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Abstract: In the investment casting process, in addition to wax patterns, water-soluble salt patterns made of urea are also used. It is known
that urea-based patterns provide high strength and allow the patterns to maintain their shape even if the temperature in the foundry increases.
However, due to environmental and production-related reasons, there is currently a growing demand for transitioning to a technological
process involving colloidal silica binder. This transition presents challenges related to the manufacturing of ceramic shell molds due to the
interaction between the pattern compound and the colloidal silica binder slurry. This study examines the effectiveness of protective coatings
based on repair wax, varnish (AK 593), and varnish with rosin, applied to water-soluble urea-based patterns containing additives such as
magnesium sulfate, potassium nitrate, polyvinyl alcohol, and dimethylglyoxime. The degree of interaction was assessed by measuring the
wetting angle and the spreading area of the colloidal silica binder over the surface of pattern samples with various coatings. It was found
that all coatings contributed to an increase in the wetting angle and a reduction in the spreading area. Additionally, ceramic molds and
castings made of nickel superalloy were produced using a series of pattern compounds with protective coatings. The surface roughness and
dimensional accuracy of the castings were evaluated. It was demonstrated that the protective properties of the repair wax-based coating were
insufficient, leading to the formation of cracks and sagging in the mold. This resulted in penetration defects in the castings and a significant
decrease in dimensional accuracy. In contrast, when using coatings based on varnish and varnish with rosin, no defects were observed in the
mold or castings, making these coatings recommended as protective solutions for urea-based pattern compounds in contact with colloidal
silica binder slurries.
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Aunotanus: [1py U3roTOBJIEHUU OTIMBOK METOIOM JIUThS O BBIMJIABISIEMBIM MOIEISIM HAPSITY C BOCKOBBIMU BBITIJIABISIEMBIMH UC-
MOJIB3YIOT U BOIOPACTBOPUMBIE COJIEBbIe MOJIEJIM Ha OCHOBE KapbaMuaa. M3BecTHO, 4TO KapOaMUIHbIe MOJIEJIbHbIE MacChl 00ecmey -
BalOT BLICOKYIO IIPOYHOCTD U MO3BOJISIOT COXPaHSITh (POpMy MOJeJieil 1axke B cJiydae MOBBILICHUS TeMIIepaTyphl B Liexe. TeM He MeHee B
CHJTY DKOJIOTUUECKHX U IPOU3BOACTBEHHBIX IPUUMH B HACTOSIIIEE BPEMsI aKTyaIbHBIM SIBJISIETCS IIEPEXO Ha TEXHOJIOTUIECKUIA TIPO-
1IeCC ¢ MPUMEHEHMEM TOTOBBIX BOAHBIX CBSA3YIOIIMX Ha OCHOBE CUJIMKa30Jsl. [Ipy 3TOM BO3ZHMKAIOT MPOOJIEMBbI, CBSI3aHHbBIC C U3r0-
TOBJIECHUEM KePaMMYECKOU 000J0YKOBOI (hOPMbI, N3-3a B3aMMOAEHCTBHSI MOAEIbHON MACChl U CYCITEH3MU Ha BOAHOM CBSI3YIOILEM.
B pa6ote paccMoTpeHa 3¢ (HEeKTUBHOCTD 3alIMTHBIX MOKPBITUI Ha OCHOBE PEMOHTHOTO BockKa, jaka (AK 593) u naka ¢ KaHUGOJIbIO,
HaHECEHHBIX Ha BOAOPACTBOPMMBIEC MOJIEJIM Ha OCHOBE KapbaMuaa ¢ jo0aBKaMu CyJib(aTa MardHusi, HUTpaTa Kajaus, MOJUBUHUIO-
BOTO CIIUPTA U AUMeTUITInOKcMMa. CTereHb B3aUMOACHCTBH S OLEHUBAJIK 110 KPaeBOMY YIJIy CMAauMBaHUS U TJIOIIAAN pacTeKaHUs
BOJHOTO CBSI3YIOIIETO IO MOBEPXHOCTU 00pa3110B MOACTBbHBIX MACC C Pa3IMUYHBIMU MTOKPBHITUSIMU. BBIJIO yCTAHOBJIEHO, YTO BCE MOKPbI-
THsI 00€CIeYNBAIOT yBEJMYEHNE KPaeBOTo yIja CMauyMBaHMsI M YMEHbIIEHUE ILUIOMAAN pacTeKaHus. Takxke ¢ UCIOJb30BaHUEM PsiIa
MOJI€JIbHBIX COCTABOB C 3aIIMTHBIMU MOKPBITUSIMHU ObLIH MOJTYyYEHBI KepaMUdecKue hOpMbI U OTIMBKH U3 HUKEJIEBOr0 KapOIpOYHOTO
crjaBa, JAJs KOTOPBIX OLEHUBAJU IIEPOXOBATOCTh U Pa3MEPHYIO TOYHOCTh. BBIJIO TTOKa3aHO, YTO B CJIyyae HaHECEHUsI TTOKPBITHS Ha
OCHOBE PEMOHTHOI'0 BOCKA 3alllMTHBIE CBOMCTBA HEJOCTATOUHBI, YTO MIPUBOJMT K MOSIBJIEHU IO TPELIMH ¥ HATJIBIBOB B (popMme. B oTinBke
3TO BbIpaxaeTcsi B 00pa30BaHUM MEXaHUYECKOro IpUrapa M 3HauMTeJIbHOM CHUXEHU U pa3MepHOi TOYHOCTH. B ciyvyae nmpuMeHeHU s
MMOKPHITAI Ha OCHOBE JIaKa M JIakKa ¢ KAHU(OIBIO KAKUX-TH00 1eeKTOB B GOpMe UK OTIMBKE HE HAOIIOAAETCSI, U UMEHHO 3TH IOKPBI-
THSI MOXXHO PEKOMEH/IOBATH B KAYECTBE 3aIUTHBIX IIPU UCIIOJIb30BaHMU MOIEIbHBIX COCTABOB HAa OCHOBE KapbaMuaa U CyCIIEH3UI Ha
OCHOBE BOJHBIX CBSI3YIOIIKX.

KitioueBbie ¢J10Ba: TUThE 110 BbITIIABISIEMbIM MOIECIIAM, Kap6aMI/IILHI)IC MOAECJIbHBIC MAaCChl, PACTBOPUMBIEC COJIEBBIC MOJIC/IIN, BOOHBLIC CBS-
3YIOIIHUE, 3aIUTHBIC ITOKPBITUSI, KpaeBOﬁ yroja cMaunMBaHUA.

BaarogapHoctu: PaGoTta BbIMOJHeHa NMpu (GUHAHCOBOU Tomaepxkke MUWHUCTepCTBa HayKu M Bbiclero obpa3oBaHus Poccuiickoii
O®enepannn B pamkax [loctanosnenust [lpaBurenbctBa PO Ne 218 ot 09.04.2010 r. mo corjlalieHUIO O MPENOCTaBICHUM CYOCHIMU
Ne 075-11-2022-023 ot 06.04.2022 1. «Co31aHue TEXHOJOTUM U3TOTOBJIEHUSI YHUKAJIbHBIX KPYITHOrabapUTHBIX OTIIMBOK M3 KapoIpoy-
HBIX CIUTABOB JJIST Ta30TyPOMHHBIX IBUTATENICH, OPUEHTUPOBAHHOU Ha UCITOTb30BaHKE OTEUECTBEHHOTO 000PYIOBaHYSI U OPTaHU3AIU IO
COBPEMEHHOTO0 pecypco3dheKTUBHOTO, KOMITBIOTEPOOPUEHTUPOBAHHOTO JIUTEHHOTO TPOU3BOJACTBAY.
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Introduction

Among the currently applied foundry technologies continue using water-soluble salt patterns made of urea

for the production of large thin-walled castings from
nickel superalloys, the investment casting method is
predominantly used [1—2]. This method is based on
obtaining a pattern of the future casting in a metallic
die, most often from pattern compounds based on wa-
xes [3]. However, wax-based pattern compounds have
several drawbacks, prompting aerospace enterprises to
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(CH4N,O) for the production of large shell castings
[4—9]. The advantages of water-soluble salt patterns
include high strength, hardness, low linear shrinkage,
and low ash content [10; 11]. In addition to minimal
shrinkage, the absence of softening and creep of the
water-soluble salt pattern at elevated temperatures,
which is typical for wax patterns, contributes to the
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high dimensional accuracy of the resulting castings
[12]. Urea is also used in the production of foamed
materials by the investment casting method [13—15].
Alongside the conventional method of producing wa-
ter-soluble salt patterns in dies, additive manufacturing
technologies can also be employed [16].

Since salt-based patterns are water-soluble, it is
necessary to prevent their dissolution during the for-
mation of the ceramic shell [17]. One of the solutions
to this problem is the use of slurries that do not con-
tain chemically free water, such as those based on hyd-
rolyzed ethyl silicate solution (ETS) [18]. However,
several issues arise with the use of ETS in production.
It is known that the curing of ETS-based slurry occurs
in an acidic environment, while urea has a nearly neu-
tral to alkaline pH [17]. As a result, contact between
the pattern and the slurry leads to a deterioration of the
inner mold layer quality and its weakening, which af-
fects the quality of the castings [10]. At the same time,
the use of ETS-based slurries in modern production is
environmentally unfriendly due to the requirement for
ammonia vapor to dry the investment shell layers, and
the ETS-based mold manufacturing process cannot be
automated [18].

Currently, slurries with colloidal silica binders are
gradually replacing ETS-based slurries. Unlike the
latter, they are non-flammable and cure by air drying,
making them suitable for automated or robotic foundry
production. However, the issue of dissolution and sub-
sequent interaction with salt patterns is even more acute
for colloidal silica binder-based slurries compared to
hydrolyzed ethyl silicate-based slurries [17].

One way to reduce the intensity of interaction bet-
ween salt patterns and shell molds is to modify the
composition of the pattern compound, for example, by
adding components that reduce the dissolution rate of
the patterns. The main additives to urea in salt pattern
compounds include magnesium sulfate, potassium
nitrate, polyvinyl alcohol, ethylene vinyl acetate, and
wax [19; 20]. In [12], the addition of dimethylglyoxime
to the pattern compound was proposed to reduce hyg-
roscopicity. The analysis of the wetting angle when
applying an colloidal silica binder to pattern com-
pounds containing magnesium sulfate, polyvinyl
alcohol, potassium nitrate, and dimethylglyoxime
showed that polyvinyl alcohol and dimethylglyoxime
contribute to an increase in the wetting angle and a
decrease in the interaction of the binder with the pat-
tern compound [21].

A more preferable approach to preventing the in-
teraction of the pattern compound with the colloidal
silica binder slurry is to protect the salt-based patterns

by applying water-resistant protective coatings to their
surface. For example, urea-based patterns can be briefly
immersed in liquid paraffin or another wax-based pat-
tern compound to form a hydrophobic film on their sur-
face [10]. According to [22], a protective coating formed
by dissolving 3 wt. % of mixture of stearine and paraf-
fin (1/1) in 100 mL of rubber solvent petrol provides the
maximum wetting angle and the smallest spreading area
of the slurry on the pattern surface. The use of such a
protective coating allowed for the production of cera-
mic shells with low surface roughness. In [23], the use
of bituminous and perchlorovinyl varnishes with mixed
solvents is proposed as protective coatings. Depending
on the degree of dilution, these varnishes allow for pro-
tective film thicknesses ranging from 4 to 10 um, which
does not significantly affect the dimensional accuracy of
the resulting castings.

Another interesting method for reducing the inter-
action between urea-based patterns and colloidal sili-
ca binders is the application of a mixed mold-making
technology. In studies [24; 25], it is proposed to apply
alayer of slurry based on hydrolyzed ethyl silicate solu-
tion first, followed by a layer of slurry with a colloidal
silica binder. This approach partially protects the wa-
ter-soluble pattern from interacting with the colloidal
silica binder; however, it introduces additional techno-
logical operations and does not fully resolve the issue
associated with the use of hazardous components in
production.

Thus, there are two main ways to limit the inter-
action between the pattern compound and the slurry:
modifying the composition of the pattern compound
and applying a hydrophobic coating to the pattern sur-
face. Their combined study presents both scientific and
practical interest. In this regard, the aim of this study
was to investigate the interaction of various pattern com-
pounds after applying protective coatings with colloidal
silica binders.

Materials and methods

Five urea-based pattern compounds with additives of
magnesium sulfate, polyvinyl alcohol, potassium nitrate,
and dimethylglyoxime were selected as materials for the
study (Table 1). Their primary properties having been pre-
viously investigated in [21]. It was shown that the additives
of polyvinyl alcohol and dimethylglyoxime contribute to
an increase in the wetting angle between the colloidal si-
lica binder and the pattern compound [21].

Water-soluble patterns, featuring a sprue with atta-
ched parallelepiped elements measuring 10 x 25 x 25 mm
(Fig. 1), were produced using an aluminum alloy die.
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Protective coatings based on repair wax and varnish
AK 593 were examined (see Table 2). The varnish is
based on a copolymer of methacrylic acid and methac-

»\

135

y
Fig. 1. Schematic representation of the water-soluble pattern

Puc. 1. CxematuuHoe u300pakeHue pacTBOPUMOI MOACTU

Table 1. Composition of pattern compounds

Ta6auua 1. CoctaB MOJEIbHBIX Mace

rylic acid butyl ester. It is uncertain whether the slurry
will remain on the pattern surface after applying varnish
AK 593, as it may run off due to an excessively high wet-
ting angle. Therefore, an additional coating option was
considered, where a layer of rosin was applied over the
varnish to improve surface wettability [26].

Three protective coatings were applied to the
water-soluble patterns produced using each of the five
pattern compound variants. The composition of the
coatings and the sequence of their application are pre-
sented in Table 2. The coatings used include wax-based
(#W), varnish AK 593-based (#V), and varnish with
rosin (#V + R).

To assess the degree of interaction between the
pattern compounds and the colloidal silica binder,
as well as the protective effectiveness of the coatings,
the wetting angle and the spreading area of the colloi-
dal silica binder on the surface of the coated pattern
compounds samples were determined. The lower the
wetting angle and the larger the spreading area, the
more intensive the interaction between the liquid and
the substrate.

To determine the wetting angle using the sessile drop
method and to measure the spreading area, three drops
(0.08—0.09 mL) of the binder UltraCast One+ were

Components of the pattern compound and their content, wt. %
Compound Urea Magnesium sulfate Polyvinyl alcohol Potassium nitrate Dimethylglyoxime
CH4N,O MgSO, (C,H,40), KNO; C4HgN,0,
#1 98 2 — — —
#2 96 2 2 — —
#3 90 — — 10 -
#4 88 — 2 10 —
#5 88 — — 10 2

Table 2. Investigated protective coatings

Tabnuua 2. Uccnenyembie 3alIMTHbIE TOKPBITUS

Coating type Composition and application sequence
#W 3 g of repair wax (a mixture of ceresin and petrolatum) in 100 mL of rubber solvent,
applied in 2 layers using a sponge
#vV Varnish AK 593, applied in 1 layer by dipping
#V+R Varnish AK 593, applied in 1 layer by dipping,
followed by 5 g of pine rosin in 100 mL of ethanol, applied in 2 layers using a sponge
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applied to the surface of pattern samples using a plas-
tic pipette. The droplet behavior was recorded from the
side usinga SONY NEX EAS50H video camera in macro
mode with a Sony E PZ 18-200 mm F3.5—6.3 macro
lens and Meike MK-S-AF3A macro rings. Frames were
extracted from the video at the moment of droplet ap-
plication and subsequently every 10 s during the first
minute. From the second minute onwards, the frame ex-
traction interval was increased to 1 min. The final frame
corresponded to a 6-min hold time. After the experi-
ment, a top-view image of the droplet was captured to
determine the spreading area. For each pattern compo-
sition and type of coating, the experiment to determine
the wetting angle and spreading area was conducted on
three samples. The wetting angle and spreading area
were measured from the extracted frames using the ima-
ge analysis software ImagelJ 1.52a (National Institutes of
Health, USA).

To assess the quality of the castings obtained using
the experimental pattern compounds and coatings, ce-
ramic molds were produced and used to cast samples
from the nickel superalloy. This alloy is widely used in
domestic aerospace applications for the production of
large shell castings employed in structural elements of
combustion chambers. For this reason, the alloy is of-
ten cast into ceramic molds made using fused quartz as
afiller.

Patterns produced from compounds #2 and #5 with all
coating variants were used to fabricate ceramic molds.
Various properties of colloidal silica binders, slurries,
and ceramic samples obtained with their use were pre-
viously investigated in [27]. The ceramic mold fabrica-
tion technology and materials described below were se-
lected based on the results of that study.

The slurry was prepared by mixing 5 L of binder
with 10 kg of fine fused quartz with fraction 0.045 mm
(supplied by LLC “Kefron”, Yekaterinburg). The first
and second ceramic layers were made using the binder
UltraCast One+, while the subsequent layers were
made using UltraCast Prime (both produced by LLC
“Technopark”, Moscow). After mixing, the slurry was
left to stand for 24 h to ensure proper wetting of the
micropowder with the binder and to remove air bub-
bles. Before use, the slurry was thoroughly mixed again.
Its viscosity was determined using a DIN flow cup vis-
cometer. If the viscosity did not meet the target values
(60 s for the slurry used in the first and second layers,
and 40 s for the third and subsequent layers), additional
binder was added, the slurry was remixed, and viscosity
measurements were repeated until the required values
were achieved. The slurry was applied to the pattern
by dipping, followed by stuccoing with fused quartz of

varying particle sizes: 0.25—0.4 mm (for layers 1—2),
0.4—0.6 mm (for layers 3—4), and 0.5—1.0 mm (for
layers 5—7), all supplied by LLC “Kefron”. The fi-
nal 8" layer of slurry was applied without subsequent
stuccoing (as a finishing layer). The first layer was dried
in air at a temperature of 21—22 °C and relative humi-
dity of 55—72 % for 2 h, while each subsequent layer
was dried with air circulation at 21—22 °C and relative
humidity of 64—85 % for 2 h.

The pattern was removed 24 h after applying the fi-
nal layer by dissolving it in hot water at a temperature of
95+ 5°C.

The prepared molds were placed in a container and
externally filled with a supporting refractory—coarse
quartz sand. The molds were then subjected to burn-
out processing, during which they were heated to a
temperature of 900 °C over 2 h, followed by a 4-hour
holding period. Before pouring, the container with the
molds was transferred to the pouring area. A ready-
made nickel-based superalloy (wt. %: Ni — base; C —
up to 0.08; Cr — up to 20.0; Mo — up to 5.0; Al — up
to 1.5; Ti — up to 2.9; Nb — up to 2.8; Fe — up to 10),
produced by VIAM (Moscow), was used as the charge.
The melting was carried out in an induction furnace
(SPE “RELEK”, Ekaterinburg) using a periclase
crucible (STC “Bakor”, Shcherbinka). The mass of
the melted alloy was 8 kg. The melt was protected by a
covering flux of crushed silicate glass. The metal was
poured into the ceramic molds at a temperature of ap-
proximately 1500 °C.

A distinctive feature of the investment casting me-
thod is the high dimensional accuracy and low surface
roughness of the produced castings. Therefore, for the
castings obtained using different pattern compounds
and coatings, surface roughness and dimensional devi-
ations were assessed. Additionally, shrinkage was calcu-
lated based on the measured dimensions, as it is an im-
portant parameter to consider when developing casting
technologies.

The surface roughness of the cast samples was mea-
sured using an M300C profilometer (MarSurf, Ger-
many). The average value was obtained from seven
measurements.

To determine the dimensions of the cast samples and
their linear shrinkage, laser scanning of the castings was
performed using a handheld 3D scanner KScan Magic
(ScanTech, China). The device’s measurement accuracy
was * 20 um. The cloud of points was processed using
Geomagic Design X software (3D Systems, USA). The
width of the casting (/,) was measured at three points.
Knowing the width of the mold cavity used to produce
the pattern (/, = 82 mm), the total linear shrinkage of the
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pattern, ceramic mold, and alloy was calculated using
the following equation: € = [(/, — /.)/1,]-100 %.

Since high-temperature alloys are prone to interac-
tion with mold materials, the structure of the surface
layers of the mold and castings was examined. The mic-
rostructure and phase composition of the surface layer of
the castings and molds were analyzed using a scanning
electron microscope (SEM) Vega SBH3 (Tescan, Czech
Republic) equipped with an energy-dispersive micro-
analysis attachment (Oxford, UK), as well as an opti-
cal microscope (OM) Axio Observer. DIm (Carl Zeiss,
Germany).

0, degree

T T T T T T T T T
50 100 150 200 250

T T T T T T T T
100 150 200 250 T,s

Results and discussion

Fig. 2 illustrates the dependence of the wetting an-
gle (0) on the holding time (t) of the binder droplet on
the surface of the tested pattern samples, both with and
without protective coatings. In the absence of a coating
(Fig. 2, a), the initial wetting angle upon application of
the binder ranged from 20° to 40°, while after a 5-minu-
te holding period, it decreased to 6 = 2+13° [21]. The
presence of polyvinyl alcohol and dimethylglyoxime
additives in the pattern composition resulted in higher
values of 6.

0, degree

10 T
0 50

0, degree

T+ T T T T T
100 150 200 250 1,s

50

10 —T

T T T T T T T T
100 150 200 250

Fig. 2. Wetting angle with colloidal silica binder of the surface of pattern samples without coating (a) [21] and with coatings
#Wax (b), #Varnish (c) and #Varnish + Rosin (d) (Table 2) as a function of time for pattern compounds #/—#5

#1—98 % urea + 2 % magnesium sulfate; #2 — 96 % urea + 2 % magnesium sulfate + 2 % polyvinyl alcohol;
#3—90 % urea + 10 % potassium nitrate; #4 — 88 % urea + 10 % potassium nitrate + 2 % polyvinyl alcohol;

#5— 88 % urea + 10 % potassium nitrate + 2 % dimethylglyoxime

Puc. 2. KpaeBoii yron cmaunBaHus (0) BOTHBIM CBSI3YIOIIMM MOBEPXHOCTU 00pa310B MOACIbHBIX MacC
6e3 mokpbITus (a) [21] 1 ¢ mokpeiTusaMu #B (b), #J1 (¢), #J1 + K (d) (cM. Ta6i1. 2) B 3aBUCHUMOCTH OT BpeMeHH (T)

JIJISI MOJEJIBHBIX COCTABOB #/—#5

#1—98 % xapbamuaa + 2 % cynbdara marnust; #2 — 96 % kapbamuna + 2 % cynbdara Mmaraust + 2 % MOJIMBUHUIOBOTO CITUPTA;
#3 — 90 % xapbamuna + 10 % nutpara Kamust; #4 — 88 % kapbamuna + 10 % Hutpara Kanus + 2 % MOJTUBUHUIOBOTO CITMPTA;

#5 — 88 % xapbamuna + 10 % Hutpara Kamus + 2 % IUMETHITIHOKCHMA
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Fig. 2, b presents the wetting angle values for the
same pattern compositions but after the application of
the wax-based protective coating. The initial values of
0 immediately after applying the binder drop to samples
coated with #W ranged from 35° to 43°, which is quite
close to the values obtained for uncoated pattern com-
pounds. However, it can be observed that during further
holding of the droplet on the sample surface, the reduc-
tion in the wetting angle is not as significant compared
to the case without a coating. Similar results were pre-
viously reported in [22], indicating that the intensi-
ty of interaction between the pattern compound and
the binder decreases after the application of wax-based
coatings. It is likely that when coating #W is applied and
the solvent subsequently evaporates, the coating does
not fully cover the sample surface, leading to loca-
lized dissolution of the pattern material. It should be
noted that the composition of the pattern compound
also affects the wetting angle, with the highest va-
Iues of 6 observed for the composition containing
dimethylglyoxime. This additive reduces the hygro-
scopicity of the pattern compound and thus increases
the wetting angle. Regarding other compositions, the
values of 0 after the application of coating #W range
from 17° to 27°, which is fairly consistent across dif-
ferent formulations. In this case, no significant effect
of polyvinyl alcohol on increasing the wetting angle
was detected.

Fig. 2, ¢ presents the wetting angle values after ap-
plying the varnish coating on the pattern samples. It can
be observed that the initial values immediately after
applying the binder drop are approximately 41° for
compositions #4 and #5, around 32° for compositions
#1 and #2, and about 23° for composition #3. Thus, the
lowest wetting angle is observed for the pattern com-
pound that contains only potassium nitrate. Com-
pounds containing magnesium sulfate exhibit slight-
Iy higher 6 values, and addition of polyvinyl alcohol
having no significant impact on the wetting angle.
The highest wetting angle is achieved for compounds
containing potassium nitrate, polyvinyl alcohol, and
dimethylglyoxime. The influence of polyvinyl alcohol
on the wetting angle is attributed to its ability to reduce
the hygroscopicity of the pattern compound. Previous
studies have shown that samples made from pattern
compound #3 exhibit the highest surface roughness
[21]. This is likely due to differences in the structure of
the pattern compounds after solidification, which can
lead to variations in the formation of the coating layer
on their surface. In the case of varnish coating applica-
tion, the wetting angle changes slightly over the holding
period, decreasing by 4—15° after a 5S-minute exposure.

The slight reduction in wetting angle over time, as well
as the influence of the pattern composition on its value,
may indicate both coating integrity issues and interac-
tions between the coating and the binder. The applica-
tion of an additional rosin layer on top of the varnish
coating (Fig. 2, d) results in an initial wetting angle
that is independent of the pattern compound composi-
tion, with an average value of approximately 35°. Over
time, the wetting angle values exhibit a trend similar
to that observed for varnish coatings alone. This beha-
vior can be attributed to the fact that, at the initial stage
after the binder droplet is applied, the wetting angle is
primarily determined by the interaction between the
binder and the rosin layer. Over time, degradation of
the rosin layer occurs, leading to interaction between
the binder and the underlying varnish coating. On ave-
rage, for all pattern compounds, the wetting angle va-
lues range from 17° to 23°.

In addition to the wetting angle, the spreading area
(S) of the binder on the surface of the pattern samples
can be used to evaluate the protective properties of the
coatings. Fig. 3 presents the spreading area of the binder
on the surfaces of the tested pattern compounds with
different coating options after 2 h (once the binder had
fully dried). The maximum spreading area of 170—
180 mm? was observed for urea-based pattern com-
pounds with polyvinyl alcohol additives (#2 and #4)
coated with the repair wax-based protective coating.
A relatively high spreading area of S = 140 mm? was al-
so obtained for the pattern compound containing mag-
nesium sulfate (#/) with the wax-based coating. Con-
sidering the high values of error bars, it can be stated
that for all pattern compounds coated with varnish or
varnish with rosin, the spreading area of the binder
ranged from 90 to 130 mm?. Overall, the obtained S
values confirm the conclusions drawn from the analysis
of wetting angles, indicating that varnish-based coat-
ings, unlike wax-based coatings, provide better protec-
tive properties. The wetting angle values and spreading
areas are primarily determined by the protective pro-
perties of the coatings themselves rather than the pat-
tern compositions.

It should also be noted that when examining the
influence of various coatings on the spreading area of
the binder across different pattern compounds, the
minimum § values (along with the maximum wetting
angle values 0) were observed for samples containing
dimethylglyoxime (compound #5). As previously men-
tioned, this additive significantly reduces the hygro-
scopicity of the pattern compound.

Based on the results of wetting angle and spread-
ing area measurements of the binders, two pattern
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Fig. 3. Spreading area of the colloidal silica binder on the
surface of pattern compound samples with coatings #W, #V
and #V + R (see Table 2) after a 2-hour holding period

for pattern compounds #/—#5

#1—98 % urea + 2 % magnesium sulfate;
#2—96% urea + 2 % magnesium sulfate + 2 % polyvinyl alcohol;
#3 — 90 % urea + 10 % potassium nitrate;
#4 — 88 % urea + 10 % potassium nitrate + 2 % polyvinyl alcohol;
#5— 88 % urea + 10 % potassium nitrate + 2 % dimethylglyoxime

Puc. 3. [1nomans pacTeKaHU ST BOMHOTO CBS3YIOIIETO
Ha MOBEPXHOCTU 00Pa3lIOB MOJIEIbHBIX Macc

¢ nokpeiTusimu #B, #J]1 u #J1 + K (cm. Tab. 2)

OCJIe BBIACPKKHU 2 4 LTSI MOJEIbHBIX COCTABOB #1—#5

#1— 98 % xapbamuna + 2 % cynbbara Maraus;

#2— 96 % xapbamuna + 2 % cynbdara Mmaraust + 2 % MOJTMBUHIIO-
BOTO CITUPTa;

#3 — 90 % xapbamuna + 10 % HuTpara Kamms;

#4 — 88 % xapbamuna + 10 % Hutpara Kanus + 2 % MOJMBUHUIO-
BOTO CITUPTa;

#5— 88 % xapbamuma + 10 % aurpara Kaamst + 2 % IUMETHITIINOKCUMA

compounds were selected for further investigation:
#2 (96 % urea + 2 % magnesium sulfate + 2 % polyvinyl
alcohol) and #5 (88 % urea + 10 % potassium nitrate +
+ 2 % dimethylglyoxime). Fig. 4 presents photographs
of ceramic molds produced using pattern compounds #2
and #5 with repair wax-based and varnish-based coat-
ings at different stages of production.

When applying the first two ceramic layers to the
pattern made from compound #2 with the repair wax-
based coating, minor sagging was observed (Fig. 4, a).
The study of the wetting angle and spreading area of
the binder on the pattern composition revealed that in
cases of significant interaction between the binder and
the pattern compound, simultaneous dissolution of the
pattern occurs, forming indentations in the sample,
while binder crystals grow at the pattern—binder in-
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Fig. 4. Photographs of ceramic molds produced using various
pattern compounds and protective coatings

a, b — pattern compound #2 (96 % urea + 2 % magnesium sulfate +
+ 2 % polyvinyl alcohol) repair wax-based coating #W, 2 layers (a)
and 7 layers (b);

c—e — pattern compound #5 (88 % urea + 10 % potassium nitrate +
+ 2 % dimethylglyoxime) with a repair wax-based coating #W,

2 layers (c, d), and varnish-based coating #V, 7 layers (e)

Puc. 4. ®oTorpacdun kepaMudecKux ¢hopm,
[MOJYYEHHBIX C KCIIOJIb30BAHUEM PA3INUHBIX MOJETbHBIX
MacC U 3aIlUTHBIX TOKPBITUI

a, b — monenbHBI cocTaB #2 (96 % kapbamuaa + 2 % cynabbaTa
Maruust + 2 % MOJMBUHUIOBOTO CITUPTA) C TOKPHITHEM Ha OCHOBE
peMoHTHOTO BocKa (#B) B 2 ciost (@) u 7 cnoes (b);

c—e — MozieNIbHBIN cocTaB #5 (88 % kapbamuna + 10 % Hutpara
Kaiust + 2 % MUMETUIITIMOKCHMMA) C TIOKPBITUEM Ha OCHOBE
peMoHTHOTO BocKa (#B) B 2 cios (¢, d) n naka (#J1) B 7 cioeB (e)
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terface. Large crystals of the pattern compound extend
beyond the original sample boundaries, likely contri-
buting to sagging formation due to the insufficient pro-
tective properties of the coating. This partial dissolu-
tion of the pattern compound, accompanied by crystal
growth, pushes the ceramic layer outward. Despite this

issue, all seven ceramic layers were successfully applied
to the pattern. The final appearance of the mold is
shown in Fig. 4, b.

In the case of pattern compound #5 containing di-
methylglyoxime and coated with a repair wax-based
protective layer (#W), the application of the first cera-

Fig. 5. Surface photographs of cast samples produced in ceramic molds using pattern compounds #2 (a—c) and #5 (d, e)
with protective coatings based on repair wax #W (a), varnish #V (b, d), and varnish with rosin #V + R (c, e)

#2— 96 % urea + 2 % magnesium sulfate + 2 % polyvinyl alcohol;
#5— 88 % urea + 10 % potassium nitrate + 2 % dimethylglyoxime

Puc. 5. ®ororpaduu moBepXxHOCTU OTIIMTHIX 06Pa31IOB,

MOJIYYEHHBIX B KEpaMUYECKHMX (hOpMax C UCTIOIL30BaHMEM MOACIbHBIX Macc #2 (a—c) u #5 (d, e)
C 3alIUTHBIMU MTOKPBITUSIMU Ha OCHOBE PEMOHTHOTO Bocka #B (a), naka #J1 (b, d) v naka c kaHudoawto #JI + K (c, e)

#2 — 96 % xapbamuna + 2 % cynbdara maraust + 2 % MOJIMBUHIIOBOTO CITUPTA;
#5— 88 % xapbamuna + 10 % Hutpata Kanust + 2 % TUMETUITTMOKCHMA

Fig. 6. Microstructure (OM) of cross-sectioned as-cast samples produced in ceramic molds using
pattern compounds #2 (a—c) and #5 (d, e) with protective coatings based on repair wax #W (a), Varnish #V (b, d),

and Varnish with Rosin #V + R (c, e)

#2— 96 % urea + 2 % magnesium sulfate + 2 % polyvinyl alcohol,
#5 — 88 % urea + 10 % potassium nitrate + 2 % dimethylglyoxime

Puc. 6. Mukpoctpykrypa (OM) mmncdoB (TiorepedHoe cedeHe) OTIUTBIX 00pa3IioB,
TMOJTyYeHHBIX B KepaMUUeCKNX popMax ¢ UCIIOTb30BAHUEM MOJEIbHBIX Macc #2 (a—c) u #5 (d, e)
C 3alIUTHBIMU TTOKPBITUSIMHA Ha OCHOBE peMOHTHOT0 BocKa #B (a), naka #J1 (b, d) u maka c kanugonsto #J1 + K (c, e)

#2 — 96 % xapbamuna + 2 % cynbdara Maruust + 2 % MOJIMBUHUIOBOTO CITUPTA;

#5 — 88 % kapbamuna + 10 % uutpaTa Kanus + 2 % IUMETUITITNOKCHMA
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mic layers resulted in cracking and destruction. Figs. 4, ¢
and 4, d clearly show that under the cracked ceramic
layer, the pattern surface exhibits significant rough-
ness, which was not present before the ceramic appli-
cation—indicating interaction between the pattern and
the binder. The causes of destruction in this case are
similar to those previously described for the pattern
compound #2 with the repair wax-based coating. Re-
garding varnish-based coatings (#V) and varnish with
rosin (#V + R), no sagging was observed in any case, and
high-quality ceramic molds were successfully obtained
for both pattern compounds #2 and #5. An example of
a high-quality mold produced using the pattern com-
pound with dimethylglyoxime (#5) and coated with var-
nish (#V) is shown in Fig. 4, e.

Fig. 5 presents photographs of cast samples made of
nickel superalloy poured into ceramic molds produced
using pattern compounds #2 and #5 with protective
coatings based on repair wax, varnish, and varnish
with rosin. As previously mentioned, it was not possi-
ble to produce a mold using pattern compound #5 con-
taining dimethylglyoxime and a repair wax-based coat-
ing (#W). Although the mold produced with pattern
compound #2, containing magnesium sulfate and po-
lyvinyl alcohol, and coated with repair wax did not fail
structurally, the surface of the cast samples exhibited
penetration defects (Fig. 5, a). These defects formed
due to the destruction of the ceramic surface layer and
infiltration of the molten alloy into the damaged layer.
Previous observations (see Fig. 4, a) showed the pre-
sence of localized bulging of the shell during mold layer
formation. Regarding the samples coated with varnish
(#V) and varnish with rosin (#V + R) (Fig. 5, b—e), it
can be observed that all sample surfaces are free of de-
fects, confirming the high protective properties of the
varnish coatings.

Fig. 6 shows cross-sectional micrographs of the sam-
ples presented in Fig. 5. It can be observed that the thick-
ness of the burn-on defect in the sample produced using
pattern compound #2, coated with a repair wax-based
protective layer (Fig. 6, a), is approximately 1 mm. The
other samples, in which varnish-based coatings (#V)
and varnish with rosin (#V + R) were used on the pattern
compounds (Fig. 6, b—e), exhibit a minimal number of
surface defects.

Fig. 7 presents the surface roughness values of the
cast samples produced in ceramic molds using pattern
compounds with magnesium sulfate and polyvinyl al-
cohol additives (#2), as well as potassium nitrate and
dimethylglyoxime additives (#5), coated with protec-
tive coatings based on repair wax, varnish, and var-
nish with rosin. The minimum surface roughness value
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Fig. 7. Surface roughness of as-cast samples produced

in ceramic molds using pattern compounds #2 and #5
with protective coatings based on repair wax (#W),
varnish (#V) and varnish with rosin (#V + R)

#2— 96 % urea + 2 % magnesium sulfate + 2 % polyvinyl alcohol;
#5— 88 % urea + 10 % potassium nitrate + 2 % dimethylglyoxime

Puc. 7. lllepoxoBaToCTb MOBEPXHOCTU OTJIUTBIX 00pa31I0B,
MOJIYYEHHBIX B KepaMUuecKux (hopMax ¢ UCIOJb30BaHUEM
MOIETBbHBIX MacC #2 1 #5 ¢ 3alIUTHBIMY IMMOKPBHITUSIMU

Ha OCHOBE PEeMOHTHOTO Bocka (#B), maka (#J1)

u naka ¢ kaHudomapo (#J1 + K)

#2 — 96 % kapbamuaa + 2 % cynbbara maraust + 2 % MOJMBUHIIO-
BOTO CITUPTAa;
#5— 88 % xapbamuna + 10 % Hutpara Kaaust + 2 % TUMETHIIIMOKCUMA

(Rz = 24 pm) was obtained for the cast samples produced
using pattern compound #5 (with potassium nitrate and
dimethylglyoxime) and the varnish-based coating. The
use of the same coatings on pattern compound #2, con-
taining magnesium sulfate and polyvinyl alcohol, resul-
ted in slightly higher roughness values (Rz = 29+36 um).
The cast sample produced using pattern compound #2
with a repair wax-based coating demonstrated similar
roughness, with Rz = 29 um. In this case, the surface
roughness was measured in areas free of burn-on de-
fects. Thus, all protective coatings provide comparable
surface roughness values in the range of Rz = 2436 um.
This is likely due to the fact that after pattern removal
and mold burnout, no traces of the coating remain, and
the surface roughness is entirely determined by the cha-
racteristics of the slurry and stucco used in ceramic
mold production.

Fig. 8, a presents the SEM microstructure of a
sample cast in a ceramic mold produced using pattern
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Fig. 8. Microstructure of the sample cast in a ceramic mold produced using pattern compound #2 with a repair wax-based
coating (#W) (a), magnified microstructure area (b), and elemental distribution maps of Ni (¢), Si (d), and O (e)

Pattern composition #2 — 96 % urea + 2 % magnesium sulfate + 2 % polyvinyl alcohol

Puc. 8. MukpoctpykTypa obpasiia, OTIMTOr0 B KEpaMUUECKY10 (HDOpMY, MOJYUEHHYIO C UCMOJIb30BaHUEM MOJEIbHOM
Macchl #2 ¢ MOKPLITMEM Ha OCHOBE PEMOHTHOTO BocKa (#B) (@), yBeJIMUeHHBIN y4aCTOK MUKPOCTPYKTYPHI (b)

u KapTel pacnipenenenus Ni (c), Si (d), O (e)

MonenbHblii cocTaB #2 — 96 % kapbamuna + 2 % cyibhara Maruus + 2 % MOJTMBUHIIOBOTO CIIMpPTa

Fig. 9. Microstructure of the contact layer of the ceramic mold produced using pattern compound #5 coated with varnish (#V)
after alloy pouring (@) and EDS maps of Si (4), O (¢), Ni (d), Cr (e), Fe (f)

Pattern composition #5 — 88 % urea + 10 % potassium nitrate + 2 % dimethylglyoxime

Puc. 9. MUKpPOCTPYKTYpa KOHTAKTHOT'O CJI0s KepaMU4eCKOil (POPMBI, ITOIYYEeHHOM ¢ MCIOIb30BaHMEM MOICIbHOI MacChl #5
C TTOKPBLITUEM Ha OCHOBe Jiaka (#J1), mocJe 3aJluBKU criyiaBa (a) U KapThl pacnipeneiaenus Si (b), O (¢), Ni (d), Cr (e), Fe (f)

MopenbHbii coctaB #5 — 88 % kapbamuaa + 10 % Hutpara Kanust + 2 % AUMETUITIMOKCHUMA
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compound #2 (96 % urea + 2 % magnesium sulfate +
+ 2 % polyvinyl alcohol) with a repair wax-based coat-
ing. It can be observed that at the transition zone bet-
ween the high-quality surface and the burn-on defect,
undercuts are present. The microstructure of such
an undercut at a higher magnification, along with
the EDS maps for this area, is shown in Fig. 8, h—e.
The results of EDS analysis reveal the presence of
particles containing Si and O within the undercuts.
Thus, it can be assumed that these are stucco particles
from the ceramic mold that detached from the mold
during the casting removal process. This confirms
the assumption that the previously observed sagging
during mold formation occurs due to the delamination
of ceramic layers.

For chemically active melts, it is essential to eva-
luate their interaction with mold materials. Fig. 9, a
presents the microstructure of the contact layer in
a cross-section of the ceramic mold surface pro-
duced using pattern compound #5 (88 % urea +
+ 10 % potassium nitrate + 2 % dimethylglyoxime)
with a varnish-based coating (#V). According to the
elemental distribution maps of Si and O (Fig. 9, b
and ¢), the ceramic mold has a well-defined boun-
dary. A layer enriched with Cr and Fe (Fig. 9, e and
f), with a thickness of no more than 50 um, is pre-
sent on its surface. It should be noted that this layer
is not continuous, which may be attributed to its
insufficient strength and partial destruction during

the preparation of the metallographic specimen. It is
known that chromium has high vapor elasticity and,
upon pouring, deposits on the mold surface while
interacting with atmospheric oxygen. Thus, no signs
of interaction between the melt and the mold have
been detected. As previously mentioned, the applied
coatings are completely removed during the burnout
of the ceramic mold.

The results of laser scanning of the cast samples
produced in ceramic molds using pattern compounds
with magnesium sulfate and polyvinyl alcohol addi-
tives (#2), as well as potassium nitrate and dimethyl-
glyoxime additives (#5), coated with protective coat-
ings based on repair wax, varnish, and varnish with
rosin, are presented in Fig. 10. It is evident that when
using the repair wax-based coating (#W), the dimen-
sional deviations in the positive direction reach up to
2.5 mm (Fig. 10, a). These deviations are attributed to
the formation of sagging, which resulted from changes
in the mold geometry during the application of the
initial ceramic layers.

Unfortunately, it is not possible to determine the ef-
fect of the coating on dimensional accuracy, as produc-
ing a mold using a urea-based pattern compound and a
colloidal silica binder slurry without a protective coating
is not feasible. However, considering the thin protective
layer (less than 100 um), it is unlikely that the coating
significantly affects the dimensional accuracy of the
castings.

Deviation, mm
259
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Fig. 10. Dimensional deviations of as-cast samples produced in ceramic molds using pattern compounds #2 (a—c) and #5 (d, e)
with coatings based on repair wax #W (a), varnish #V (b, d), and varnish with rosin #V + R (c, e)

#2— 96 % urea + 2 % magnesium sulfate + 2 % polyvinyl alcohol;
#5— 88 % urea + 10 % potassium nitrate + 2 % dimethylglyoxime

Puc. 10. OTKJIOHEHU ST pa3MepOB OTJIMTHIX 00Pa3LOB, TOJYUYEHHBIX B KEpaMUIECKUX (POPMaX ¢ UCITOJIb30BaAHUEM
MOZACIbHBIX Macc #2 (a—c) u #5 (d, e) ¢ 3a1IUTHBIMU MOKPBHITUSIMUA Ha OCHOBE peMOHTHOTO Bocka #B (a), naka #J1 (b, d)

u naka ¢ Kanudoiapio #J1 + K (¢, e)

#2 — 96 % xapbamuna + 2 % cyiabhara Maraus + 2 % MOJTMBUHUIOBOTO CITUPTA;

#5 — 88 % xapbamuna + 10 % nutpara Kanus + 2 % IMMETHITITHOKCHMA
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Linear shrinkage, MM
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Fig. 11. Linear shrinkage of as-cast samples produced

in ceramic molds using pattern compounds #2 and #5 with
protective coatings based on repair wax (#W), varnish (#V),
and varnish with rosin (#V + R)

#2—96 % urea + 2 % magnesium sulfate + 2 % polyvinyl alcohol;
#5— 88 % urea + 10 % potassium nitrate + 2 % dimethylglyoxime

Puc. 11. JIuHeiiHas ycajaka OTJIUTBIX 00pa3lioB,
MOJIYYEHHBIX B KepaMHYeCcK1X (popMax ¢ UCTIOJIb30BaHUEM
MOJIEJIBHBIX Macc #2 1 #5 ¢ 3alIMTHBIMU TTOKPBITUSIMU

Ha OCHOBE PeMOHTHOTO Bocka (#B), maka (#J1)

u 1aka ¢ kKanudoabwo (#J1 + K)

#2 — 96 % xapbamuna + 2 % cynbdara Maraus + 2 % MOJTUBUHKIO-
BOTO CITUPTA;
#5— 88 % xapbamuna + 10 % Hurpata kanust + 2 % IUMeTHINIMOKCUMA

The results of laser scanning of the cast samples were
used to determine their linear shrinkage. Fig. 11 pre-
sents the results of the linear shrinkage measurements
for the cast samples produced in ceramic molds using
pattern compounds with magnesium sulfate and poly-
vinyl alcohol additives (#2), as well as potassium nitrate
and dimethylglyoxime additives (#5), coated with pro-
tective coatings based on repair wax, varnish, and var-
nish with rosin. When using the repair wax-based coat-
ing (#W), the linear shrinkage was only 1.5 %, whereas
for the varnish-based coatings (#V and #V + R), the
shrinkage ranged from 2.0 % to 2.3 %. The low shrin-
kage observed with the repair wax coating (#W) is attri-
buted to delamination and sagging that occurred during
the application of the initial mold layers. In [21], it was
shown that the linear shrinkage of pattern compounds
#2and #5is 0.55 % and 0.3 %, respectively. However, it
is challenging to observe a significant difference in the
total shrinkage of the cast samples depending on the

applied pattern compound composition. Overall, it can
be concluded that the total shrinkage of the ceramic
mold and the alloy itselfis, on average, ~1.7 %, which is
almost identical to the shrinkage characteristic of ce-
ramic molds produced using hydrolyzed ethyl silicate
solution, as well as colloidal silica binders, but with wax
patterns.

Large-sized castings of the “Outer Casing” and
“Inner Casing” components made of the heat-resistant
nickel alloy were produced under industrial conditions
at PJSC “UEC-Kuznetsov” (Samara, Russia). Water-
soluble patterns made of a urea-based pattern compound
with a hydrophobic protective coating based on varnish
with rosin were used for the production of the castings.
The maximum overall dimension of the produced cast-
ings reached 1136 mm. The use of the protective coating
#V + R made it possible to produce shell molds using a
slurry prepared with a colloidal silica binder, achieving
results comparable to those obtained using the tradi-
tional technology based on hydrolyzed ethyl silicate as
the binder. The resulting castings met the technical re-
quirements in terms of dimensional accuracy and me-
chanical properties.

Conclusions

1. The wetting angle of the colloidal silica binder
on the surface of the tested pattern compounds in-
creased from 3—15° to 20—30° when applying protec-
tive coatings based on repair wax, varnish, and varnish
with rosin. However, no significant influence of the
coating type on the wetting angle was observed. In all
cases (with and without coatings), the highest 6 value
was obtained for the pattern compounds containing
dimethylglyoxime.

2. The minimum spreading area of 90—130 mm?,
corresponding to minimal interaction between the
binder and the pattern compound, was achieved using
varnish-based coatings, as well as varnish with rosin.
In the case of repair wax-based coatings, the spreading
area was 170—180 mm?. The modification of the pattern
compound with various additives, in all likelihood, does
not have a significant impact on the spreading area of
the colloidal silica binder on the surface of the pattern
compound samples.

3. The use of repair wax-based protective coatings
in the production of ceramic molds with colloidal si-
lica binder resulted in sagging and cracking, which
prevented the successful fabrication of molds with
pattern compound #5 containing dimethylglyoxime.
The mold produced using pattern compound #2 (with
magnesium sulfate and polyvinyl alcohol additives)
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was successfully fabricated; however, partial destruc-
tion of the inner mold surface and sagging were ob-
served. Molds coated with varnish and varnish with
rosin exhibited no visible defects or manufacturing
issues.

4. The castings produced in the ceramic molds with
varnish and varnish with rosin as protective coatings
on the patterns exhibited no visible defects and had a sur-
face roughness of Rz = 25+35 um. The casting obtained
in the mold with a repair wax-based protective coating
showed mechanical penetration defects, with ceramic
mold particles detected within the casting. Additional-
ly, it exhibited significant dimensional deviations due
to sagging caused by the degradation of the inner mold
surface.

5. The linear shrinkage of the castings produced us-
ing molds with varnish and varnish with rosin coatings
on the patterns was higher compared to those with repair
wax-based coatings. This was also associated with the
formation of bubbles and sagging on the pattern surface
during the mold layer formation process.
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