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Abstract

For the manufacture of near net shape complex titanium products, it is necessary to use investment casting process. Melting of titanium is
promising to carry out by electron beam casting technology, which allows for specific processing of the melt, and accordingly control the
structure and properties of castings of titanium alloys. However, the casting of titanium in ceramic molds is usually accompanied by a
reaction of the melt with the mold. In this regard, the aim of the work was to study the interaction of titanium melt with ceramics of shell
molds in the conditions of electron beam casting technology. Ceramic molds were made by using the following refractory materials — fused
corundum Al20s, zircon ZrSiO4 and yttria-stabilized zirconium oxide ZrOz, and ethyl silicate as a binder. Melting and casting of CP titanium
was performed in an electron beam foundry. Samples were made from the obtained castings and electron microscopic metallography was
performed. The presence and morphology of the altered structure, on the sample surface, were evaluated and the degree and nature of their
interaction were determined. It was found that the molds with face layers of zirconium oxide (Z1) and zircon (ZS1) and backup layers of
corundum showed the smallest interaction with the titanium melt. Corundum interacts with titanium to form a non-continuous reaction layer
with thickness of 400-500 pum. For shell molds with face and backup layers of zircon on the surface of the castings, a reaction layer with
thickness of 500-600 um is formed. In addition, zirconium-silicon eutectic was detected in these layers.
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1. Introduction technolggical cycle causes a high cost of fingl products and requ_ires
alternatives and more profitable technical and economical
solutions. One of the examples of technologies for obtaining cheap
quality products and semi-finished products from titanium and its
alloys is using of foundry technologies, which, to date, are still not
common. Among the effective technologies for titanium casting
can be distinguished vacuum-induction, vacuum-arc and electron
beam casting technology [6-10].

One of the promising methods of obtaining titanium castings is
the electron beam casting technology (EBCT) developed at the
PTIMA NAS of Ukraine. During many years of research, the
principles of smelting complex alloyed titanium alloys with a high

The most high-tech industries of nowadays, such as aerospace,
energy, engineering, military-industrial complex, medicine and
some others, require special materials that would have a specific
combination of physical, chemical and mechanical properties. Such
materials include titanium and its alloys. These types of materials
are characterized by very high specific strength, corrosion
resistance, low modulus of elasticity, high hardness, heat
resistance, biocompatibility [1-6].

In modern world, titanium products are often made by multi-
stage deformation and machining of large ingots and slabs. This
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concentration of refractory components and components prone to
intense evaporation have been established. EBCT allows to apply
the wide range of melting modes and to carry out specific force
treatment of the melt, which consists in the simultaneous action of
the electron beam and electromagnetic mixing of the liquid metal.
Due to this fact, this method makes it possible to obtain titanium
castings, the structure of which consists of small equilibrium grains
and the mechanical characteristics of the metal are close to the
characteristics of the wrought metal [10-13].

In the conditions of EBCT more often graphite, copper or steel
permanent molds are used. Such molds are usually used to obtain
relatively thick-walled castings of simple configuration [11, 14].
The manufacture of thin-walled castings of complex geometry is
possible with using of investment casting process.

To ensure the required level of quality of finished products
made of titanium and its alloys obtained in ceramic shell molds, it
is necessary to take into account the fact that titanium in the molten
state is a chemically very active metal and melts based on it actively
interact with most refractory materials. Therefore, the main
effective solution to this problem is the use of the method of casting
in ceramic molds, provided the use of maximally inert refractory
materials for the manufacture of shells and reliable ceramic
mixtures to ensure mechanical and thermophysical properties of the
mold in general. Such materials can be oxides of aluminum,
zirconium, yttrium, beryllium, magnesium, calcium, titanium
carbides, hafnium, and calcium zirconate [5, 15].

In practice, titanium castings are most often obtained in
corundum ceramic molds. Zircon is also sometimes used as a
material for ceramic molds [16-18]. However, such castings are of
low quality, because on their surface a layer saturated with
impurities is formed, which has a higher hardness and greater
defect than the base metal [19]. Therefore, it must be removed,
especially from parts that have to work in conditions of long-term
alternating loads and vibrations. Literature review shows that to
obtain titanium products with a smaller thickness of the defective
layer in the face layer of ceramic molds used more inert than
corundum, zirconium oxide and quite expensive yttrium oxide.

A lot of works is devoted to the study of the interaction of
titanium with various materials of ceramic molds [15-24], but in
most studies the conditions of experiments differ (metal melting
methods, sample weight, alloy grade, atmosphere in which the
pouring was performed), and therefore the results - the thickness of
the reactive layer of titanium products for the same materials of
ceramic molds may differ by an order of magnitude. Melting and
pouring of titanium in an electron-beam foundry takes place under
high vacuum conditions (< 1.33 Pa), which can cause thermal
dissociation of mold refractory oxides and as a result affect the
nature of the interaction of ceramic molds with titanium melt.
Therefore, the urgent task is to determine the interaction of titanium
with ceramic molds in terms of electron beam casting technology.

2. Research methodology

Taking into account the theoretical analysis and the cost of
materials for practical research, fused corundum Al20s, zircon
ZrSiOq4 and yttria-stabilized zirconium oxide ZrO2 were chosen as
refractories. Hydrolyzed ethyl silicate (40% SiO2) was used as a
binder. To obtain the face layer (1-2 layers) used the primary slurry,
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for other layers (3-9) the secondary slurry, the compositions of
which are given in table. 1.

Table 1.
Composition of ceramic shell molds used in experiments

Sample Slurry Filler Stucco

code type

Al Primary Al2035-20 um Al203 28-40 um
Secondary Al20315-40 um  Al203 0,2-0,63 mm

Z1 Primary Zr029-30 um Zr0263-100 pm
Secondary Al203 15-40 um  Al03 0,2-0,63 mm

Z2 Primary Zr029-30 um Zr0263-100 um

Secondary  ZrSiO440-63 um
ZS1 Primary ZrSi04 16-45 pm
Secondary Al203 15-40 ym
Z82 Primary ZrSi0416-45 pm
Secondary  ZrSiO440-63 um

ZrSi040,16-0,4 mm
ZrSi0463-100 um
Al203 0,2-0,63 mm
ZrSi0463-100 um
ZrSi040,16-0,4 mm

Samples for research were cylinders @20 mm and a length of
120 mm. Foamed polystyrene patterns of samples were glued to the
riser, forming a cluster. Ceramic shell molds were made by
traditional investment casting technology. The cluster was dipped
in the slurry and sprinkled with stucco, forming layer by layer of
ceramic shell.

The first layer was dried in air for 24 hours, the second and
subsequent layers - at least 6 hours. As a result of drying, the liquid
component of the slurry was removed and the binder solidified.
After receiving 8 layers on the pattern, a fixing layer was applied.
Next, the molds were dried and two-stage firing of the patterns in a
furnace was performed. At the low-temperature stage (gradual
heating to 250 °C) compaction, melting and partial gasification of
foamed polystyrene took place, thus preventing cracking of the
shell mold. And the high-temperature stage of firing was combined
with the process of calcination of the ceramic mold at 1000 °C,
during which the removal of the polystyrene remnants, gas and
moisture residues from the ceramic and sintering of the binder. The
pattern tree with face layers and ready made ceramic mold are
presented in Figure 1.

a) b)
Fig. 1. Pattern with face coat (a) and ceramic shell mould (b)
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Melting of technically pure titanium CP-Ti and pouring it into
ceramic molds was performed in an electron beam foundry EPLU-
4, a scheme and general view of which is presented in Figure 2. For
experiments, water-cooled copper crucible (3) with a system of
electromagnetic mixing of the melt, which is a side structure of two
induction coils, was used. The metal in the crucible was heated and
melted by an electron beam generated by an electron beam
thermocathodic gun (5). Electromagnetic stirring of the melt helped
to equalize the temperature and homogenize the chemical
composition throughout the melt.

Fig. 2. Scheme and general view of the foundry EPLU-4:
1 - the movement mechanism of a cover; 2 - the mechanism
of crucible rotation; 3 - crucible; 4 - vacuum chamber; 5 -
electron-change gun

The ceramic mold was fixed in the vacuum chamber (4) at an
angle of 90 degrees to the axis of the crucible. A graphite drain sock
was placed between the crucible and the ceramic basin, which
serves to direct the metal jet into the center of the casting basin.
Then the cover of the vacuum chamber was closed by means of
mechanism (1) and air was pumped out. The working pressure in
the chamber of the installation was not more than 1.33 Pa (10> mm
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Hg). After the titanium was melted, it was poured into an unheated
ceramic mold by turning the skull crucible using mechanism (2).
The mass of titanium castings (one of which is shown in Figure 3)
obtained in ceramic molds was 2.5-2.7 kg.

The study of the interaction of liquid titanium with the surface of
ceramic molds in the casting production in the conditions of the
electron beam foundry was performed by analyzing the
microstructure of cast samples. To study the structure, the samples
were cut from the obtained cylindrical castings and sections were
made from them according to the standard method.

Fig. 3. Casting of CP titanium obtained in ceramic mold

The microstructure was manifested using Kroll's herb - an
aqueous solution of 2% HNOs and 2% HF. The microstructure of
the samples was examined on a Tescan Vega 3 electron microscope
with a Bruker EDX attachment to determine the local chemical
analysis of the phases.

3. Results and discussion

The macrostructure of all samples is characterized by
equilaxial grains 1-1.5 mm in size, which indicates a fairly rapid
crystallization of the melt in ceramic molds. The microstructure of
the samples has the characteristics of a cast structure, but is quite
uniform. The relatively large size of the alpha-phase colonies
indicate a slow rate of polymorphic transformation. During the
phase recrystallization, the growth of alpha plates is inhibited due
to the small size of the primary beta phase, which provides a
positive effect on the mechanical properties of the cast metal.

The microstructure of the castings surface obtained by casting
into various ceramic molds is presented in Figures 4 and 5. On all
structures of the surface layer of castings can be observed areas of
individual clear plates of the a-phase, which, judging by the
separation and shape could be formed as the primary phase due to
oxygen saturation in the interaction of the melt with ceramics.

The structure of castings, which were obtained in corundum
shell molds A1, shows a fairly high activity of interaction between
titanium melt and ceramic. So on the surface of the samples, the
structure of which is shown in Figure 4 (b) and Figure 5 (a), there
is a solid a-layer with a thickness of 400-500 pm. In another sample
(Figure 4 (a)) there is a discontinuous layer of large areas of a-
plates, the thickness of which ranges from 250 to 550 um.

The structure of castings obtained in shell molds from
zirconium oxide shows less interaction of the titanium melt with
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the mold material compared to corundum molds. For the casting
obtained in the Z1 mold (Figures 4 (c) and 5 (b)), the depth of large
individual grains of the a-phase is 200-350 um from the contact
surface. In the case of using the Z2 mold (Figure 4 (d), Figure 5
(c)) the thickness of the a-case was 300-400 pum. The structure of
the reaction layer in both cases has a homogeneous solid character
throughout the contact zone.

The study of the interaction of liquid titanium with zirconium
molds shows contradictory results. Castings obtained in the ZS1
mold (Figure 4 (d), Figure 5 (d)) have a relatively small thickness
of the a-case - 150-200 um, and in the ZS2 mold (Figure 4 (e),
Figure 5 (d)) - 500-600 pm. It should be noted that in the case of
the use of zircon for facecoat when separating the ceramic from the
surface of the casting, a fragile contact layer was observed. This
fragile layer made it easy to separate ceramics from metal, but the
surface of the castings was characterized by increased roughness
and the presence of surface holes. In addition, the formation on the
casting surface of gas holes (Figure 4 (e)) can be caused by
impurities of various oxides, which, although in small quantities,
are present in zircon, which could also adversely affect the
interaction of titanium with zircon.

Comparing the studied types of molds, it was found that molds
with a face layer of zirconium oxide and zircon and the backup
layers of corundum (ie Z1 and ZS1) showed the least interaction

|
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with the titanium melt. At the same time less thermodynamically
stable zircon showed the best result. This effect can be explained
by the mechanism presented in [17] - the reaction products between
titanium and zircon, present in the outer reaction layer, prevent the
transport of harmful elements, and therefore a thinner diffusion
layer is formed.

A more detailed study of the outer layer of titanium castings
obtained in ZS2 molds with a zircon face layer showed the presence
of single sections of silicon eutectic, which could be formed by
reaction with zircon particles. The image of eutectic inclusions is
presented in Figure 5 (f). Chemical composition of the eutectic: Ti-
12,5Si-3Zr. Eutectic inclusions are located at a depth of 250-350
um from the surface.

It is claimed that regardless of the refractory filler when using
a binder based on SiOz, such mold will interact with the titanium
melt. However, in [24] it was shown that when using heat-resistant
yttrium oxide, the thickness of the reaction layer is affected by the
concentration of SiOz in the binder. In [22], in the study of various
binders for corundum molds, it was concluded that it would be
good if the use of silica in free or combined form as a binder could
be minimized to reduce the interaction of the metal surface with the
mold. Therefore, there is a need to continue these studies to reduce
the amount of SiOz in the binder.
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Fig. 4. Microstructure of CP-Ti casting obtained in mold: Al (a) and (b), Z1 (c), Z2 (d), ZS1 (e), ZS2 (f) (magnification x69)
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Fig. 5. Microstructure of CP-Ti casting obtained in mold: Al (a), Z1 (b), Z2 (c), ZS1 (d), ZS2 (e) (magnification x214) and inclusion
of eutectic in the surface layers of the sample (f)

The interaction could also be influenced by the fact that a larger
filler was used in the secondary suspension with zircon, and
therefore the ceramic could contain more binder, and hence SiOx.
In suspensions with Al20s, a powder of smaller fractions was used,
which gave better reproduction of the surface of the castings than
when using zirconium oxide and zircon. It should also be noted that
despite the combination of different materials (for the face and
backup layers), the molds did not have cracks and had sufficient
strength to form and pour titanium alloy in them. Vibration
treatment [25] or other known methods can be recommended for
finishing of titanium castings with a small reaction layer.

4. Conclusions

The results of the study of the interaction of CP titanium with
materials of ceramic molds (Al20s, ZrSiO4 and yttria-stabilized
ZrO) in conditions of electron beam casting technology can be
summarized as follows:

1)  The degree of interaction of the titanium melt with ceramic
shell materials, determined by the change in size of
individual clear a-phase plates formed on the surface of
castings, showed that the least interaction with titanium is

characterized by molds with face layers of zirconium oxide
and zircon and backup layers with corundum.

2)  Corundum as a contact layer exhibits good properties, but the
surface of the titanium casting is characterized by an uneven
structure after interaction with it.

3)  Shell molds with zircon show ambiguous results. In one case,
a relatively small a-case (up to 200 pm thick) is formed on
the surface of the castings. Otherwise, a significant reaction
layer (up to 600 pm) containing zirconium-silicon eutectic is
formed.

Given the high properties of titanium alloys of electron beam
smelting, it is necessary to continue work in the direction of finding
materials of ceramic molds that would ensure the formation of a
minimal reaction surface layer of the casting.
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