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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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NMPUMEHAEMbIX B TOYHOM NIUTbBE
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AHHomayus. Bricokue TpeOOBaHUs, MPEIbsBISEMbIE K KaUeCTBY MOBEPXHOCTH M CIOKHOCTH T€OMETPUU METAIUIOU3/IENHH, KOHCTPYKIUH 1 Y3JI0B
JieTajel, IoJy4aeMbIX U3 IIMPOKOH JIMHEHKH IIBETHBIX U YEPHBIX CIUIABOB, ONPEACISIOT BOCTPEOOBAHHOCTD JINTHS 110 BBIIIABISIEMBIM MOJIEIISM
(JIBM) kak meTo/1a, 00eCIieunBaOIIero HOMEHKIIATYPY U3ACIUi OTBETCTBEHHOTO Ha3HAYCHUS IJIsl HY’K/I aBUa-, Cy/J10-, 1 MammuHocTpoeHus. K psity
«y3KHX» MECT B peayu3anuy npoueccoB JIBM MOXHO OTHECTH 3HAYUTEIBHOE YMCIO TEXHOJIOTHYECKHUX ONEpAaIMi, KaKaas U3 KOTOPBIX COIpO-
BOXK/ACTCS SBJICHUSIMU TETIO(GU3UIECKOH TPUPOIBI, TPEOYIOIMX KOPPEKIMH, YTO B KOHYCHOM UTOTE ONPEAENseT BHICOKYIO CTOMMOCTD JIUTBSI.
CJ0KHOCTB TPECTABIISIOT TAKNE SBJICHHS, KaK yCcaJKa MOJCIBHOTO Marepuala, ero TeMIepaTrypHOe paclIMpeHHe Ha CTaVsIX BBIIUIABICHUS W3
KepaMuueckoi (hOopMbl, Onpenessiomnee NPOHNKHOBEHHE MOJICNIBHOW Macchl B MOPbI KEPAMUKH U CHOCOOHOE IMOBJIMATH HA MOSIBICHHUE MOBEPX-
HOCTHBIX JI6()eKTOB, XUMHYECKHI COCTaB M CTPYKTYpy CIlIaBa Oyayrieil ommBky. Ha ycTpaHeHHe OTMEYEHHBIX HEO0CTAaTKOB HAIIPABJICH MPOLIECC
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(bOpMHpOBaHPIH HOpHCTOﬁ TMOBEPXHOCTHU BBITUIABJISIEMON MOJICTH 0e3 ycaaO4YHbIX JICQ)CKTOB IIyTEM IIPpECCOBaHUs ITOPOLIKOB BOCKOO6pa3HLIX
MOJCJIBHBIX MAaTepHaloB, 4TO obecrieunBaeT Tp€6yCMyIO TECOMETPUIO MIPECCOBOK U OTCYTCTBHEC Z[e(bOpMaHI/IOHHOI‘O BO3HeﬁCTBHﬂ Ha KEpaMHuKy
MOJECJIBHOI'O Marepuajia Ha CTaJluU €ro BbIIJIABJICHUA. H_IHpOKOMy pacnpoCTpaHCHUIO METOoAA NMPENATCTBYET HEAOCTATOK CBC}leHI/Iﬁ 00 0cobeH-
HOCTAX YIIPaBJICHUS HAIIPSDKCHUAMHA B TEJIC IIPECCOBKH, OMPCACIIIONINMU BEINYUHY YIIPYIOoro OTKJIMKA YINIOTHSIEMOI'O Marepuala, KOTOpLIﬁ Ha
TIOpAZIOK MEHBIIE, Y€M TCIUIOBas ycaJKa. B pa60Te TMPEACTABJICHBI PE3YJIbTAThI SKCIIEPUMEHTAJIBHOI'O ONPEACIICHUS BIUAHUSA CKOPOCTHU YILIOT-
HCHUS IMMOPOIIKOBBIX MOJCIbHBIX MATCPUAJIOB HA HaHpS[)I(eHHO—Z[e(bOpMI/IpOBaHHOC COCTOSIHUEC IIPECCOBAHHBIX BBITIABIISICMbBIX MOL[GHefI, (1)0pMI/Ipy—

€MbIX B SaKpLITOﬁ MaTpule, a TAaKXKE Ha IPOYHOCTb TaKUX IIPECCOBOK.

Knawuessle cio8a: OKCIEPUMEHTAJIBHOC MOACIUPOBAHNUC, MATUMHOCTPOUTEIIbHBIC IIPOLECCHI, JINTHE IO BBIIIABIAEMBIM MOICIIAM, Hanpﬂmeﬂﬂo-ne(bop-
MHPOBAHHOC COCTOSIHUE, IIPECCOBKA, IIOPUCTOCTD, pryTI/Iﬁ OTKJIMK, IPOYHOCTH

Bbaazodaprocmu: PaboTa BBINONHEHA B paMKax roCcyIapCTBEHHOTO 3a1aHust VIHCTUTYTa MalIMHOBE/ICHHS U MeTaILTypruu XabapoBckoro deepaibHOrO
uccrenoparenbckoro neHrpa JIBO PAH. B pabore ucnons3oans! poro @upcosa C.B.

/Jlnsi yumupoeanus: bornanosa H.A., Xunun C.I. BausHue pe)XnuMOB YIUTOTHEHHUS] BOCKOOOPA3HBIX MOPOIIKOB Ha HAMPSHKEHHO-1e(OPMHPOBAHHOE
COCTOSTHHE TTPECCOBOK, MPUMEHSEMBIX B TOUHOM JINThE. HM36ecmus 8y306. Yepnaa memannypeus. 2024;67(5):593-603.
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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 R, = 1.25 um, meet quality grades 11 — 16, and
achieve mold cavity dimensional tolerances of no more
than grades 8 — 9 according to GOST 2534782 “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;
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— 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 values 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 /, 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 p,, =0.86 g/cm® 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 p,qs)so =
=0.935 g/cm? 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 °C. 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 (p, ) depend on the type

&) SHIMADZU

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

Puc. 1. Ilpecc-marpuua 1 padodasi 30Ha TECTOBOH MaIlIUHBI
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and fraction of the materials and are as follows: for T1
with a fraction of 2.5 mm, p, . = 0.360 g/cm’; for T1 with
a fraction of 0.63 mm, p_ , = 0.320 g/cm?; for PS50/50
with a fraction of 2.5 mm, p, , = 0.340 g/cm’; and for
PS50/50 with a fraction of 0.63 mm, p, . =0.310 g/cm?.

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 cavity
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 aresult 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 = /4 = 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

p :(1—‘)—"}100 %, )
P

where p_ is the density of the compact, kg/m?, and p_ is
the density of the cast material, kg/m?.

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 p_;, = 0.86 g/cm? and p _,q5,/5, = 0.935 g/em’.

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

P \( nd?

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
adiameter and height of44 mm, determine the mass and bulk
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Values of masses and bulk density of waxy materials powders

3HaveHHUs1 MacC M HACBHINMHOM MJIOTHOCTH MOPOIIKOB BOCKOOOPAa3HbIX MaTepPUAJIOB

. Filling mass, g / Bulk density, g/cm?
Porosity, %

T1 I1C 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

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 2 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

60 p
y=0.7408x +27.476 y=0.2417x + 28.143
y=0.7978x + 25.622 y=0.2665x + 25.551
56 + y=0.8286x+24.709 F y=0.2761x+24.722
y=0.8824x +22.900 y=0.2939x +22.921
°
g o -
:
S 48} L
o 1 I
44 - G B J’
40 ’ | | | | ’ | | | | | |
20 25 30 35 40 45 60 70 80 9 100 110 120

Time, s

130

Time, s

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 —T1, fraction 0.63 mm; 2 — PS50/50, fraction 0.63 mm; 3 — T1, fraction 2.5 mm; 4 — PS50/50, fraction 2.5 mm

Puc. 2. 3aBucumocT 1ehopMaIii MOPOIIKOBOTO Tejla OT BPEMEHH €T0 YILUIOTHEHHSI TIPH [EPEMELICHAH MTPEeCC-IyaHCOHa
co ckopoctbio 1,5 mm/c (a) u 0,5 mm/c (b):
1—TI1, dpakuus 0,63 mm; 2 — I[1C50/50, ppakums 0,63 mm; 3 — T1, ppaxmwms 2,5 mm; 4 — T1IC50/50, bpakius 2,5 mm
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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.

Jl 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.
[ 3

e

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

Puc. 3. Pa3mMelnieHre 9KCIIePUMEHTAIBHOTO IMITHHAPUIECKOro o0pasua
B TECTOBOM MAIIIMHE TIPU UCTIBITAHUU Ha C)KATHE
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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 bodies.
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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
0f 0.63 mm (a) and 2.5 mm (b) on time:
1 —TI, rate 1.5 mm/s; 2 — PS50/50, rate 1.5 mm/s;
3 —TI, rate 0.5 mm/s; 4 — PS50/50, rate 0.5 mm/s

Puc. 4. 3aBUCUMOCTH HaPsDKEHUH, COMPOBOXKAAIONINX CTAIUH YILUIOT-
HEHHMs /10 3HaYeHus nopuctoctr 0 % u pasrpyskn
OT BPEMEHH MPEeCcCOBOK n3 Matepuanos Mapok T'1 u [IC50/50
¢bpaxuuii 0,63 MM (a) u 2,5 MM (b):
1—T1, ckopocts 1,5 mm/c; 2 — I1IC50/50, ckopocts 1,5 mm/c;
3 —T1, ckopocts 0,5 mm/c; 4 — [IC50/50, ckopocts 0,5 Mmm/c



I1ZVESTIYA. FERROUS METALLURGY. 2024;67(5):593-603.
Bogdanova N.A., Zhilin S.G. Influence of compression modes of waxy powders on stress-strain state of compacts used in precision casting

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-
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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
0f 0.63 mm (@) and 2.5 mm (b) on time:

1 —TI, rate 1.5 mm/s; 2 — PS50/50, rate 1.5 mm/s;

3 —TI, rate 0.5 mm/s; 4 — PS50/50, rate 0.5 mm/s

Puc. 5. 3aBHCUMOCTH HANPSKEHUH, COTTPOBOKAAOIINX CTAIUN
YIUIOTHEHHsI 10 3HaueHus opuctoct 10 % U pa3rpy3Kku OT BpeMeHH
MIPECCOBOK, popMHUpyeMbIX n3 MaTepuaioB Mapok T1 u [1C50/50
¢bpaxuuii 0,63 MM (a) u 2,5 MM (b):
1—TI, ckopocts 1,5 mm/c; 2 — TIC50/50, ckopocts 1,5 mm/c;

3 —T1, ckopocts 0,5 mm/c; 4 — [1C50/50, ckopocts 0,5 Mmm/c

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 characteristic 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 values
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 R”.

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
values of final compact porosity), the higher the stress
value during pressing and, consequently, the higher
the compressive strength at sample failure.
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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 mm, rate 1.5 mm/s;
3 — fraction 2.5 mm, rate 0.5 mm/s; 4 — fraction 0.63 mm, rate 0.5 mm/s

Puc. 6. 3aBucuMOCTH TIpe/iesnia IPOYHOCTH Ha CKATHE OT MMOPUCTOCTH 00pa3IioB, CHOPMUPOBAHHBIX U3 (paKIMii MaTepPHUAIOB
mapok T1 (a) u [IC50/50 (b) mpu pazianvHBIX CKOPOCTAX MEPEMEIICHUSI PECC-ITyaHCOHa!
I — dpakuust 2,5 mm, crkopoctsb 1,5 mm/c; 2 — dpakius 0,63 mm, ckopocts 1,5 Mm/c;
3 — dpakuys 2,5 mm, ckopoctsb 0,5 Mmm/c; 4 — ppaxuust 0,63 MM, ckopocTts 0,5 Mmm/c

During the experiment, a visual assessment of the
failure 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
failure.

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.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

Puc. 7. Xapakrep pa3pylieH#s 00pa3IoB MPeccoBOK, CHOPMUPOBAHHBIX MTPU CKOPOCTH TIEpeMeIlieH s Tpecc-myaHcona 0,5 mm/c:
a—T1C50/50, IT = 0 %, ¢ppaxmus 0,63 mm;
b —TIC50/50, IT= 10 %, bpakius 0,63 Mmm
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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 values
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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