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components using a diverse range of alloys. However, this method is not without its drawbacks, including high manufacturing costs
and a significant rate of defective castings, which can reach up to 30 %. These defects primarily arise from the stresses imposed on the
wax patterns and ceramic molds,leading to their distortion. To address this issue, efforts have been made to reduce stress by employing
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can result in elastic deformation of the compacted material and subsequent alterations in the final product dimensions. To mitigate this
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pa3MepHOil U reoMeTPUYECKO TOUYHOCTU, CJIOXHON MPOCTPAHCTBEHHON KOHGUIrypalMu U3 IIMPOKOU HOMEHKJIATYpPbI CIJIABOB.
K Henoctarkam JIBM cienyeT OTHECTH MHOTOCTAaAMHOCTD MPOLECCa U BBICOKYIO CTOMMOCTh KOHEYHOI'0 POAYKTa, UTO Mpearnoa-
raeTt HeJIOMYCTUMOCTh Opaka, H0Jsi KOTOporo Moxet nocturath 30 %. bpak B JIBM mpenMyIiecTBEHHO BbI3BaH TeTI0(GU3NUECK -
MU SIBJICHUSIMU, COTTPOBOXIAIOIIUMU PSIJL TEXHOJIOTUUYECKUX OTIepallnil 1 00YCIOBIMBAIOIINMY HaJluuue HATIPSKEHU I B CTPYKTYpe
BOCKOOOPAa3HBIX U KEPAMUUYECKUX MAaTepHUaJIOB, UTO OlpenesieT nehopMalMOHHbIE TPOILIECCH B BHIIIJIABISEMbBIX MOACISIX U 000-
JOYKOBBIX hopmax. [Iisl yCTpaHEHU ST HETaTUBHOTO BIAUSHU S TeTI0(pU3nuecKoro hakTopa U CHUXKEHUST HAMTPSIXKEHU ! B CTPYKTypax
MPOMEXYTOUHBIX U3/EJIHIi MpoLecca, BhITJIaBasieMble MOAeTU (GOPMUPYIOT MPECCOBAHUEM MOPOLIKOB BOCKOOOPa3HbBIX MOJAETbHBIX
komno3uuuii. [Ipy 3ToM HepelleHHbIM OCTaeTCsl BOMPOC pejlaKcalluu HalpsKeHUil B MPEeCcCOBKaX, MPUBOASLIUX K YIPYTOMY OT-
KJIMKY YIJOTHEHHOTO MaTepuaja U, Kak CJeICTBMe, U3MEHEHUI0 pa3MepoB nosiydyaemoro usnenus. [lorck BapuaHTOB Haubojee
pauKMoHaJbHOro pexuma GopMupoBaHUsI NPECCOBKU NPUBEJ K HEOOXOAMMOCTHU NPOBENEHUSI CEPUM IKCIIEPUMEHTOB, B pe3yJbTare
KOTOPBIX MpeAIogaraeTcs JOCTUXEeHNe pejakcallui HallPSIXKeHU I G B YCJIOBUSIX TOCTOSIHHOM e opMaLiuy CKaTusl, OUCbIBAEMOTO
ypaBHeHueM Kosbpayuia. [TojiyueHHbBIE B X0/1e KCIIEPUMEHTA Pe3yJIbTaThl O3BOJIST IPOTHO3UPOBATh KOHEYHbBIE pa3Mephl MPecco-
BOK 1 ¢(hOPMUPOBATH MAaTEMATUYECKY IO MOEJb IpOoliecca, aKTyaJlbHY O 1JIs1 LIMPOKOW HOMEHKJIATYPbl BOCKOOOPA3HbIX MOAEbHbIX
MaTepuasoB, MpuMeHsieMbix B JIBM.

KoueBbie c0Ba: 5KcriepuMeHTaIbHOE MO POBAHKE, MAIIMHOCTPOUTEIbHbIE TTPOLIECCHI, TUTHE 11O BHITLJIABISIEMBIM MOJIENISIM, HATIPSI-
JKEHHO-Ie(OPMUPOBAHHOE COCTOSIHUE, TPECCOBKA, MOPUCTOCTD, YIPYTUil OTKIUK.

BaaronapuocTtu: PaboTa BbIIToTHEHa B paMKax rocyJapcTBeHHOro uHaHcupoBaHMsl XabapoBcKoro deaepalbHOro UCCIe10BaTeIbCKOIO
ueHtpa JABO PAH. MccienoBaHus nposeneHbl ¢ ucnoibzoBanueM pecypcoB LIKITH «LleHTp 00paGoTKU U XpaHEHU s HAyYHbIX JaHHBIX
J1BO PAH», bunancupyemoro Poccuiickoit @eneparnueii B tuile MUHUCTepCcTBa HAYKU U BhIciero obpasoBanus Poccuiickoii @enepa-
uuu 1o poekTy Ne 075-15-2021-663.
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Introduction

Various industries, including manufacturing, aero-
space, and shipbuilding, strive to maintain their com-
petitiveness by reducing production costs while ensur-
ing product quality. Renowned marine engine manu-
facturers (Wartsila, Caterpillar, Volvo Penta, MTU,
Cummins, etc.) achieve cost reduction through the
implementation of reuse and circular processes [1],
thereby ensuring long-term competitiveness. The in-
troduction of advanced technologies and innovative
manufacturing equipment may result in a significant
increase in the final product cost [2]. One approach to
cost control during the initial stages of manufactur-
ing, is the use of workpiece casting. For parts subject-
ed to cyclic mechanical and thermal loads, castings
should possess high structural strength [3] or hardness
[4]. Special requirements also apply to titanium alloy
castings and castings for offshore drilling equipment,
particularly when centrifugal casting is employed [5],
or high dimensional and geometric accuracy is ex-
pected.

In shipbuilding, ship propellers represent the largest
castings and are typically manufactured using eutec-
tic and near-eutectic high-entropy alloys. These alloys

offer high strength and ductility, making them suita-
ble for various operating temperatures [6]. Researchers
worldwide are dedicated to enhancing casting quality,
improving final product outcomes, and developing new
casting repair technologies [7—9].

Simulation plays a crucial role
high-precision casting and reducing defects, as well as
operating costs. For example, simulation tools (FEM,
volume difference method; vector element or vec-
tor gradient methods, etc.) can model the shrinkage
that occurs in sandy clay mold casting. The extent of
shrinkage is influenced by numerous thermophysical
properties of the alloy [10; 11]. It is important to verify
the simulation results through physical testing, as most
casting simulation tools rely on certain approximate
assumptions.

While several codes are available for analyzing con-
ventional sand and clay mold casting processes (e.g.,
casting of ship propellers and other large ship compo-
nents), only a limited number of tools can effectively
simulate special casting processes such as centrifugal
casting, injection molding, or investment casting [12].
Investment casting, in particular, presents significant

in achieving
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challenging for analysis due to the multitude of factors
that affect casting quality.

The investment casting process is a multi-stage pro-
cedure designed for manufacturing large, solid, com-
plex-shaped parts. In some cases, additional machining
processes are not required [13]. With the investment
casting process, castings up to 500 mm in size can be
produced with a wall thickness of up to 1 mm and a sur-
face roughness of up to R, = 1.25 pm. The ISO tole-
rance grade of the casting typically ranges from 11 to 16,
provided that the mold tolerances do not exceed grade
8or9.

The standard process for investment casting typically
involves the following steps:

— manufacturing and assembly of wax patterns;

— layer-by-layer formation of a ceramic shell around
the patterns;

— heating and removal of the wax from the mold;

— baking the mold and filling it with molten metal;

— machining of the final cast part.

During the investment casting process, there is a
volume variation in the part due to shrinkage or ther-
mal expansion, which can reach 10—14 %. To deter-

mine the necessary machining allowances for the
casting, it is essential to consider the thermophysical
processes involved in metal heating and cooling [14;
15]. These processes can potentially result in manu-
facturing defects. Investment casting is known for its
relatively high defect rate, which can be as high as
30 % [16; 17]. Several negative factors contribute to
these defects, including:

— changes in the temperature of wax pattern, leading
to surface delamination, shrinkage, or buckling once it
is placed into the mold;

— ingress of melted wax into the ceramic mold ma-
terial during the wax removal process, causing mold de-
struction during the baking or filling stages.

Figure 1 illustrates a flowchart depicting the occur-
rence of defects in investment casting. The flowchart in-
cludes the following stages:

I — wax shrinkage, resulting in distortion of the
casting geometry:

2 — cracks in the ceramic mold layers caused by the
thermal expansion of the wax during heating and re-
moval;

3 — wax expansion in the ceramic shell pores during

Fig. 1. Investment casting defect formation flowchart for a 5-layer ceramic shell mold

Puc. 1. Cxema nocieoBaTe IbHOCTU IOSIBJIEHU ST TUITMYHBIX 1€ (DEKTOB,
XapaKTEPHBIX IJIs1 pa3JIMUHBIX 3TAIOB MOJYy4YeHU s OTAMBOK MeToaoM JIBM, Ha mpumMepe 5-Ci10ifHOM KepaMu4ecKoit

000JI04KOBOI (hOPMBI
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baking, leading to ceramic fragments getting into the
casting;

4 — defect-free ceramic mold cavity.

To mitigate shrinkage-related issues, conventional
anti-shrinkage measures include using materials with
the required rheological properties or controlling such
properties, as well as casting within a narrow tempera-
ture range [18; 19].

Casting is a complex and costly process, and any de-
fects are deemed unacceptable, which has prompted the
exploration of alternative casting methods.

However, the utilization of new or improved wax
materials can result in additional expenses. Most com-
monly, oil paraffin waxes are employed along with v-
arious additives such as stearin, ceresin, rosin, and
brown coal wax. One commonly used wax is PS50/50,
which is a blend consisting of equal weights of paraffin
and stearin [13].

During the solidification of PS50/50 wax, stress-
es develop within the investment pattern, leading to
cracking and chipping. Consequently, enhancing
casting accuracy becomes challenging. To address
this issue, the preferable approach is to create invest-
ment patterns using wax powder due to its superior
manufacturability. This method helps reduce stress
and allows for improved accuracy, as the powdered
material can penetrate even the most intricate cavi-
ties [20; 21].

The cold compaction of wax powder in the casting
process introduces various factors such as interparticle
friction, friction against the mold walls [22], and tem-
perature rise. As the wax grains come into contact, they
melt and form a porous matrix that matches the confi-
guration of the mold cavity, thereby preventing shrink-
age defects in both the investment pattern and the mold
walls.

However, there are drawbacks of this process,
including potential geometry distortions when the
pressurized air is released and the compacted wax ex-
pands. Experimental measurements have shown that
the elastic deformation of the wax after the load is
removed ranges from 0.7 to 1.2 % in the direction of
compression and from 0.4 to 0.5 % in the transverse
direction [23]. Compared to liquid or paste-like ma-
terials, powder wax cores maintain their dimensions
more effectively [24; 25]. While acceptable casting
accuracy can be achieved with powder wax patterns,
there is still a need to address distortions through ex-

perimental studies on the elastic distortion of wax af-
ter compaction.

The extent of distortion is influenced by the rheo-
logical properties of the wax, including elasticity, plas-
ticity, strength, ductility, and creep. Cold compaction
can result in local overheated spots. The magnitude
of elastic distortion depends on the stress relaxation
time, which is affected by particle size, compaction
pressure, and rate. Stress levels increase with greater
compaction intensity. The study aimed to determine
the point at which the elastic deformation of a com-
pacted material under a constant load becomes ir-
reversible (plastic) [26; 27]. Initial findings revealed
that when the compaction (mold closing) rate ranges
from 0.25 to 1.5 mm/s, the distortion of powder wax
does not exceed 1.2 % in the direction of compaction.
The application of forced relaxation by allowing the
wax to dwell in the mold under load helps redistribute
stress and reduces distortion.

The objective of this study was to compare compu-
tational and experimental properties of wax powder to
predict dimensional deviations in porous wax patterns
relative to the mold cavity dimensions.

The research workflow involved the following steps:

— testing to obtain the stress vs. porosity relationship
for powder wax compaction;

— comparison of simulated stress values with actual
measurements;

— determination of the factors in the stress relaxa-
tion equation for powder wax patterns.

Materials and methods

In order to determine the stress () resulting from
variations in strain (€) over time (t), we applied the rheo-
logical equation:

flo,e,r) =0. 1))

For the compaction tests of the powder wax, a con-
stant compressive strain (¢ = const) was maintained [28].
During the compaction process, the local temperature
rises and reaches the melting point. As the load is re-
moved, the temperature decreases. The stress relaxation
(o) in the solidification region of the wax for a constant
strain (¢ = const) is described by the Kohlrausch equa-
tion [29; 30]:

6 = opexp~ 9, 2

where a and b (0 < b < 1) are constants at a given tempe-
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rature and pressure, ¢ represents the stress at time #; o) is
the relaxing component of the stress.

We estimated the factors of the Kohlrausch equation
that describe the relaxation properties of the compac-
ted wax using the experimental curves presented by Pav-
lov V. et al. [31]. For a porous body, the analytical expres-
sion for the relaxation curve is

6 = oy(P)exp~ ", 3)

where 6,(P) represents the peak stress at the compac-
tion puncheon when unloading begins for the given po-
rosity P.

The values t and k in the analytical equation of the
relaxation of the porous body are determined using the
least squares method. To do this, we denote the meas-
ured stress 6; at the moment #; and express it in terms of
o(P):6,= o(t;) /o,(P). Finding the parameters of expres-
sion (3) involves minimizing the generalized scattering
index. We applied the method of least squares not to the
original exponential function (2), but to its transformed
version (3). Since the values o; fall within the range
0 <o, < 1, then Ing; < 0, and therefore the scattering in-
dex can be represented as

0= é{m(— InG,;)-1In [— In(exp ™/ 03]}2 -

[ln( InG;)— klIn(z; / 'c)] “4)

ﬂM:

When selecting the experimental points, it is impor-
tante to consider that when unloading begins at 6;= 1
or at t = 0, expression (4) does not yet exist. However,
we can observe that exp T)k| =0 =0(ty) = 1. We equat-
ed the partial derivatives of Q with respect to T and &
to zero:

9O _ 3 [In(-1n3,)—kInz, J1% =
i=1

3|

®)

Q _ 5% [in(-1n3,)—kIn, /0)]In(t, /1) = 0.

i=l1

2|

By transforming system (5), we obtained the normal
equations in their standard form:

knln[ J+k21nt —Zln( InG,),
T i=1 i=1

(6)
kln( jilnt kS (Int,)? _zm( In3,)In,.
T

i=1

58

The solution to system (6) is

Zln( InG,; )Z(lnt) —Zln( InG,;)In¢, ZInt

kln[l :l =1 i=1 ;
T n n 2
nY (Int;)? —(Zlnt[j
i=1 i=1

Zln( InG,)In¢, —Zln( InG; )Zlnt
i=1 i=1

k= 5 . @)
S (Int,)? —(ilnzi]
i=1 i=1

Tis expressed as

Zln( InG,;)Iny, Zlnt —Zln( Ing, )Z(lnt)
i=1 i=1 i=1
T=exp .(8)

nZln( InG,;)In¢, —Zln( InG, )Zlnt

i=1 i=1

The k£ and t parameters of the Kohlrausch equa-
tion (3) were determined through experimental analysis
using equations (7) and (8).

For wax testing, we utilixed purified paraffin, spe-
cifically T1 grade, as well as a 1 : 1 mixture of paraffin
and stearin (PS50/50). These materials, classified as
Category 1 [13], are commonly employed in investment
casting. As the actual properties of the wax may devi-
ate from specified values (e.g., Solid Petroleum Paraf-
GOST 23683-89), we measu-
red the density (p) and Young’s modulus (£): for T1,
p = 0.86 g/cm3, E = 8191 MPa; for PS50/50, p =
=0.935 g/cm3, E=71.8 MPa. The melting points of T1
and PS50/50 waxes were determined using a Shimad-
zu DTG-60H differential thermal analyzer, employ-
ing a heating rate of 2 °C/min. The melting points were
found to be 58 °C and 52 °C, respectively. Due to the
relatively low melting points, we conducted the tests
within a narrow ambient temperature range of 20£2 °C

fins. Specifications.

to enhance accuracy.

The mold used in the experiments was construct-
ed from steel grade 45 (equivalent to US analog:
SA-29 1044). Its cavity took the form of a cylindrical
shape with an inner diameter of d = 43.3 mm. The
mold was assumed to be rigid and non-deformable.
The wax patterns were created using T1 and PS50/50
materials with particle sizes of 0.63 mm and 2.5 mm,
selected to optimize manufacturability. The bulk den-
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G

o(f)

Fig. 2. Loading and relaxation of T1 and PS50 wax powders

I — loading curve, IT — relaxation curve
1—mold, 2 — bottom, 3 — puncheon

Puc. 2. CxeMa HarpyxeHus 1 peJlakcalliy MOPOITKOBOT0 TeJia U3 BOCKooOpa3Hbix Matepuaios T1 u [1C50/50

I — xpuBas HarpyxeHusi, II — Kpuas pejakcaiuu
1 — nipecc-marpuua, 2 — oCHOBaHUe, 3 — npecc-MyaHCOH

Sity (Ppulks g/cm3) values were as follows: 0.360 (T1,
2.5 mm particle size); 0.320 (T1, 0.63 mm particle
size); 0.340 (PS50/50, 2.5 mm particle size); 0.310
(PS50/50, 0,63 mm particle size). The powder was
obtained by sieving through 026 sieves, resulting in
flake-shaped particles. Consequently, the existing
methods used for estimating the final properties of
compacted powders with spherical particles [32] were
not applicable in this case.

The porosity P of the compacted powders varied
within the range of 0 % < P < 12 %, with increments
of 2 %. To control the porosity, we manipulated the
deformation (¢) of the powder by moving the pun-
cheon at a rate of 1 mm/s untill the same height
matched its diameter (4 = d, as shown in Fig. 2).
Subsequently, we measured the stresses exerted on
the sample using an AG-X plus Shimadzu testing ma-
chine during a relaxation period of 60 minutes (from
fy to tgy). The maximum load applied was 250 kN.
Meeting the machine manufacturer’s specifications,
a tolerance of 0.03 % was maintained for a load of
100 kN and a deformation of 10 mm, ensuring relia-
ble test results.

Figure 2 illustrates the loading and relaxation pro-
cess applied to the wax powders during the formation of

porous compacted samples using T1 and PS50/50 mate-
rials. The porosity of the samples was determined using
the following formula

P=(1—p,/p)-100 %, 9)

where p, represents the density of the porous sample,
kg/m3; p represents the density of the solid cast sample,
kg/m’.

To determine the appropriate porosity range, we
evaluated the mechanical properties of the samples.
It was observed that samples with porosity exceeding
12 % exhibited low surface hardness and strength,
rendering them unsuitable for use. The wax powder
weight (M, kg) required to produce a sample with the
desired porosity P was estimated using the following

equation:
2
M:hpS l_i i .
100/ 4

In this case, » = d = 0.0433 m. We calculated
the necessary weights of T1 and PS50/50 waxes to
achieve the specified sample porosity using the fol-
lowing empirical relationships obtained from expe-

(10)

rimentation:
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MT] = —0,55P+ 55,
MPSSO/SO = —0,5959P + 59.59.

Once the height # was reached, the loading arm of
the AG-X plus Shimadzu machine remained stationary
for a duration of 60 minutes while the stresses were re-
corded. During this time, as the air within the sample
was expelled and the density redistributed, the stresses
experienced a reduction but were not always complete-
ly eliminated. Consequently, the dimensions of the
sample underwent changes due to the elastic reaction
of the compacted material, which can be quantified as
follows:

_(di~d)

i

0 -100 %, (11)
where O represents the elastic deformation, %; d and
d; denote the inner diameter of the mold and the height
of the i-th samples, respectively. These measurements
were obtained using a DIN 863 Vogel digital recorder
with an accuracy of 0.001 mm.

Furthermore, the AG-X plus Shimadzu determined
the compressive strength of the compacted samples at a
loading arm velocity of 0.1 mmy/s. This evaluation took
place after the samples were held at a controlled tempe-
rature of 20%2 °C for a period of 48 hours.

Discussion

Figure 3 displays the experimental findings, illus-
trating exponential relationships between the stress ¢
within samples composed of compacted T1 and PS50/50
powder waxes with particle sizes 2.5 mm and 0.63 mm,
respectively, and the porosity (as the controllable variab-
le). The figure also demonstrates the reliability of the
polynomial approximation 1R3 s5; 2R} ¢3; 3R3 s 1 4R3 ¢
for these specific samples.

Figure 3 demonstrates that the stresses observed in
samples with a particle size of 2.5 mm are higher com-
pared to those with a particle size of 0.63 mm across all
materials investigated. This relationship can be attribu-
ted to the higher bulk density exhibited by the 2.5 mm
samples in comparison to the 0.63 mm samples. Addi-
tionally, the compaction stress is influenced by the plas-
ticity of the powder, which, in turn, is influenced by the
melting point [33; 34]. Given that the melting point of
T1 is higher than that of PS50/50, the stress observed
in T1 is greater than in PS50/50. It was observed that
when the particle size of the T1 and PS50/50 materials

60

Gy, MPa
4

1R; 5 =0.9946
2R} 5 =0.9971
3R;,=0.9770
4R} ., =0.9901

(=)
o
o~
o
0
=

P, %

Fig. 3. Stress vs. porosity in the T1 and PS50/50 powder
wax samples

1—T1, 2.5 mm particle size; 2 — T1, 0.63 mm particle size;
3 — PS50/50, 2.5 mm particle size;
4 — PS50/50, 0.63 mm particle size

Puc. 3. CpaBHeHMe 3aBUCUMOCTEN HAIPSI)KEH U i1
OT MOPUCTOCTHU MPECCOBOK U3 MOPOIIKOB
BocKkooOpa3Hbix Matepuaion T1 u [TC50/50
pa3iuyHbIX (ppakuii

1—TI1, dpakims 2,5 mm; 2 — T1, dpakums 0,63 mm;
3 — I1C50/50, dpakmust 2,5 mm; 4 — T1C50/50, dpakiust 0,63 MM

increases four-fold within the range of 0 % < P <2 %,
the difference in stresses reaches 30 %. As P increases,
the difference diminishes.

From a practical standpoint, it is valuable to com-
pare the stresses observed in wax patterns with dif-
ferent particle sizes to the breaking stresses of the
experimental samples exhibiting the same porosity.
Figure 4 illustrates the relationship between the ul-
timate compressive strength (6.0m,) and porosity of
the cylindrical samples. It is evident that the breaking
stress increases with particle size. It can be conclud-
ed that while T1 samples exhibit greater resistance to
compression compared to PS50/50 samples, the latter
are sufficiently robust to endure the compressive loads
applied by the initial (uncured) layer of the refractory
shell.

To assess the compressive strength of compacted wax
patterns, we introduced the stress safety margin N omp.
This margin represents the ratio of the ultimate com-
pressive strength to the stress experienced during the
compression of the powder wax. The stress safety margin
can be calculated as follows:

Neomp = (Gcomp 100 %)/0y, (12)

where 6.4, represents the compressive strength, MPa;
aand o is the compression stress measured by the test
machine, MPa.
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Figure 5 illustrates the stress safety margin (Ngomp)
as a function of sample porosity within the range of 0 %
to 12 % for T1 and PS50/50 waxes, considering particle
sizes of 0.63 mm and 2.5 mm.

1R} =0.9841
2R} ¢, = 0.9903
3R;,=0.9942
4R}, =0.9720

0.4 T T T T T

0 2 4 6 8 10

Fig. 4. Ultimate compressive strength vs. porosity
in the T1 and PS50/50 powder wax samples

1—T1, 2.5 mm particle size; 2 — T1, 0.63 mm particle size;
3 — PS50/50, 2.5 mm particle size;

4 — PS50/50, 0.63 mm particle size

Puc. 4. CpaBHeHHMe 3aBUCUMOCTEI ITpenesia TpOYHOCTH
Ha CXaTue OT MOPUCTOCTU MPECCOBOK U3 MOPOIIKOB
BOoCK0ooOpa3HbIX MaTepuaioB T1 u I[1C50/50
pa3anyHbIX GpaKUil

1—TI1, dpakius 2,5 mm; 2 — T1, dpakums 0,63 Mmm;

3 —T1C50/50, dpakuus 2,5 Mm;

4 —T1C50/50, dpaxuus 0,63 mm

100 %
1R} =0.9656
7 2R =0.9052
804 3R;;=0.9931

4R}, =0.9946

N
(=]

P, %

Fig. 5. Stress safety margin vs. porosity of T1 and PS50/50
powder wax samples

1—T1, 2.5 mm particle size; 2 — T1, 0.63 mm particle size;

3 — PS50/50, 2.5 mm particle size;

4 — PS50/50, 0.63 mm particle size

Puc. 5. CpaBHeHUe 3aBUCUMOCTEI IToKa3ares
MPONOPLUOHAIBLHOCTU HANIPSIKEHU U OT TOPUCTOCTHU
TIPEeCCOBOK U3 IMTOPOIIKOB BOCKOOOPa3HbIX MaTepuaiioB T1
u [1C50/50 paznuuHBIX ppakInii

1—TI, dpakums 2,5 mm; 2 — T1, dpaxuus 0,63 mm;

3 —T1C50/50, dpakuus 2,5 mm;

4 — T1C50/50, dpaxums 0,63 Mm

Using Fig. 5, we can predict the compressive strength
of a wax pattern by using the stress safety margin value.
For example, if we have a T1 wax sample with a parti-
cle size of 0.63 mm and a porosity of 8 %, the ultimate
strength Gy, is estimated to be 57 % of the o stress
applied during wax compaction.

Additionally, when measuring the relaxation stresses
o; in the samples following compression, we observed
significant changes in o©; values within a maximum
of 25 minutes for all particle sizes. The time required
for o; to decrease is longer for samples with a porosi-
ty of 2.5 mm compared to those with a particle size of
0.63 mm, particularly in cases of higher porosity. Over-
all, the relaxation period for PS50/50 wax samples is
shorter compared to T1 wax samples. The table presents
the experimentally determined values of k and 1 for the
Kohlrausch equation (obtained from equations (7) and
(8)) for samples with 0 % and 12 % porosity. It is note-
worthy that k and 1T decrease as the porosity increases
for all materials. By substituting the values of £ and <
into the analytical expression (3), we can obtain the pre-
dicted relaxation curves.

Figure 6 displays the estimated and experimental re-
laxation periods for the T1 (Fig. 6, a and b) and PS50/50
(Fig. 6, ¢ and d) samples, considering particle sizes of
2.5 mm and 0.63 mm, respectively.

Figure 6 illustrates that the experimental o; stress
values, which occur as the compacted material is un-
loaded, decrease slightly faster than predicted by the ex-
ponential law. It was observed that significant changes
(more than 90 % reduction) in the experimental c; values
are achieved within the first 5 minutes and 10 minutes
of holding under load for the samples with 12 % and
0 % porosity, respectively. This pattern holds true for all
wax grades and particle sizes. Generally, the trends of
the estimated and experimental o; values align closely
with each other.

Conclusion

The study revealed several key findings regarding the
compaction and behavior of wax patterns. Firstly, it was
observed that the stresses measured during the compac-
tion of larger 2.5 mm particle size powder samples were
higher than those of the 0.63 mm particle size samples
for all materials. This discrepancy can be attributed to
the higher bulk density of the 2.5 mm particle size wax
compared to the 0.63 mm particle size wax, as well as
differences in the elastic properties and melting points.
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Experimental k and t values for the Kohlrausch equation

PacuerHbie mapameTphl k£ 1 T a8 ypaBHeHMs1 Kosibpayiiia, onpenesieHHbIE 10 3KCTIEPUMEHTATbHBIM TaHHbBIM

Analytical
Wax grade Particle size, mm Porosity, % expression variables
k T
2.5 0 0.729 3.034
2.5 12 0.589 1.478
T1
0.63 0 0.568 2.058
0.63 12 0.375 0.706
2.5 0 0.722 3.250
2.5 12 0.401 1.023
PS50/50
0.63 0 0.566 2.453
0.63 12 0.313 0.742
G,, MPa G, MPa
a
3 -
1\
\
\
24 \\3
\

0 5 10 15 20 7, min 0 5 10 15 20 7, min

T T T - r 1

0 5 10 15 20 7, min

5 10 15 20 T, min

Fig. 6. Experimental and estimated stress vs. relaxation period curves for different wax grades and particle sizes
a—T1, 2.5 mm particle size; b — T1, 0.63 mm particle size; ¢ — PS50/50, 2.5 mm particle size; d — PS50/50, 0.63 mm particle size
1,3—-P=0%;2,4P=12%

Solid curves — estimated, dashed curves — experimental

Puc. 6. CpaBHeHME dKCIIEPUMEHTAJIbHBIX U pACYETHBIX SKCITOHEHIIMAIbHbIX 3aBUCUMOCTE! HaTIPSIXKEHU I
OT BPEMEHM peJsiakcalluy IMPECCOBOK AJIs pa3IMUHbIX MaTepUaioB U (hpakinii

a—TI1, dpakunmsa 2,5 mm; b — T1, dpakius 0,63 mm; ¢ — [1C50/50, dpaxuus 2,5 mm; d — T1C50/50, dpaxums 0,63 mm
1,3—P=0%;2,4—P=12%

CIUTIOLIHBIE KPUBBIE — PACYET, IITPUXOBbIE — SKCIIEPUMEHT
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Additionally, the compressive breaking stress was
found to be dependent on both sample porosity and par-
ticle size. The proposed stress safety margin provides a
means to predict the compression strength of compacted
wax patterns.

By utilizing the Kohlrausch equation, exponential
relationships were established to describe the stress
decrease over time. It was noted that the measured o;
stresses occurring as the compacted wax is unloaded
exhibited a slightly faster decrease than predicted by
the exponential law. Significant changes in o; were
mostly completed within the first 5 to 10 minutes of
holding under load. A zero stress reading after relax-
ation indicated the absence of elastic deformation and
confirmed the preservation of the required sample di-
mensions.

The research outcomes have practical implica-
tions for predicting the final dimensions of compacted
powder wax patterns and enhancing the accuracy of
investment casting. The proposed casting process in-
volves the utilization of wax powder with particle sizes
ranging from 0.63 mm to 2.5 mm, replacing the use of
liquid or paste wax. The wax patterns are compressed
and subsequently held under load. The resulting wax
patterns exhibited improved quality, with no defects
such as shrinkage, surface waviness, or buckling. The
porosity of the samples was evenly distributed, reduc-
ing mold shell deformation during wax removal and en-
hancing the resistance to cracking, ultimately leading
to improved casting quality.
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