3. Placing an experimental cylindrical sample in the testing 
machine during a compression test

Рис. 3. Размещение экспериментального цилиндрического образца 
в тестовой машине при испытании на сжатие

Fig. 4. Dependences of the stresses accompanying the stages 
of compaction to a porosity of 0 % and outloading of compacts from 

materials of grades T1 and PS50/50 with a fraction  
of 0.63 mm (a) and 2.5 mm (b) on time: 

1 – Т1, rate 1.5 mm/s; 2 – PS50/50, rate 1.5 mm/s; 
3 – Т1, rate 0.5 mm/s; 4 – PS50/50, rate 0.5 mm/s

Рис. 4. Зависимости напряжений, сопровождающих стадии уплот-
нения до значения пористости 0 % и разгрузки 

от времени прессовок из материалов марок Т1 и ПС50/50 
фракций 0,63 мм (а) и 2,5 мм (b): 

1 – Т1, скорость 1,5 мм/с; 2 – ПС50/50, скорость 1,5 мм/с; 
3 – Т1, скорость 0,5 мм/с; 4 – ПС50/50, скорость 0,5 мм/с
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The peak stress values arising during the compaction 
of powder bodies are indicated by numbers on the graph.

It can be seen from Fig. 4 that an increase in the press 
punch movement rate leads to an increase in the stress 
values required for forming the compacts. Moreover, 
the compaction of the T1 powder material is characterized 
by slightly higher stress values compared to the compac-
tion of the paraffin-stearin material PS50/50, which exhi-
bits greater plasticity. The material fraction of the pattern 
material (at the press punch movement rates used in this 
experiment) significantly influences the stress values aris-
ing during the compaction of the powder body, primarily 
under conditions of pressing bodies with low porosity. 
Thus, the largest stress values arising during the compac-
tion of the powder bodies examined in this experiment are 
determined by conditions where the powder body con-

sists of the largest fraction, compaction occurs at higher 
press punch movement rates, and the required final poro-
sity value is minimal.

It is evident that at higher press punch movement rates, 
the deformation time is reduced. However, the reduc-
tion in residual stress values does not directly depend on 
the press punch movement rate during the compaction 
of the experimental powder bodies. 

A combined analysis of the data presented in Figs. 4 
and 5 shows that as the porosity increases to 10 %, 
the stresses required for compacting the compacts 
decrease. The changes in the stress values presented in 
Fig. 5, depending on the material, press punch move-
ment rate, and powder fraction, follow a pattern simi-
lar to the dependencies shown in Fig. 4. It is also appa-
rent that residual stress relaxation of more than 90 % 
is charac teristic of all compaction variations after just 
10 min of holding in a confined state. Overall, it should be 
noted that the residual stress values after 15 min of hol-
ding the compacts under load do not exceed 0.25 MPa for 
compacts with P = 0 % and 0.12 MPa for compacts with 
final porosity P = 10 %.

According to previously obtained experimental 
results [33], which aimed to determine the stress valu es 
arising during the failure of experimental samples as 
a function of their porosity, it was established that 
the stresses at failure are higher the lower the porosity 
and the larger the fraction of the material from which 
the compacts are formed. However, the effects of com-
paction speed during the production of the compacts and 
material fraction on compressive strength and the nature 
of sample failure were not addressed.

In the experiment aimed at determining the ulti-
mate compression strength, it was necessary to estab-
lish the dependence of this parameter on the porosity 
of the samples formed by the deformation of powder 
bodies composed of fractions of the waxy materials T1 
and PS50/50 at various press punch movement speeds 
in a fixed mold. Fig. 6 shows the third-order polynomial 
dependencies of the determined parameter as a function 
of the porosity of samples formed at various press punch 
movement speeds. The reliability values of the polyno-
mial approximation of the ultimate compression strength 
of the samples are indicated by the symbols .

Analysis of the data presented in Fig. 6 reveals that 
the stresses arising during the failure of experimental 
samples under compression are dependent on the maxi-
mum stress values required for compacting the samples. 
Thus, the higher the press punch movement rate and 
the larger the material fraction (with identical pre-set 
va lues of final compact porosity), the higher the stress 
value during pressing and, consequently, the higher 
the compressive strength at sample failure. 

Fig. 5. Dependences of the stresses accompanying the stages 
of compaction to a porosity of 10 % and outloading of compacts 

from materials of grades T1 and PS50/50 with a fraction 
of 0.63 mm (a) and 2.5 mm (b) on time: 

1 – Т1, rate 1.5 mm/s; 2 – PS50/50, rate 1.5 mm/s; 
3 – Т1, rate 0.5 mm/s; 4 – PS50/50, rate 0.5 mm/s

Рис. 5. Зависимости напряжений, сопровождающих стадии 
уплотнения до значения пористости 10 % и разгрузки от времени 

прессовок, формируемых из материалов марок Т1 и ПС50/50 
фракций 0,63 мм (а) и 2,5 мм (b): 

1 – Т1, скорость 1,5 мм/с; 2 – ПС50/50, скорость 1,5 мм/с; 
3 – Т1, скорость 0,5 мм/с; 4 – ПС50/50, скорость 0,5 мм/с
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During the experiment, a visual assessment of the 
failu re patterns of the experimental compacts was also 
conducted, and the influence of factors such as pressing 
speed, material fraction used in the experiment, and final 
compact porosity was determined. It is worth noting that, 
during visual observation of the compacts’ deformation 
under compression, the material fraction and press punch 
movement rate during their formation had a minimal 
impact on the failure process. Fig. 7 shows the most typi-
cal failure patterns of compacts with minimal and maxi-
mal porosity values formed from PS50/50 material.

As shown in Fig. 7, samples with 0 % porosity typi-
cally exhibit barrel-shaped deformation under compres-
sion, indicating a more ductile type of failure. In contrast, 

samples with 10 % porosity tend to fail in a trapezoidal 
shape, with cracks forming at angles of approximately 
60° to the horizontal base, suggesting a more brittle 
failu re.

Overall, it can be concluded that while compacts made 
from T1 material demonstrate better resistance to compres-
sion compared to those made from PS50/50, the PS50/50 
compacts still possess sufficient strength to withstand 
compressive loads during the application of the initial 
(uncured) layers of the refractory shell. The experimental 
data on the failure patterns of the compacts are intended 
to assist in determining the design, mass, and dimensions 
of wax patterns and/or their components produced using 
powder material molding techniques.

Fig. 6. Dependences of ultimate compression strength on porosity of the samples from fractions 
of materials of grades T1 (a) and PS50/50 (b) at different rate of press punch movement: 

1 – fraction 2.5 mm, rate 1.5 mm/s; 2 – fraction 0.63 мм, rate 1.5 mm/s; 
3 – fraction 2.5 mm, rate 0.5 mm/s; 4 – fraction 0.63 мм, rate 0.5 mm/s

Рис. 6. Зависимости предела прочности на сжатие от пористости образцов, сформированных из фракций материалов 
марок Т1 (а) и ПС50/50 (b) при различных скоростях перемещения пресс-пуансона: 

1 – фракция 2,5 мм, скорость 1,5 мм/с; 2 – фракция 0,63 мм, скорость 1,5 мм/с; 
3 – фракция 2,5 мм, скорость 0,5 мм/с; 4 – фракция 0,63 мм, скорость 0,5 мм/с

Fig.7. Nature of destruction of compacts formed at a rate of press punch movement of 0.5 mm/sec: 
a – PS50/50, P = 0 %, fraction 0.63; 
b – PS50/50, P = 10 %, fraction 0.63

Рис. 7. Характер разрушения образцов прессовок, сформированных при скорости перемещения пресс-пуансона 0,5 мм/с: 
а – ПС50/50, П = 0 %, фракция 0,63 мм; 
b – ПС50/50, П = 10 %, фракция 0,63 мм
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 Conclusions

As a result of a series of experiments involving 
the loading of waxy powder materials, holding the formed 
compacts in a confined state, and their failure, the influ-
ence of the press punch movement rate on the stress-
strain state of the compacts formed in a closed mold was 
determined. 

Through experimental determination of the stress 
dependencies accompanying the stages of compaction 
and unloading of compacts with a porosity of 0 – 10 % 
over time, at various press punch movement rates and 
material fractions of waxy powder materials, the follow-
ing was established: 

– reducing the specified values of the final compact 
porosity leads to an increase in the stresses arising during 
the compaction of waxy powder bodies and is also deter-
mined by the use of larger material fractions and compac-
tion at higher pressing rates; 

– the press punch movement rate plays a less signifi-
cant role in the magnitude of the residual stresses of com-
pacts in a confined state after compaction than the final 
porosity of the compacts. As a result, in the compaction 
of experimental powder bodies, the residual stress valu es 
after 15 min of holding the compact in a loaded state 
do not exceed 0.25 MPa for compacts with P = 0 % and 
0.12 MPa for compacts with final porosity P = 10 %.

The analysis of the experimental data showed that 
increasing the press punch movement rate and increasing 
the fraction of the material being pressed leads to higher 
stress values at the failure of the experimental samples 
under compression. The final porosity of the compacts 
and the nature of the compacted material have a greater 
influence on whether the compacts fail in a ductile or brit-
tle manner than the material fraction and pressing rate.

The results of this research are intended to help deter-
mine the design, mass, and dimensions of wax patterns 
and/or their components produced using powder material 
molding methods, ultimately leading to improved dimen-
sional and geometric accuracy of the castings.
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