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Abstract: The quality of cast parts produced by investment casting is largely determined by the quality of the ceramic molds. Currently,
aircraft and engine building enterprises are switching to an environmentally friendly colloidal silica binders for the manufacture of
ceramic molds. In this work, the dynamic and relative viscosity of slurries prepared using fused silica powder and colloidal silica binders
of the VT13-02U (Vakuumteh LLC), Stavroform VS (Polymet LLC), UltraCast One + and UltraCast Prime (both Technopark LLC)
manufacturers were determined. It is shown that the slurries prepared on the considered binders have similar viscosity values, and in
their rheological properties they are close to Newtonian liquids. The values of dynamic and relative viscosity at a binder content of 400
mL per 1 kg of fused silica powder were ~732 mPa-s and ~380 s, respectively. With an increase in the binder content to 600 mL per 1 kg of
fused silica powder, the dynamic and relative viscosity decreased to ~70 mPa-s and ~16 s, respectively. An equation was also found that
relates the dynamic viscosity determined using a rotational viscometer and the relative viscosity determined using the VZ-4 viscosimeter.
The mechanical properties were determined during three-point bending tests on ceramic samples obtained using slurries on the above-
mentioned colloidal silica binders and fused silica stucco. Samples obtained on binders VT13-02U, Stavroform VS and UltraCast One+
showed very similar bending strength values, namely 3.5—4.3 MPa after drying and 5.8—6.1 MPa after firing. Due to the presence of a
polymer addition in the binder, the ceramic samples obtained on the UltraCast Prime binder had higher values of bending strength after
drying and after firing — 6.4 and 7.2 M Pa, respectively. It was also shown that with an increase in the viscosity of the slurry and a decrease
in the fraction of fused silica stucco, the strength of the samples increases. The lowest surface roughness was observed for samples obtained
with UltraCast grade binders.
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AnHoranusa: KauecTBo JUTBIX AeTasieil, MU3TOTOBJIEHHBIX METOLOM JIUThsl MO BBIMJIABASIEMbIM MOJEISIM, B 3HAUUTEIbHOI Mepe ompene-
JISIeTCsl KauecTBOM KepaMuueckux ¢hopM. B HacTosliee BpeMst MpeaNpusiTHsI aBUa- U JBUTATEIECTPOCHU S MEPEXOISIT Ha IKOJOTMYECKHU
06e30ImacHOe BOIHOE CBSI3YIOIee ISl U3TOTOBJCHUST KepaMuueckux ¢hopm. B paGoTe ornpeneseHbl fTMHaMU4YecKast U YCJIOBHAs BI3KOCTH
CYCIIEH3U 1, MPUTOTOBJICHHBIX C MCIOJb30BAHUEM ITBIJIEBUIHOIO IJIABJIECHOIO KBaplia U OTEYSCTBEHHBIX BOIHBIX CBSI3YIOIIMX MapoK
BT13-02Y (OO0 «Bakyymrex»), CraBpocdopm BC (OO0 «ITonmumet»), UltraCast One+ u UltraCast Prime (OOO «TexHomnapk»). [Toka-
3aHO, YTO TIOJyYEeHHBIE CYCTICH3MU UMEIOT OJIM3KUe 3HAUEHU S BSI3KOCTHU U 10 CBOUM PEOJIOTUUYECKUM CBOMCTBAM OJTM3KU K HHIOTOHOB-
CKWM XUIKOCTSIM. 3HAUCHU ST TMHAMUYECKOU U YCIIOBHOU BSI3KOCTHU TIPU colepKaHu M cBs3yiomiero 400 M Ha | KT MbLIEBUIHOTO KBapIia
coctaBuiu ~732 mIla-c u ~380 ¢ coorBeTcTBeHHO. [Ipu yBenueHU comepxkanHust csi3ytoiero 10 600 M Ha | KT MBIJIEBUIHOTO KBapiia
BSI3KOCTh cHM3uUIach 10 ~70 mIla-c u ~16 ¢ cooTBeTcTBeHHO. TakXke ObIJIO BBIBEICHO ypaBHEHUE, CBSI3bIBAIOIICE TUHAMUYECKYIO BSI3-
KOCTb, OTIPEIeIEHHYIO C MTOMOLIbIO POTALIMOHHOTO BUCKO3MMETPa, U YCIOBHYIO BSI3KOCTh, YCTAHOBIEHHYIO C TTOMOIIIbIO Tpubopa B3-4.
Brinu ompeneneHbl MexaHMYeCKUe CBOMCTBA MPU MCIBITAHUSIX Ha TPEXTOYCUHBII U3r1MO KepaMUYecKUX 00pa3lioB, MOJYYEHHBIX C UC-
M0JIb30BAHUEM CYCTIEH3MI Ha yKa3aHHBIX BbILLIE CBSI3YIOLIMX U OOCBINKYM U3 MJaBAeHOTo kBapua. O6pa3Lbl, MOJyYeHHbIE Ha CBS3YIO-
wux BT13-02Y, Craspodopm BC u UltraCast One+, mokasasiu oueHb 0JIM3KKE 3HaUeH U1 TpoyHocTH: 3,5—4,3 MIla nocie cymku u 5,8—
6,1 MIla mocne nmpokaiku. M3-3a HaaWuyMsi B COCTaBe CBSI3YIOLIETO MOJIMMEPHOI 1006aBKM KepaMUveckue oOpasiibl Ha CBSI3YIOIEM
UltraCast Prime numenu 6oJiee BICOKME 3HaYEHMST TPOUHOCTH Ha M3TMO IMOCJe CYIIKHW M Mocje Mpokajiku — 6,4 u 7,2 MIla coorBeTt-
cTBeHHO. Takke ObIJIO MOKa3aHo, YTO C YBEJIUYCHUEM BSI3KOCTU CYCIIEH3UM U yMeHbIIeHHeM (GpaKIMy MJIaBJICHOr0 KBapiia MpOYHOCTh
KepaMUUECKHUX 00pa3ioB Bo3pacTaeT. M3 Bcex pacCMOTPEHHBIX CBSI3YIOIIMX HAMMEHbIIIAsT IIEPOXOBATOCTD MMOBEPXHOCTH HAOII01aIaCh
y 00pa3uoB, MoJIyueHHbIX ¢ UcTiojib3oBaHueM cBsasyoommnx UltraCast.

KuoyeBbie cJ10Ba: TMThE MO BBITMIABISIEMBIM MOJIEJISIM, XapOMPOYHbIe HUKEIEBbIe OTIMBKY, BOAHbBIE CBSI3YIOIIKE, MbIJIEBUIHBINA KBapI
nnasiaeHblid (ITKIT), cycrieH3us, BI3KOCTb, MEXaHUYECKHE CBOMCTBA

Baaronapuoctu: Pabora BelnoTHeHa TTpy GUHAHCOBOI MOIEepXKKe MUHKUCTepCcTBA HAYKK U BhIciero oopa3oBaHusi Poccuiickoii Deme-
panuu B pamkax [locranosnenus [IpasutenbctBa Ne 218 1o cormaieHuo o mpepoctaBieHun cyocunuu Ne 075-11-2022-023 ot 06.04.2022 1.
«Co3aHue TeXHOJOTUU U3TOTOBICHUSI YHUKATbHBIX KPYITHOra0apUTHBIX OTIIMBOK M3 XapPOMPOUYHBIX CIIJIABOB TSI Ta30TyPOMHHBIX [[BU-
rareJieii, OpUEHTUPOBAHHOI Ha UCITI0JIb30BAHUE OTEUECTBEHHOTO 000PYI0BAHU S M OPTraHU3AI[MI0 COBPEMEHHOTO pecypco3dheKTUBHOTO,
KOMITBIOTEPOOPUEHTUPOBAHHOTO TUTEIHOTO MTPOU3BOICTBA>.

Jng uutupoBanus: baxeHos B.E., KopbiiikuHa E.I1., CanHukoB A.B., Koatsirun A.B., Ten [.B., Puxckuii A.A., benos B.J., Jlaza-
peB E.A. AHaJIu3 CBOMCTB CYCIIEH3UU U KEPAMUKH JUISI TUThS 10 BITIJIABISIEMbIM MOJIEJISIM, TTOJTYYEHHBIX HA OT€YECTBEHHbIX CBA3YIOLLIMX
Ha BOIIHOIT ocHOBe. M3secmus 8y306. Lleemnas memannypeus. 2023;29(2):15-28. https://doi.org/10.17073/0021-3438-2023-2-15-28

Introduction

Casting quality plays a critical role in ensuring the ings with high dimension accuracy and smooth sur-
overall reliability of an aircraft engine. One of the key face finishes.
determinants of casting quality is the quality of ce- Two binders are commonly used for making cera-
ramic molds used in the investment casting process. mic molds for investment casting of large nickel super-
These molds must be of high quality to produce cast- alloy parts. The first binder is based on a hydrolyzed
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solution of ethyl silicate, which is typically dissolved
in ethanol or a mixture of ethanol and isopropanol.
The second binder is an aqueous colloidal solution of
silica [3]. Currently, foundries are increasingly adopt-
ing aqueous colloidal silica binders [4]. These bin-
ders contain Na-stabilized amorphous SiO, particles,
which form silica gel as moisture is removed, thereby
bonding the stucco particles together to create the ce-
ramic mold [5—7].

Binders containing hydrolyzed ethyl silicate solu-
tions are unsuitable for advanced, unattended foundries
because organic solvents used in these binders are high-
ly flammable. The latest environmental regulations ban
the use of ethyl silicate due to health hazards associated
with the organic solvents and ammonia vapors used in
the curing of ceramic molds [5, 7, 8]. In contrast, aque-
ous colloidal silica binders are environmentally friendly
and well-suited for unattended production facilities. Ad-
ditionally, they are cost-effective and can reduce casting
costs [9—12].

Fused silica powder (FSP) can be used as a compo-
nent of slurry to make ceramic molds for casting large
nickel superalloy parts. Fused silica (FS) with various
particle sizes is used as stucco [13, 14]. Alumina is not
typically used as stucco for large castings due to its high
density which can result in overly heavy molds. Fused
(amorphous) silica is preferred because it has a thermal
expansion coefficient that is approximately 27 times less
than that of crystalline silica [15, 16].

However, colloidal silica binders have some disad-
vantages compared with hydrolyzed ethyl silicate bind-
ers, including a tendency to sedimentation, slow drying
of the slurry, and poor wettability of wax clusters [10].
To address these issues, additional components such as
polymers, surfactants, defoamers, anti-gelling agents,
and ceramic shell drying indicators are added to the
slurry, and sometimes to the binder [17]. Despite these
drawbacks, ceramics made with advanced hydrolyzed
ethyl silicate or a colloidal silica binders exhibit similar
strengths [5].

The viscosity of the slurry for the first ceramic shell
layer is a crucial factor affecting the surface quality of
the mold [18, 19]. An increase in dynamic viscosity of
the slurry results in thicker layer, which can complicate
drying and lead to mold cracking [20]. The dynamic vis-
cosity of the slurry is influenced by factors such as tem-
perature, stucco fraction and stucco particle size distri-
bution [20].

Strength is the primary property of the ceramic
mold. The mold must be sufficiently robust before fir-
ing in order to allow pattern removal, and after firing
in order to bear the weight of the liquid metal. However,

the strength after firing should not be excessive to avoid
hot tearing in alloys and to facilitate mold knockout [3,
21]. The strength of the shell mold is directly depend-
ent on slurry properties, as well as the technology em-
ployed in slurry preparation and application. If there is
insufficient wetting of the slurry filler with the bind-
er, the shells may not reach the required strength and
could crack [19].

The use of colloidal silica binders without any addi-
tives results in very low strength of the green (unfired)
molds, which are prone to cracking during wax pattern
removal and other processes. For this reason, liquid pol-
ymer additives, such as either latex (for alkaline binders)
or polyvinyl acetate (PVA) based (for acidic binders) are
commonly used [21, 22].

The gas permeability of the ceramic mold is affected
by the particle size of the stucco used. The permeability
of the first layer is particularly important [22]. There-
fore, it is crucial to examine the viscosity of the slurry
and the strength of ceramic mold samples made using
stuccos with varying particle size distributions.

Currently, domestic manufacturers utilize casting
equipment from the leading global vendors. The equip-
ment is designed to work with imported binders exclu-
sively. However, high-quality binders from domestic
vendors are available on the market. The aim of this
study is to evaluate the viscosity of the slurries made with
domestic colloidal silica binders and analyze the impact
of refractory particle size in stucco on the mechanical
properties and surface finish of ceramic molds.

Materials and methods

Analysis of binder properties.
Preparation of slurries and viscosity
measurements

We utilized four types of aqueous binders man-
ufactured in Russia, namely VT13-02U (Vakuum-
tech, Moscow), Stavroform VS (Polymet, Togliat-
ti), UltraCast One+, and UltraCast Prime (Tech-
nopark, Moscow), to prepare the slurries. To de-
termine the density of the binders, we weighed on
analytic scale a known volume (50 mL) of each
binder using a burette. The pH of the binders was
measured using a HI83141 pH meter from Hanna
Instruments (USA).

The slurries were prepared by mixing 400 mL of
the aforementioned binders with 1 kg of FSP with
a particle size of 0.045 mm (Kefron, Russia). After
mixing, the slurry was allowed to incubate for 24 h
to ensure proper wetting of the FSP particles with
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the binder and to release any trapped air. Then it was
stirred for 10 min to uniformly distribute the FSP
particles. The viscosity of the slurry was measured
and after the 50 mL of binder was added. This enable
us to determine the viscosity of the slurry containing
400, 450, 500, 550, and 600 mL of the binder per 1 kg
of FSP.

To measure the viscosity of the slurries, we used two
different viscosity measurements procedures.

1. The relative viscosity was estimated using a
VZ-4 capillary tube viscometer (nozzle diameter and
cup height: 4 mm) according to state standard GOST
9070-75. The relative viscosity is directly proportional
to the slurry flow time. Each measurement was repeated
2—3 times.

2. The dynamic viscosity was measured using a
DV2TLV rotary viscometer (Brookfield, USA). The
slurry (binder) was poured into a 400 mL glass beak-
er. We used LV-1 (#61) and LV-3 (#63) spindles for a
15—400)-10° mPa-s viscosity range [23]. The spindle
rpm ranged from 10 to 200.

Particle size measurements
of fused silica powder and fused
silica refractory

We conducted an estimation of the particle size dis-
tribution of FS by employing a set of sieves in accord-
ance with GOST 29234.3-91 state standards. Specif-
ically, a 01412 vibration sieve (Litmashpribor Usman
Foundry Equipment Company, Russia) was utilized for
this purpose.

To determine the particle size distribution of the FSP
we used microphotographs taken with a Vega 3 SBH
scanning electron microscope (Tescan, Czech Repub-
lic). We measured particle areas on the microphoto-
graphs with the aid of ImageJ 1.52a software (Nation-
al Institutes of Health, USA). This software computed
particle diameter and volume based on their areas. Af-
ter that, we determined the volume fraction of particles
within each size range.

Manufacturing the samples.
Three-point bending tests.
Roughness measurements

We prepared ceramic square samples for bending
tests [24]. The slurry was made with VT13-02U, Stav-
roform VS, UltraCast One+, and UltraCast Prime
binders with 20, 40, and 60 seconds relative viscosity,
as measured by the VZ-4 viscometer. The wax pattern
made of the paraffin/stearin 50/50 compound (Fig. 1)
was coated with the slurry and dust by stucco of fused
silica grades FS 0.25—0.4 mm, FS 0.4—0.6 mm, and
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FS 0.5—1.0 mm (Kefron, Russia). The applied slurry
and stucco were removed from the upper face (sur-
face A) of the wax pattern with a knife. The ceramic
sample was formed in cavity B. Each layer was air-dried
at room temperature for 2 h. The number of layers var-
ied from 5 to 9 depending on the slurry viscosity and
the FS particle size.

The wax pattern was removed in boiling water.
We produced six 40x1x20x1x8+*1 mm ceramic
samples for each FS particle size range (FS 0.25—
0.4 mm; FS 0.4—0.6 mm, and FS 0.5—1.0 mm
grades) and relative viscosity of the slurry (20, 40 and
60 s). Three of the six samples prodused as a single

Fig. 1. Wax pattern for the production of ceramic samples

Puc. 1. BockoBast Moaesb 1Jis TOJIyYeHU ST KEpaMUUECKUX
00pas3ioB

Fig. 2. Ceramic samples for the mechanical tests
after firing

Puc. 2. Kepamunueckue o0pa3siibl 1ocjie NpoKajJlkKu
IUJTSI MEXaHUYEeCKUX UCITbITAaH Ui
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batch underwent firing as follows: heated to 900 °C
over 1.5 h, held at this temperature for 2 h, and cooled
in the furnace with the door open. The remaining
three samples were tested before firing (“green”) af-
ter air drying for 24 h. Fig. 2 illustretes the samples
after firing.

We employed a 5966 universal testing machine
(Instron, USA) to conduct three-point bending tests in
accordance with the ASTM C1161-13 standard. The dis-
tance between the supports was set at 21 mm, and the
loading rate was maintained at I mm/min.

The surface roughness of the samples was as-
sessed using an M300C profilometer (MarSurf, Ger-
many).

Results and discussion

Properties of the binders

The table presents the density and pH levels of the
binders. The density values are nearly identical, falling
between 1.15—1.16 g/cm>. The pH values, which range
from 9.8 to 10.6, confirm the alkaline nature of the
binders. It is worth noting that the measured density and

Volume fraction, %
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The density and pH of investigated binders

[MnotHOCTH U BenuuuHa pH uccieayemMbix CBS3YOIINX

Binder Density, g/cm? pH
VT13-02U 1.16 9.8
Stavroform VS 1.15 10.2
UltraCast One+ 1.16 10.6
UltraCast Prime 1.15 10.3

pH values fall within the ranges specified by the manu-
facturers.

Particle Size Distribution
of the FSP and FS

In Fig. 3, a the particle volume fractions of the FSP
0.045 mm grade fused silica powder are presented. The
particles exhibit a size of 0 to 60 um. Their size distribu-
tion is irregular, deviating from a normal distribution.

In Fig. 3, b the sieving residue for the FS are de-
picted. The FS 0.25—0.4 mm and FS 0.4—0.6 mm

Weight fraction, %
100 A

b —a—/

T T L
wy o
28 2 g 8 g
=] gc <) -

Sieve residue, mm

Fig. 3. Distribution of FSP 0.045 mm silica powder particles by size (a) and fused silica sieve analysis results (b)

1—-FS0.25-0.4 mm, 2— FS 0.4-0.6 mm, 3 — FS 0.5-1.0 mm

Puc. 3. PacripenesieHre 4acTHII O pa3MepaM B MbIIeBUIHOM TiiaBieHoM KBapiie [TKIT 0,045 MM (@) u pe3ybTaThl pacceBa

MJIaBJIeHOTo KBapua Ha cuTax (b)
1—-T1K 0,25-0,4 mm, 2 — T1K 0,4—0,6 mm, 3 — TTK 0,5—1,0 mm
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grade refractories show that the bulk of the material is
retained on the 0.315 and 0.4 mm sieves, which con-
forms to the FS specifications. For the 0.5—1.0 mm
fused silica, its particles are distributed almost equal-
ly between the 0.4 and 0.63 mm sieves and the meas-
ured values are in line with the FS 0.5—1.0 mm grade
specifications.

Slurry and binder viscosity
measurements

In Fig. 4 the slurry viscosity is plotted against the
binder content (in mL) per 1 kg of fused silica powder,
with the viscosity of the binders indicated. The viscosity
was measured using a rotational viscometer. The viscos-
ity of the binders increased as the spindle rpm increased,
indicating that they behave like non-Newtonian flu-
ids. No significant difference was detected between the
viscosities of the binders, which fell within the range
of 6—8 mPa-s for 75 rpm (v), and 11—13 mPas for v =
= 200 rpm. It is known that binders are non-Newtonian
fluids, and their viscosity decreases as the shear rate in-
creases [20]. However, we observed an inverse relation-
ship, which may be attributed to the flow turbulence at
high spindle speeds.

It is known that a higher binder viscosity leads to a
higher slurry viscosity for the same filler/binder ratio
[25]. In our study, the viscosities of the binders were al-
most the same. The authors of [20] investigated the vis-
cosity of the Ludox SK binder using a similar method,
and obtained a fairly close value of 7 mPa-s. As shown
in Fig. 4, the slurry viscosity remains almost unaffect-
ed by the spindle speed, except for the low range (up to
50 rpm), indicating that the slurries behave like Newto-
nian fluids.

In order to determine the slurry viscosity, the aver-
age viscosity over the range of 50—200 rpm was taken
since the viscosity did not change much in this range.
Fig. 5, aillustrates the relationship between the viscos-
ity of the slurries and the binder content, expressed in
mL per 1 kg of FSP. It can be observed that the slur-
ries containing the majority of the binders have com-
parable viscosities. The viscosity versus binder content
relationship follows a logarithmic trend, as shown by
the nearly linear curve plotted in a logarithmic scale.
However, the VT13-02U grade binder exhibits a steep-
er curve, and slightly lower viscosity values. It is worth
noting that all the binders have a similar SiO, content,
and any variations in the viscosity of the slurries could
be due the addition of polymers or other additives to
the binder [26].

The cause of the viscosity variations could not be
reliably determine. Studies [27, 28] have suggested that
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as the mixing time increases, the slurry viscosity also
increases due to water evaporation into the environ-
ment and the friction heat generated in the slurry and
in the mixer. Temperature and humidity fluctuations
in the test room may also contribute to the viscosi-
ty differences, particularly for colloidal silica binder
slurries, as they lead to non-uniform evaporation of
water and non-uniform viscosity changes. Typically,
the differences in the slurry viscosities are attributed
to the densities and viscosities of the binders, with the
latter having a greater impact on the viscosity of the
slurry mixture than the density [25]. However, in this
study, the viscosities and densities of the binders are
very similar, indicating that the viscosities of the slur-
ries containing different binders will be approximately
equal.

It is widely recognized that the viscosity of the slurry
increases in proportion with the ratio of filler to binder
[25]. Specifically, when the binder content is increased
from 400 to 600 mL per 1 kg of fused silica powder,
the resulting viscosity drops from 550—870 to 60—
80 mPa-s, respectively, indicating tenfold decrease. This
viscosity level determines the velocity and uniformity of
the slurry’s flow over a pattern or underlying ceramic
layer [17], and higher viscosity levels produce a thicker
first layer [25].

Relative viscosity, as measured by the slurry flow
time through a nozzle of a specific diameter, is a
standard metric used in the casting industry. Fig.5, b
displays the relative viscosity values of slurries meas-
ured using the VZ-4 viscometer. The viscosities of
all slurries are near similar, with the exception of the
VT13-02U binder, which was also observed in rotary
viscometer readings. However, in this case, the rotary
viscometer readings were lower than those of the other
binders, whereas the VZ-4 viscometer readings were
significantly higher.

We can infer from these observations that the re-
lationship between viscosity and binder content (in
mL) per 1 kg of FSP is non-linear. At higher binder
contents, the rate of viscosity change decreases. In-
creasing the binder content from 400 to 600 mL per
1 kg of fused silica powder leads to a viscosity drop
from ~380 to ~16 s, respectively, or about a 24-fold
decrease.

Casting specifications typically call for relative
viscosity levels between 20 and 70 s, depending on
the layer number. Higher viscosity levels are required
for the first layers, with viscosity levels decreasing in
subsequent layers. A high viscosity results in a thicker
and denser layer, which is particularly important when
wetting is insufficient during the application of the first
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layer [25, 27]. Additionally, high slurry viscosity pro-
vides a smooth finish for the first layer [27]. Previous
research has shown [18] that when the relative viscos-
ity of a slurry falls below 35 s, surface defects occur in

Dynamic viscosity, mPa-s
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the ceramic mold, regardless of the fused silica stucco
grain size. To achieve a defect-free ceramic surface, it is
necessary to increase slurry viscosity and decrease the
stucco particle size.
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Fig. 4. Viscosity of slurry prepared with binders: VT13-02U (a), Stavroform VS (b), UltraCast One+ (c), UltraCast Prime (d),

depending on the amount of binder

1 — binder without refractory, 2 — 400 mL, 3 — 450 mL, 4 — 500 mL, 5— 550 mL, 6 — 600 mL

The amount of binder is given per 1 kg of silica powder

Puc. 4. BI3KocTb cycreH3uu, NIpurotoBiaeHHoi Ha cBsa3ytomnx BT13-02Y (a), CtaBpodopm BC (b), UltraCast One+ (c)
u UltraCast Prime (d), B 3aBUCMMOCTH OT KOJIMUECTBA CBSI3YIOLIETO

1 — cBs3yroniee 6e3 HarmoaHUTeNs1, 2 — 400 M1, 3 — 450 mut, 4 — 500 M1, 5 — 550 mut, 6 — 600 Mt
KomnuuecTBo cBsi3yiolero npuBeieHO Ha | KT MbLIEBUIHOTO KBAPLIEBOTO MUKPOIIOPOILIKA
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Fig. 5. The viscosity of the slurry, determined using the rotational viscosimeter () and a VZ-4 viscosimeter (b),

depending on the content of the binder per 1 kg of silica powder

1—VT13-02U, 2 — Stavroform VS, 3 — UltraCast One+, 4 — UltraCast Prime

Puc. 5. Bsa3kocTh cycrieH3uu, orpenejieHHas ¢ TOMOIIbIO pOTallMOHHOTO BUCKO3UMETpa (a) 1 BuckKo3umeTpa B3-4 (b),
B 3aBUCUMOCTH OT COJCPXKAHMUSI CBSI3YIOLIEro Ha | KT MMKPOIMOpPOLIKa

1— BT13-02VY, 2 — CraBpocdopm BC, 3 — UltraCast One+, 4 — UltraCast Prime
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A binder content ranging from 450 to 600 mL per
1 kg of FSP produces a slurry with a relative viscosity
within the recommended range (20—70 s).

Since we have measured both the relative viscosity
(using the VZ-4 viscometer) and the dynamic viscos-

22

Fig. 6. Comparison of the viscosity of the slurry, determined
using the VZ-4 viscosimeter (X) and a rotational
viscosimeter (Y)

1—VT13-02U, 2 — Stavroform VS, 3 — UltraCast One+,

4 — UltraCast Prime

Puc. 6. CooTHollIeHUE MEX 1Y 3HAUSHUSIMU BSI3KOCTU
CYCTICH3U U, OTNIPEICICHHBIMHU C TTOMOIIbIO BUCKO3UMETpa
B3-4 (X) u poraiiuonHoro BuckozumeTpa (Y)

1—BT13-02V, 2 — CraBpocdopm BC, 3 — UltraCast One+,
4 — UltraCast Prime

ity (using the rotary viscometer), it is worthwhile to
examine the correlation between these two parameters
for the slurries investigated. Fig. 6 displays the curve
of dynamic viscosity (measured in mPa-s) versus rela-
tive viscosity (in seconds), as well as the equation that
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can be used to convert relative viscosity (X) to dynamic
viscosity (Y). The equation shown in Fig. 6 can be sim-
plified to:

Y=33x12,

Three-point bending tests
and roughness tests results

The flexural strength values of the ceramic sam-
ples after drying and firing are presented in Fig. 7.

0 Flexural strength, MPa
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The impact of slurry viscosity and fused silica par-
ticle size on the flexural strength was evaluated for
each binder. In most cases, the strength of the sam-
ples increased with an increase in the slurry viscosity
and decrease in FS particle size. Decreasing the size
of the FS particles facilitated an increase in the con-
tact area between the stucco particles, thereby im-
proving strength.

Regarding the effects of slurry viscosity, it appears
that an increase in viscosity results in a greater amount
of binder remaining on the previous layer before the

Flexural strength, MPa
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Fig. 7. Flexural strength of ceramic shell specimens obtained with binders: VT13-02U (a), Stavroform VS (b),
UltraCast One+ (c), UltraCast Prime (d) as dried (I—3) and after firing (4—6)

Fused silica fraction: FS 0.25—0.4 mm (1, 4), FS 0.4—0.6 mm (2, 5), FS 0.5—1.0 mm (3, 6)

Puc. 7. IIpouHocTb Ha U3TUO KepaMMUUYECKUX 00pa30B, MoJyudeHHbIX Ha cBs3ywomux BT13-02V (a), CraBpodopm BC (b),
UltraCast One+ (¢), UltraCast Prime (d), B coctossHuu nocie cymku (I—3) v mpokaiku (4—6)

Dpaknus riasieHoro kapia: 11K 0,25—0,4 mm (1, 4), T1K 0,4—0,6 mvm (2, 5), [1K 0,5—1,0 mm (3, 6)
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stucco application. This leads to an increase in the vol-
ume fraction of solidified binder relative to the stucco
content in the ceramcs. A previous study by authors [29]
has also reported an increase in ceramic strength with an
increase in slurry viscosity.

Fig. 8 depicts the flexural strength of ceramic sam-
ples containing various binders at an slurry viscos-
ity of 40 s and FS 0.4—0.6 mm fused silica grade,
after drying and firing. For samples obtained with
VTI13-02U, Stavroform VS, and UltraCast One+
binders, the flexural strength after drying ranges
from 3.5 to 4.3 MPa, and after firing, 5.8 to 6.1 MPa,
resulting in a 1.5x increase due to ceramic firing.
Typically, the strength of “green” ceramics is approx-
imately half of that after firing [17, 18, 25], which is
consistent with our results and those reported in pre-
vious studies [10, 17, 24].

It is noteworthy that the strength before firing
is primarily determined by the wax penetration in-
to small defects and pores as wax is not entirely re-
moved by dewaxing in boiling water [30]. We used the
paraffin/stearin 50/50 wax; high strength filled waxes
may result in higher strength of the green sample.

The properties of ceramics made with the Ultra-
Cast Prime binder are slightly different. The strengths
after drying and firing are 6.4 and 7.2 MPa, respec-
tively, which is higher both before and after firing
in comparison to ceramics made with other binders.
Previous studies [26] suggest that adding a polymer
to the binder results in higher flexural strength of the
“green” ceramics equivalent of that of the fired sam-
ple. The higher strength of the ceramics containing
the UltraCast Prime binder is attributed to the addi-
tion of a polymer into binder to increase the strength
before firing.

The most common flexural strength values for ce-
ramic molds are 3—10 MPa [10, 17, 24, 31]. The test-
ed binders generally provide the required strength
values for ceramic molds even before firing, with the
exception of slurries with low relative viscosity (~20 s)
and coarse fused silica stucco (FS 0.5—1.0 mm).

Increasing the mold firing temperature can result in
the formation of cristobalite [14], which may increase
the strength of the ceramics but also increase the ther-
mal expansion coefficient, making it undesirable [14].
Another method to increase the strength of ceramics
(from 15 to 40 MPa) is by adding alumina powder as a
filler to the slurry, along with alumina refractory as the
stucco [9].

In terms of surface roughness the ceramic sam-
ples obtained with the VT13-02U and Stavroform
binders exhibited similar values, with R, = 25+ 2
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Fig. 8. The flexural strength of ceramic shell samples
obtained with various binders after drying (I) and firing (2)
at a slurry viscosity of 40 s and a fused silica fraction

FS 0.4—0.6 mm

Puc. 8. [IpouHocTh Ha U3TMO KepaMUueCKNX 00pa3oB.,
TOJTyYeHHBIX Ha PA3IUYHBIX CBSI3YIOIINX, B COCTOSIHUSIX
nociae cymku (1) v npokanaku (2) mpu BI3KOCTH
cycrieH3uu 40 ¢ u ppakLMU MJaBJIEHOro KBapua

11K 0,4—0,6 Mmm

and 26 £ 3 um, respectively, falling within the con-
fidence interval. The ceramic samples obtained us-
ing the UltraCast Prime and UltraCast One+ bin-
ders dispayed lower R, values: 15 £ 1 and 21 £ 2 um,
respectively.

The domestic colloidal silica binders exhibit similar
properties to hydrolyzed ethyl silicate binders, but with
the added benefits of being non-flammable and environ-
mentally friendly [5, 7—9, 12]. This enables their use in
the production of ceramic shells for making castings on
automated and robotic lines, after correction of techno-
logical parameters, which are selected for each binder
separately.

Conclusion

The study focused on the viscosity of the slurries
made with colloidal silica binders (VT13-02U, Stav-
roform VS, UltraCast One+, and UltraCast Prime)
and fused silica powder, as well as on the flexural
strength of the ceramic samples produced from these
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slurries with fused silica stucco. The results are as
follows.

1. The slurries are close to Newtonian fluids with
similar viscosities. Specifically, at binder contents of
400 and 600 mL per 1 kg of fused silica powder, the
average dynamic viscosity is ~732 and ~70 mPa-s, res-
pectively.

2. The increase the binder content from 400 to
600 mL per 1 kg of fused silica powder results in a sig-
nificant decrease in relative viscosity from ~380 to ~16 s,
respectively (up to 24 times). The relationship between
the relative (X) and dynamic (Y) viscosities can be ex-
pressed by the following equation: Y= 33X 172,

3. The flexural strengths of the samples which con-
tain the binders VT13-02U, Stavroform VS, and Ult-
raCast One+ are similar, with values ranging from 3.5
to 4.3 MPa after drying and 5.8 to 6.1 MPa after firing.
For the UltraCast Prime binder, the flexural strengths
after drying and firing are 6.4 and 7.2 M Pa, respectively.
The high strength observed in “green” state of the
UltraCast Prime binder may be due to the presence of
polymer additives in the binder.

4. The strength of the samples, both after drying and
firing, increases with increasing slurry viscosity and de-
creasing fused silica stucco particle size.

5. The surface roughness of the ceramic samples
containing the VT13-02U and Stavroform binders was
found to be R, = 25 + 2 and 26 £ 3 pm, respectively. In
contrast, the ceramic samples made with the UltraCast
Prime and UltraCast One+ binders exhibited lower sur-
face roughness values of 15+ 1 and 21 £ 2 um, respec-
tively.
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