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ABSTRACT

The effect of various binding agents based on aqueous solutions of nitric acid, yttrium nitrate and
orthophosphoric acid and yttrium hydroxide gel on the physical and mechanical properties of
casting molds based on Y03 has been studied. It is shown that the most promising binding agent
for yttrium oxide casting molds is a phosphate bond. The data describing the curing mechanism of
phosphate-bonded molding mass is presented. The influence of the concentration of binding agent
solutions on the strength characteristics of molding materials after curing and heat treatment is
shown. Information about the interaction of yttrium oxide powder molds with phosphate-binding
with titanium melt of VT1-0 and VT6 grades is presented. The obtained data allowed us to describe
the advantages and disadvantages of the developed molding compound. A method for producing
casting molds based on yttrium oxide powder with a yttrium phosphate-binding agent was
developed based on this research.

Keywords: molding mixture, yttrium oxide, binding agent, casting mold, titanium alloy

Chukmanova Marzhan Tursyngaliyevna

Information about authors:
Junior researcher, JSC "Institute of Metallurgy and Ore Beneficiation", Almaty, Kazakhstan. E-
mail: chukmanova_m@mail.ru, ORCID ID: https://orcid.org/0000-0002-9626-3205

Panichkin Alexander Viladimirovich

Candidate of technical sciences, Senior Researcher, JSC "Institute of Metallurgy and Ore
Beneficiation", Almaty, Kazakhstan. E-mail: abpanichkin@mail.ru; ORCID ID: https://
orcid.org/0000- 0002-2403-8949

Mamayeva Axaule Alipovna

Candidate of physical and mathematical sciences, JSC "Institute of Metallurgy and Ore
Beneficiation", Almaty, Kazakhstan. E-mail: ak78@mail.ru, ORCID ID: https://
orcid.org/0000-0002- 9659-8152

Kenzhaliyev Bagdaulet Kenzhaliyevich

Doctor of Technical Sciences, Professor, General Director-Chairman of the Management Board of
the JSC 'Institute of Metallurgy and Ore Beneficiation"”, Almaty, Kazakhstan. Email:
bagdaulet_k@satbayev.university, ORCID ID: https://orcid.org/0000-0003-1474-8354

Azlan M.N.

Physics Department, Faculty of Science and Mathematics, Universiti Pendidikan Sultan Idris,
Tanjung Malim, Perak, 35900, Malaysia. Email: azlanmn@fsmt.upsi.edu.my; ORCID ID:
https://orcid.org/0000-0002-2792-4145

Introduction

Investment casting is one of the most efficient

develop physical and chemical processes between
them, leading to the dissolution of the mold
elements, redox reactions, and wetting and capillary

and cost-effective manufacturing methods for
titanium alloys of various complexity and with
weights ranging from a few grams to tens of
kilograms. The manufacture of high-quality titanium
products with a minimum of surface defects is
possible only when using casting molds obtained
from refractory materials inert concerning titanium
melts. This requirement and the high melting point
of titanium alloys do not allow the use of most
materials traditionally used in the foundry of non-
ferrous and ferrous metals.

Forming material or its components, if they are
not sufficiently resistant to titanium melts, will

phenomena when receiving the castings. These
processes lead to defects in the castings: burning,
formation of an alpha layer, porosity, and poor filling
of narrow channels with melt. This contributes to
higher machining costs and higher rejection rates
and makes it impossible to produce thin-walled
castings. A gas-saturated layer can lead to the
emergence and spreading of cracks, which reduces
the operational reliability of the titanium casting. For
this purpose, the initial refractory molding and
binder materials that are inert with respect to the
titanium melt should be used for casting.
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Mixtures based on fused aluminum oxide
(electrocorundum), magnesite, zirconium dioxide,
and graphite have been used in the industry for
casting titanium alloys. The low chemical activity or
inertness of refractory oxides MgO, ZrO,, Al,03, CaO,
and Y,0s for titanium melts and titanium alloys has
been shown in the works of of [[1], [2], [3], [4], [5],
[6], [7], [8], [9], [10], [11], [12], [13]]. HOowever, such
oxides react in varying degrees with the titanium
melt [14], which can cause burn-in and limit the wall
thickness of the castings. Y,03 interacts with the
titanium melt to a lesser degree than the above
oxides, and this can be explained by the fact that
their contact, due to the reduction of the titanium
oxide, produces metallic yttrium, which is extremely
insoluble in the melt. A barrier layer is formed,
reducing the rate of interaction between them.

REMET® UK offers a water-dispersed aluminum
oxide binder, Remal20, which has solution stability
in a certain pH range, to form the face layer of the
refractory shell for casting titanium alloys. It is
known that aluminum oxide interacts very actively
with the titanium melt, which will prevent the melt
from filling the thin channels. In addition, ceramic
layers obtained from zirconium oxide with Remal20
bonding are characterized by relatively low strength
and crack formation [15]. Tetsui et al. and Zhao et al.
(reference) found in experiments on casting
titanium alloys into molds made of various
refractory materials that the least oxygen
enrichment in titanium parts occurs when Y,0; is
used as the face layer [1]. Contamination studies of
directionally solidified alloy Ti46AI8Nb and other
titanium alloys in Al,Os, Y,03, and CaO crucibles were
performed [[16], [17], [18], [19], [20]].

Electrocorundum molds are widely used in the
aircraft industry to manufacture castings, which are
produced by investment models on an ethyl silicate
binder. However, this technology also produces a
surface layer on the surface of the titanium castings
that is saturated with impurities and negatively
affects the characteristics of the castings (alpha
layer). In addition, a significant disadvantage of
these binding agents is their high cost, low eco-
friendliness, and low survivability, which limits their
use for large castings from titanium alloys [20], [21].
One of the main problems in producing Y,0s3 casting
molds is the inability to use binding agents based on
silicon dioxide and aluminosilicates, which cause a
reaction with titanium alloys with the formation of
cracks on the casting surface and a very hard alpha
layer of 0.3-0.6 mm thickness [22]. The work [23]
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shows the formation of an alpha layer with a width
of 0.45-0.55 mm, when used as the first layer of
ceramic shells of calcium oxide stabilized with
zirconium oxide or yttrium oxide stabilized with
zirconium oxide. This surface layer results from the
reaction of Ti with metal oxides of the ceramic shells,
which consists of brittle intermetallic compounds
that significantly impair the mechanical properties
of the castings. [24]. To overcome this problem,
titanium alloys should be embedded in special
ceramic casings that prevent or significantly reduce
this reaction.

Further research on the selection of a binding
agent for the production of ceramic molds from Y,03
for the manufacture of castings from titanium and
titanium-based alloys is necessary in this regard.
Reducing the thickness of the alpha layer when
producing castings from titanium alloys can only be
achieved by casting in molds made entirely or
partially (face layer) of materials that are inert in
relation to titanium. The development of such
materials will provide the required quality of the
casting surface, which will make it possible to
produce titanium castings with a relief surface. The
lack of research on the development of binding
agents inert to titanium melts for molds based on
yttrium oxide hinders the development of
technologies for casting titanium alloys. In this
regard, studies were performed to find binding
agents for the production of Y,0;3 casting molds by
the method of investment casting. The results of
these studies are given in this article.

Experimental part

It is necessary to develop molding materials
characterized by good fluidity, harden after model
pouring, and do not interact with titanium melts,
and provide high mold strength to obtain complex
configuration castings from titanium alloys using
wax models, including those made by additive
technologies.

We set the following requirements when
developing binding agents for Y,03; powders:

- the binding agent must be stable up to the
casting temperature of the titanium alloy, or at
decomposition, it must provide high strength to the
casting molds;

- the binding agent must interact weakly with
the titanium melt;

- the binding agent should be based on yttrium
compounds. Curing the molding mixture from Y,03
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powders should occur within an acceptable time
interval (from 0.25 to 24 hours).

The possibility of using compounds as binders is
considered:

-formed by the interaction of Y,03
solutions HNOs and Y(NOs)3

- forming yttrium hydroxide Y(OH); - yttrium
acetate Y(CHsCOO)3

- not decomposing when heated - yttrium
phosphate YPO,.

Recrystallization of yttrium oxide powders
increases their chemical resistance to both yttrium
nitrate and orthophosphoric acid solutions, and
titanium melts due to a decrease in surface energy.
The initial yttrium oxide used as a filler of the
molding material was subjected to heat treatment in
a tubular furnace in an argon flow to remove
hydrated water and decompose yttrium carbonate
which recrystallization of the powder developed. It
was found that the minimum temperature at which
recrystallization of chemically deposited yttrium
oxide powders begins is 1300 °C, this process
actively proceeds above 1500 °C, above 1700 °C
their sintering develops (Figure 1).

with

Figure 1 — Recrystallization of yttrium oxide powder
during annealing: (a) initial state; (b) 1500 °C, 2 hours;
(c) 1650 °C, 2 hours

Evaluation of the possibility of using solutions
of HNOs and Y (NO3)s. The conducted research has
shown that when Y,03; powder is mixed with an
aqueous nitric acid solution with a concentration of
0.5-2 mol/I or with an aqueous Y(NOs); solution with

a concentration of 2-10 mol/l at a T/L ratio of 2:1, an
interaction develops between them, which leads to
the solidification of the mixture. The curing speed
improves from 10 to 2 minutes with an increase in
solution concentration in the specified interval. The
hardened mixture at room temperature is
characterized by high strength, however, when
heated above 400 °C, such materials lose strength
and crumble. This makes it impossible to use HNO3;
and Y(NOs); solutions as binding agents in the
production of casting molds based on Y,03; powders.

Evaluation of the possibility of using yttrium
hydroxide Y(OH); as a binding agent in the
production of Y,0s-based molds. It is known that
the precipitation of yttrium hydroxide from
aqueous solutions of yttrium acetate
Y(CH3COO)s3 forms a gel. Separation of the gel
and ammonium acetate solution was performed
by dilution with water in a ratio of 1/1, stirring
and subsequent centrifugation at a centrifuge
spindle speed of 2500 rpm for 10 min with the
separation of the gel from the solution. It was
found that the water content in it is 73%, when
drying yttrium hydroxide gel at 180 °C for 1
hour. Only 10% yttrium oxide remained of the
initial gel mass after calcination of the remaining
material at 900 °C.

Three layers of yttrium hydroxide gel and
yttrium oxide gel were applied to the surface of
molding models in the amounts of 25 and 50 wt% to
evaluate the possibility of using yttrium hydroxide
gel as a binding agent for the first and subsequent
layers of molding materials. The model was dried for
1 day after applying each layer, and then the surface
was photographed. Figure 2 shows the structure of
the obtained shells on the surface of the models
after the application of 3 layers of the mixture.

High water content during drying causes
cracking of even thin gel films up to 0.2 mm,
applied to both smooth and rough surfaces of
the model (Figure. 2a). Mixtures of gel with
yttrium oxide powder in amounts of 50 and 75
wt% also crack when dried (Figures 2 b-c).
However, the number and width of cracks
decrease as the proportion of yttrium oxide
increases. But the high viscosity of such
mixtures requires their mechanical application
to the surface of the model and excludes the
possibility of spraying. High shrinkage with crack
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formation makes it impossible to use Y(OH)s gel
as a bond for yttrium oxide-based molding
materials.

Using as a concentrated binding solution (10%)
yttrium acetate does not provide the required level
of strength of the mixture with Y,0s in the ratio W/T
1:2 after drying. The layer of such material on the
model surface increases in thickness by at least 40%
due to Y(OH); gel formation during subsequent
ammonia drying. This causes the face layer to crack
and chip off the surface of the model during
subsequent drying, which makes the use of yttrium
acetate solution as a binding agent useless.

Figure 2 — Crack formation in hydroxide-based
shells: (a) Y(OH)s gel; (b) 50% Y(OH)s gel +50% Y20s3; (c)
2nd layer 25% Y(OH)s gel+75% Y203

Study of the possibility of using yttrium
phosphate as a binding agent. It is known that
yttrium phosphate is formed by the interaction of
yttrium nitrate and phosphoric acid in an ammonia
atmosphere in the following reaction:

Y(N03)3+H3PO4+3NH3*H20—)YPO4+3NH4N03+3H20 (1)

We used chemically precipitated yttrium oxide
powder with a dispersion of fewer than 10 um, an
aqueous solution of yttrium nitrate, and
orthophosphoric acid as the initial raw materials in
the experiments. It was found during preliminary
experiments that mixing yttrium oxide powders with
a mixture of yttrium nitrate and orthophosphoric
acid in a short time (up to 5 minutes) resulted in the
curing of the molding mixture, which did not allow

to fill the flask with the model and remove air
bubbles from it. The solution to this problem was to
pretreat the mixture of yttrium nitrate and
phosphoric acid solutions for at least 24 hours at
room temperature. The curing of mixtures of Y,03
with Y(NOs)s3+HsPO, solution followed from 10
minutes to 8 hours, depending on the concentration
of the solution. The temperature of preliminary
annealing of Y,0s, in this case, did not have a
significant effect on the curing rate of the molding
mixture.

Cylindrical samples with a mixture of pre-baked
yttrium oxide powder at 1300-1700 °C and an
aqueous solution of yttrium nitrate with a
concentration from 80 g/l to 333.3 g/l and
orthophosphoric acid from 14 g/l to 52 g/l were
prepared to determine the effect of the
concentration of yttrium nitrate and
orthophosphoric acid on the structure and strength
of the molding materials. We took a stoichiometric
ratio of Y(NOs); and H3PO, according to the reaction
equation (1). The ratio W/T was taken no more than
1:2. The mold with the samples was left at room
temperature for 24 hours to cure the mixture, then
the samples were removed from the mold and dried
in ammonia medium at room temperature for 1 day
and then in a normal atmosphere at 90-95 °C for 0.4
days. The ceramic forms were calcined in a
resistance shaft furnace at 600 °C and 900 °C for 3
hours. Heating to the target temperature was
performed at a rate of 3 deg/min. The purpose of the
heat treatment was to remove crystalline moisture,
decompose ammonium nitrate and yttrium nitrate
that did not interact.

Cylindrical samples made of yttrium oxide
molding mixture were tested in compression on a
Shimadzu AG 100kNx electromechanical testing
machine with a 1 mm/min loading speed.

Casting into ceramic molds was performed using
titanium alloys VT1-0 and VT6 in a UIPV-0.001
vacuum induction furnace with melt discharge
through the bottom.

We investigated the structure of the near-
surface and alpha layers of molding materials and
cylindrical castings obtained using the developed
molding materials by optical and scanning electron
microscopy (SEM) and microprobe analysis using a
JEOL JXA-8230 microprobe analyzer. The structure
was studied using the backscattered electron mode
(COMPOQ). The thickness of the alpha layer was
determined by measuring the microhardness from
the surface to the center of the casting using a PMT-
3 microhardness tester at a load of 50 g.
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Research Results and Discussion

The molding mixture had the consistency of
thick sour cream when the ratio of a yttrium oxide
powder to an aqueous solution by weight is 2:1, and,
when vibrations were applied, well filled the flask
with a model installed in it to obtain a shape with the
required wall thickness and surface relief. In this
case, air bubbles were well removed from the mold
cavity. The introduction of orthophosphoric acid
with a concentration of 21.5 g/l to 43.0 g/l into the
composition of an aqueous solution of yttrium
nitrate with 125 to 250 g/I provided a solidification
period of the mixture from 2 hours to 15 minutes.
Increasing the concentration of binders Y(NOs); and
HsPO4 more than 250 g/l and 43 g/I, respectively, led
to self-heating of the mixture and its rapid
hardening, which did not allow to complete the
molding process.

A graph of the dependence of the strength limit
of the molding compound on the concentration of
the binder Y(NOs); and H3PO,4 was drawn according
to the results of tests of the obtained cylindrical
samples. The analysis of the graph (Figure 3) shows
that with increasing binder concentrations of
Y(NOs); and HsPO, from 80 and 14 g/l to 167 and
28.7 g/l respectively, the strength of the molding
compound increases, and decreases with further
increase. This may be due to the fact that as the
concentration of these substances increases, the
proportion of binding agents formed becomes
higher. Curing time is shortened to a few minutes if
the concentration is above a certain value and air
bubbles are not effectively removed from the
mixture during vibration. This reduces the strength
of the material. The strength of the molding material
decreases after ammonia drying and heat treatment
at 600 and 900 °C. At the same time, the strength of
the molding material naturally grows with an
increase in the concentration of components in the
binding agent. A significant decrease in strength
after annealing at 900 °C is observed in the mixture
with concentrations of 333 and 54.7 g/l Y(NOs); and
HsPO,, respectively, the reason for which is the high
porosity of such material.

The curing mechanism of the molding mixture
based on yttrium oxide powder with a binding agent
based on an agqueous solution of yttrium nitrate and
orthophosphoric acid is considered based on the
analysis of the material structure after curing, X-ray
diffraction analysis and infrared spectra of the
material obtained during various stages of curing at
room temperature.
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Figure 3 — Dependence of the effect of the
concentration of Y(NOs)s in the binding agent and H3PO4
in aqueous solutions on the strength limit of the molding

compound

IR spectra of the sample obtained by mixing Y,03
powder with a binding solution of Y(NOs)3 and H3PO,
167.0 g/l and 28.7 g/l were taken immediately after
mixing and then after 1, 2, 3 hours and 3 days. The
images were taken on an Avatar 370 Csl FT-IR
spectrometer, in the spectral range of 4000-300 cm’
! from tablet preparations prepared by pressing 200
mg of KBr with 2 mg of sample. Experiment set-top
box is Transmission E.S.P.

As follows from the data obtained, regardless of
the exposure time, the spectra of such a sample
(Figure 4a) contain lines characteristic of the
following compounds:

yttrium oxide Y,0;—561, 464, 418, 399, 341, 310
cm™[25]; valence v(OH)-3405 cm™ ! and deformation
S8HOH-1635 cm™ ! vibrations of water molecules [26];
yttrium orthophosphate YPO, - 1040, 634 cm™ [25];
xenotime YPOy - 1076, 634 cm™[27]; group [CO3]*? -
1474, 1458, 839, 825 cm™[26, 29, 30]; group [NO3]
— 1763, 1384, 1346, 1040, 792 cm™ [[25], [29], [30],
[31]]. The band at 746 cm™ can be referred to
yttrium orthophosphate dihydrate YPO.-2H,0 [28],
a band in this range of the spectrum is also observed
in the spectra of nitrate hydrates of rare earth
elements [[29], [30]]. There is a band at wave
number 391 cm? in the range of Y-O valence
vibrations in the spectrum of the sample; this band
probably corresponds to the Me 3*-O bond in the
carbonate [32].

Comparison of the spectra taken immediately
after mixing, after 3 hours and after 3 days showed
changes in the intensity of the lines (Figure 4b),
indicating changes in the phase composition of the
sample. The following changes are observed:
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Figure 4 — Infrared spectra: (a) No. 1 suspension
immediately after mixing; (b) No. 1.1 - after 3 hours; No.
1.2 - after 3 days

1. Shift of the maximum of the valence band vs
of the [COs)% ion to the high frequency range (1-
1474, 1458 cm™®; 1.1 - 1504 cm®; 1.2 - 1508 cm™?),
and variation of the absorption intensity. The lowest
intensity of the valence vibration band v; of the
[COs]? ion was recorded in the spectrum of sample
1.1.

2. Varying the intensity of the valence band v; of
the [NOs] ion.
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3. Varying absorption intensities in the range of
Y-0 valence vibrations.

4. Displacement of the maximum of valence
vibrations v(OH):

sample 1- 3405 cm™ %; sample 1.1- 3495 cm %
sample 1.2- 3448 cm™ L.

This indicates that the processes of yttrium
phosphate formation develop before ammonia
drying and are associated with the reaction of
yttrium nitrate with yttrium oxide and phosphoric
acid.

X-ray phase analysis of such a molding
compound after curing for 3 hours indicates the
formation of vttrium nitrate hexahvdrate (Figure 5).
Its formation occurs due to the interaction of yttrium
oxide and nitrate. The lines characteristic of vttrium
phosphate does not appear on radiographs after
ammonia drving, indicating its formation in X-ray
amorphous form.

The data obtained indicate that the bond
between Y,03; powders is formed already at the
stage of mixture curing at room temperature (Fig.
6a). Lamellar crystals of yttrium phosphate are
formed after ammonia drying, intertwining with
each other and binding Y,05 particles (Figure 6b).
This structure is maintained during further heat
treatment (Figures 6¢c and d). It is likely that the
decrease in strength of the cured molding
compound after heat treatment can be explained
first by the decay of ammonium nitrate, and then at
900 °C by the beginning of recrystallization of
yttrium phosphate needle crystals.

N
| Y
d 8

d=1.9376

o et

10 20 30 40

L/ INe]

50 60 70 80

2 Theta

O vitrium Oxide - Y203 - S-Q 95.7 %
nYttrium Nitrate Hydroxide Hydrate - Y2(OH)5.14(NO3)0.86-H20 - S-Q 4.3

Figure 5 — X-ray diffraction pattern of the resulting mixture based on Y(NOs3)s + H3PO4 + Y203
without ammonia drying

— 76 —/——



KomnnekcHoe NUcnonb3oBaHne MuHepanbHoro Cbipbs. No1(324), 2023

ISSN-L 2616-6445, ISSN 2224-5243

Figure 6 — Changes in the structure of molding
mixture based on yttrium oxide and binder Y(NO3)3 167,0
g/l H3PO4 = 28,7 g/l at different stages of treatment: (a)
after curing at room temperature; (b) after ammonia
drying; (c) after heat treatment at 600 °C; (d) after heat
treatment at 900 °C

It has been established, based on studies of the
effect of the concentration of yttrium nitrate and
phosphoric acid solutions on the strength of the
molding materials obtained, that the optimal
concentration of yttrium nitrate and
orthophosphoric acid solutions for producing Y,0s-
based molds is 167.0 g/l and 28.7 g/l, respectively.

Production of castings into molds based on
Y,0; and binder YPO,, Casting molds were made on
the basis of the developed molding mixture, into
which castings of titanium grade VT1-0 and titanium
alloy VT6 were obtained. Casting was performed in
a mold at room temperature and heated to 550 °C.
The diagram of the casting unit, the casting mold,
and the resulting casting are shown in Figure 7.
Metallographic, electron  microscopic, and
microprobe examinations were performed to study
the formation of an alpha layer and annealing layer
on the surface of the castings.

The formation of the alpha layer occurs primarily
due to the dissolution of oxygen, which titanium
releases, reducing or dissolving in itself the metal
oxides that make up the basis of the molding
materials. The formation of an alpha layer seriously
affects the mechanical properties, the structure of
the surface layer of the metal and the dimensional
accuracy of the castings. The thickness of such a
layer depends on the chemical stability of the mold
material and the contact period between the liquid
titanium and the mold. The structure and thickness

of the alpha layer must therefore be studied first
when examining the structure of the castings.

OO0

Figure 7 — Diagram of the melting unit of the UIPV-
0.001 vacuum induction furnace (a), casting mold (b),
casting of blanks of the femoral component of the hip

endoprosthesis, obtained from titanium alloy VT6 (c): (1)

titanium cylinder; (2) casting mold; (3) - tantalum foil; (4)

perforated graphite ring; (5) quartz glass body; (6) lining
of yttrium oxide powder

Figure 8 shows the microstructure of the burn-
in layer and the near-surface layer formed when
casting the alloy VT6 and titanium grade VT1-0 in a
mold based on yttrium oxide with a phosphate bond
at the mold temperature of 25 °C and 550 °C. The
analysis of the structure shows that with an increase
in the temperature of the mold, the thickness of the
burn-in significantly increases (from --60 pum to 300
pum). In addition, the surface topography is distorted
when casting in a heated casting mold. Microprobe
analysis of the burn-in zone indicates that when the
melt comes into contact with the mold material due
to wetting, titanium penetrates the channels and
reacts. Yttrium oxide reduction develops, after
which yttrium and oxygen diffuse into the near-
surface layer. Oxygen dissolves to form an alpha
layer, and yttrium, after crystallization of the melt, is
released as a separate phase along the grain
boundaries. Titanium surface is covered by a thin
oxide film in the air, so in microprobe analysis by EDS
and WDS analysis methods there is a big error of
oxygen measurement in the alpha layer. In this
regard, the most revealing way to determine its
thickness is to measure the microhardness along the
cross section from the surface deep into the casting.
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The microhardness measurements performed
on the PMT-3 microhardness tester showed that
when casting titanium alloy VT6 into cold and hot
molds and titanium VT1-0 into a cold mold made of
yttrium oxide, the thickness of the alpha layer does
not exceed 550 um (Fig. 9). This allows us to
conclude that there is an insignificant change in the
properties of the titanium casting due to the
reaction interaction with the mold material. The
burn-in layer that forms on the casting surface is
poorly separated and can only be effectively
removed by sandblasting.

The main disadvantage of casting molds from
the developed molding material based on yttrium
oxide is the formation of single pores &<0.8 mm in
the alpha layer.
material, which underwent all stages of processing
at 900 °C, was performed to identify the causes of
porosity formation in the alpha layer. The studies
were performed on a synchronous thermal analyzer
TG-DTA / DSC STA449 F3 Jupiter® "NETZSCH". The
furnace space was evacuated before heating
(achievable vacuum level ~ 92%) and then purged
with inert gas for 5 minutes. Heating was done to ~
1500°C at a rate of 15°C/min. Cooling was performed
at a rate of 170 °C/min. The total volume of
incoming gas was kept within 90ml/min. The results
obtained with the STA 449 F3 Jupiter were
processed using the NETZSCH Proteus software.

Thermal analysis of the mold

Figure 8 — Cross-sectional structure of burn-in layer

and near-surface area of VT1-0 and VT6 titanium
castings, formed during casting in Y203 molds with
phosphate-bonding (x250): (a) VT6 mould heated to 25
°C; (b) VT6 mould heated to 550 °C; (c) VT1-0 mould
heated to 25 °C
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Figure 9 — Change in microhardness over the cross-
section of the alpha layer of castings from VT1-0
titanium and VT6 titanium alloy, obtained by casting
into molds from yttrium oxide with a phosphate binder

Figure 10 shows that when the molding
compound is heated to 1500 °C, the decrease in
weight is 0.25%. The main decrease in weight is
caused by the dehydration process, which develops
most intensively at 196.20 °C. Further weight loss
occurs gradually and is probably associated with the
processes of gradual decomposition of yttrium
phosphate. The mold material does not undergo a
phase transition when heated. Sintering processes
begin at temperatures above 1380 °C. This indicates
that the only reason for the formation of porosity in
castings can be the reaction of the phosphate bond
with the titanium melt. Presumably, the phosphorus
is reduced to its elemental state and evaporates to
form micro-cavities as a result of a series of
reductive reactions between titanium and YPO,
(Figure 8c). This may be due to the low solubility of
phosphorus in titanium, less than 0.3% at 1495°C.
Accordingly, a maximum reduction of yttrium
phosphate content in the yttrium oxide-based
molding mass is necessary.

In addition, it has been found that if the melt is
poured after the heat-treated mold has been
exposed to a normal atmosphere, the likelihood of
pores in the central part of the casting increases
significantly. This is due to the active absorption of
moisture and carbon dioxide by yttrium oxide from
the air.
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Figure 10 — Thermogram of heating the molding
compound based on Y203 and YPO4 binder

Conclusions

The use of nitric acid or yttrium nitrate solutions
as binding agents for yttrium oxide powders is not
promising due to the fact that the forms lose
strength after thermal decomposition of yttrium
nitrate hexahydrate.

Using a mixture of yttrium oxide and yttrium
hydroxide as a face layer is not promising due to the
fact that during drying the yttrium hydroxide gel
undergoes high shrinkage, which leads to the
formation of numerous cracks in the face layer.
Similarly, yttrium acetate solution cannot be used as
a binding agent for Y203 powder, due to the low
strength of such a molding compound and the
subsequent ammonia drying of the yttrium
hydroxide gel formation leads to significant swelling
of the resulting mold and its subsequent
destruction;

A new composition and modes of subsequent
processing of molding compound based on yttrium
oxide and binding agent from yttrium nitrate
solution and orthophosphoric acid, which allow to
produce casting molds for casting titanium and
titanium alloys with high strength level, have been
developed. The mechanism of solidification of the
molding compound is described by the following

ISSN-L 2616-6445, ISSN 2224-5243

processes: the formation of yttrium nitrate
hexahydrate in the first stage due to the interaction
of yttrium oxide and nitrate, which binds the filler
particles in the period from 0.25 to 3 hours after
mixing the components; conversion of yttrium
nitrate hexahydrate into yttrium phosphate with
needle-shaped crystals in a second stage after
ammonia drying. The molds of such a mixture retain
their strength after heat treatment at 900°C and do
not undergo polymorphic transformations when
reheated. Mass loss on heating to 1500C does not

exceed 0.25%.

Casting of VT1-0 and VT6 alloys into molds from
the developed mixture results in the formation of an
alpha layer up to 550 microns thick on the casting
surface, which is associated with the reduction of
yttrium oxide by titanium melt with subsequent
dissolution of oxygen in the reaction zone. The
microhardness increases naturally in this layer.
Single pores up to 0.8 mm in size are formed in the
alpha layer due to the interaction of titanium melt
with yttrium phosphate. A burn-in layver with high
adhesion is formed on the surface of the castings. It
can be removed by sandblasting. Titanium molds
must be cast directly after heat treatment or
measures must be taken to protect the molds from
interaction with the atmosphere due to the large
surface area of yttrium oxide powders and their
interaction with atmospheric carbon dioxide and
moisture.
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TuTaH KOpbITNanapblH KYlOFa apHanfaH UTTPUNA OKCUAi HerisiHaeri

KepaMMUKanbIK Kanbintap
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TYRIHAEME

Y203 HerisiHAeri Kyl KanbiNTapblHbiH, GU3MKa-MeXaHMKaNbIK KacMeTTePiHe a30T KbIWKbINbIHbIH,
UTTPUIN HUTPATbl MeH OPTOPOCHOP KbILLKbINbIHbIH, }KIHE UTTPUI TMAPOKCUA] FeNiHIH CY/bl epiTiH-
Ainepi HerisiHgeri apTypni 6alinaHbICTbIPFbIW 3aTTapAblH, acepi 3epTrengi. UTpuin okcuaiHeH
KyiMa  KanbinTapdpl any ywiH eH  nepcrnekTuBanblK — GainaHbicTbipfbiw  dochaTThl
6alinaHbICTbIPFbIW eKeHi KepceTinreH. PocdaTTbl 6arinaHbicbl 6ap KanbiNTay KOCbIIbICbIHbIH KaTalo
MEexXaHU3MiH cunaTTaiiTblH AepekTep 6GepinreH. Kanbintay maTepuangapbliHbiH, KaTalo KaHe
TEPMUANBIK BHAeyAeH KeWiHri 6epikTik cunaTTamanapbiHa 6alinaHbICTbIPYLWbl  epiTiHainep
KOHLLEHTPaLMACBIHbIH 9cepi KepceTinreH. UTpuii OKCUA| YHTaFbIHAH ¥KacafFaH Kyt KaabiNTapbIHbIH,
BT1-0 kaHe BT6 mapKanbl TMTaH H6ankpimackl 6ap dpocdatTbl bGaiinaHbICTbIPFbILINEH dpeKeTTecyi
Typanbl aknapat 6GepinreH. AnblHFAH ManiMeTTep 33ipAEHreH  KanbinTay KOCMaCbIHbIH,
apTbIKLWbIBIKTapbl MEH KEMLUINIKTEPIH cMNaTTayfa MyMKIHAIK 6epai. MyprisinreH 3epTreynepain,
HerisiHAe UTTPUIA OKCUAi YHTaFbl HerisiHge UTTpuin docdaTbiHbiH, 6altNaHbICTLIPFbIWbI 6ap Ky
Ka/NbINTapbIH XKacay aaici a3ipneHai.
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AHHOTALMA

MpoBeaeHbl McCNefoBaHWUA BAVAHWA Pa3/IMYHbBIX CBA3YIOWMX HAa OCHOBE BOAHbIX PacTBOPOB
a30THOW KWUCNOTbI, HUTPATa UTTPUA U OpTOGOCPOPHON KUCAOTLI, Frena rmapokcuaa UTTpUA Ha
DU3UKO-MEXAHNYECKME CBOWCTBA NUTENHBbIX Popm Ha ocHose Y20s3. MokasaHo, 4To Haubonee
NepCcrneKkTUBHLIM CBA3YIOWMM A1A MONYYEeHUA NUTelHbIX GOpM M3 OKCuAa UTTPUA ABAAETCA
docdaTtHan cBasKa. MNpuBeaeHbl AaHHbIE, ONUCHIBAOLLME MEXaHU3M OTBEPKAEHUA POPMOBOYHOWA
maccbl ¢ ¢pocdaTHOW €BA3KON. MOKa3aHO BAMAHME KOHLEHTPALMM CBA3YIOLWMX PacTBOPOB Ha
NPOYHOCTHbIE  XapPaKTEPUCTUKM  (OPMOBOYHBLIX MaTepuanos nocie 3aTBepAeBaHUA U
TepmoobpaboTku. MpeacraBneHa nHbopmauma o B3aMMOAENCTBUM IUTeHbIX GOpPM 13 MOPOLLKA
oKCMaa UTTpUA ¢ pocdaTHOW CBA3KOM C TUTAHOBLIM pacniaBom mapok BT1-0 u BT6. MonyyeHHble
[JaHHble NO3BOAUAM ONMUCaTb JOCTOUHCTBA U HeAOCTaTKMN pa3paboTaHHOK GOPMOBOUHONM CMecH.
Ha ocHOBaHMM NpoBeAeHHbIX UCCNefoBaHWUI pa3paboTaH cnocob Mo U3rOTOBAEHUIO IMTEMHBIX
bopMm Ha ocHOBe NOPOLLIKA OKCUAA UTTPUA CO CBA3YIOLLMM U3 pocdaTa UTTpuA.

Kntovesble cnosa: ¢opmMoeoyHas cmecb, OKCUO ummpus, ceasyoujee, aumeliHaa ¢opma,
mumaHosbili crnae
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