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Abstract⎯The questions of applying the organoaluminum and yttrium aluminum binders when fabricating
high-thermostable ceramic corundum molds are considered. This technology is a promising direction in the
formation of ceramic shell molds for intricately shaped high-duty investment castings made of titanium
alloys. The use of silica-free binders, which possess a series of advantages when compared with many cur-
rently widespread ones, in casting houses makes it possible to solve many questions associated with the ther-
mochemical stability of ceramic forms, as well as to decrease the volume of finish operations and rejects
during casting parts made of chemically active metals and alloys, thereby providing an increase in the quality
of exact important castings.
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INTRODUCTION

Titanium and its alloys, due to their high properties
such as low density, high strength, good corrosion
resistance, cool resistance, nonmagnetic state, and a
series of other valuable physicomechanical character-
istics, are applied in various branches of industry.

The tendencies of the development of the modern
production of cast products, especially high-duty
parts, dictate the necessity of a continuous increase in
quality, accuracy, and operational reliability. In con-
nection with this, the fraction of complexly shaped
castings of titanium alloys, which are formed by cast-
ing into ceramic molds by investment patterns,
increases.

However, the formation of cast parts using such
materials is associated with definite technical com-
plexities. In particular, titanium and its alloys in the
molten state actively interact with most refractory
materials. This phenomenon results in the formation
of a contaminated surface layer with an increased con-
tent of interstitial impurities (oxygen, nitrogen, and
carbon) in a casting, which lowers the operational reli-
ability of cast titanium products because of increased
sensitivity to the stress concentration [1].

The surface layer is saturated with impurities, first
and foremost, because of the physicochemical inter-

action of metal with gases isolated from the ceramic
mold, as well as during the immediate contact with its
material.

One way to increase the thermochemical stability
of the molds is to select initial binder and shaping
compositions that are more inert with respect to tita-
nium and which exclude the immediate contact of the
product metal with the mold material [2].

Casting molds currently in use possess a series of
substantial disadvantages. The molds based on carbon
materials possess the largest chemical stability with
respect to titanium. They have found broad applica-
tion both in domestic and in foreign practice. How-
ever, the application of graphite as the mold material
for casting titanium alloys considerably increases the
laboriousness, cost, and time of fabrication process of
castings. In addition, the production of graphite molds
is associated with environmentally negative factors, in
particular, with the isolation of graphite dust, phenol,
and heavy hydrocarbons.

The use of ceramic molds based on silica binders
(ethyl silicate and silica sols) is retarded by the forma-
tion of a glassy gas-saturated layer with a very high
hardness on the casting surface, which cracks during
operation. This leads to the appearance of large com-
plexities in mechanical treatment and negatively
affects the operational characteristics of products
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especially operating in conditions of long-term alter-
nating-sign loads and vibration [2–4].

A promising way to eliminate the surface glassy
gas-saturated layer is the creation of highly refractory
and thermochemically stable ceramic molds, which
should provide refractoriness to 2000°C and form a
chemically inert barrier layer [5–8].

Organoaluminum and yttrium aluminum binders
for casting with investment patterns were developed at
the State Research Institute of Chemistry and Tech-
nology of Organoelement Compounds based on orga-
noaluminum compounds [9, 10]. Jointly with collabo-
rators at the Moscow Aviation Institute, the fabrica-
tion technology of silica-free ceramic molds by
investment patterns for productions of especially high-
duty castings from chemically active steels and alloys
was developed and protected with patents [11].

This work is aimed at increasing the quality of cast
products made of titanium alloys due to a decrease in
the difficult-to-remove gas-saturated layer by means
of replacing conventional silica binders (ethyl silicate
and silica sol) with organoaluminum or yttrium–alu-
minum ones when fabricating the ceramic molds.

EXPERIMENTAL

Organoaluminum and yttrium–aluminum binders
were performed according to the procedure described
in patents [9, 10].

Ceramic molds were fabricated according to con-
ventional casting technology by investment patterns by
means of the layer-by-layer deposition of the ceramic
suspension consisting of the organoaluminum binder
(5.5% Al) and filler (dusty fused corundum) with the
subsequent dusting of each layer with granular fused
corundum. Each ceramic layer was hardened at room

temperature in a wet medium and in air. In total,
12 layers were deposited.

To compare the casting-surface quality, a ceramic
corundum mold with one protective corundum layer
on the yttrium–aluminum binder was fabricated. A
waxlike model mass was removed in hot water accord-
ing to conventional technology.

Multilayer experimental ceramic molds were cal-
cined in a SNOL 12/16 electric resistance furnace to
1300°C in air with holding for 1 h. Corundum molds
were poured with the VT5L titanium alloy using a cen-
trifugal method in a vacuum arc scull furnace with a
consumed electrode.

The surface morphology and elemental composi-
tion of the contact layer of the ceramic mold were
investigated using a Philips SEM505 scanning elec-
tron microscope equipped with a Sapphire energy dis-
persive spectrometer with the Si(Li) crystal of the
SEM10 type and a Micro Capture SEM3.0M image
capture system.

The gas-saturated layer on the casting surface was
determined by measuring microhardness on an
inclined slice. Metallographic investigations of the
slices of experimental castings were performed using a
Philips XL30 ESEM scanning electron microscope
equipped with a Sapphire energy dispersive spectrom-
eter with the Si(Li) crystal and an ultrathin window
1.3 μm thick. The quantitative and qualitative analyses
of castings were performed using an EDAX microana-
lyzer.

RESULTS AND DISCUSSION

An organoaluminum binder is a solution of che-
late-tagged alkoxyalumoxanes in alcohol (ethanol or
isopropanol) and can be stored in a hermetically
closed container for the unlimited time. When adding

Comparative characteristics of binders
Binder characteristic Organoaluminum Yttrium–aluminum Sol silicates Ethyl silicate

Oxide after thermal 
treatment

α-Al2O3 xAl2O3 ⋅ yY2O3 SiO2 SiO2

Readiness to use Ready binder Ready binder Hydrolysis process
is required

Ceramic mold
refractoriness, °C >1800 >1800 1500 1500

Mold stability to the 
alloy effect

Chemical inertness to refractory
and titanium alloys

Interacts with components of the refractory tita-
nium alloy with the formation of the hard-to-

remove burning-in and gas-saturated layer
Binder persistence
in a closed vessel, days Unlimited Unlimited 10–30

Suspension persistence 
in a closed vessel, days Unlimited Unlimited 1–5

Drying the ceramic 
mold layers Chamber with humidity higher than 90% Convective drying Vacuum-ammonia 

chamber
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the specified amount of yttrium acetylacetonate
hydrate into it, an yttrium–aluminum binder was
formed. These are ready binders which do not require
any additional treatment, in contrast with ethyl sili-
cate, which is widely used in industry; the use of the
latter requires performing a complex chemical opera-
tion of hydrolysis in casting houses.

When supplying hydrolyzed ethyl silicate, its stor-
age time before use considerably shortens, which neg-
atively affects the production flexibility. In addition,
in order to provide high strength properties of ceramic
molds, catalytic drying with the use of gaseous ammo-
nia should be applied. This procedure shortens the
drying duration but makes the process toxic and fire-
hazardous and explosive.

Organoaluminum and yttrium–aluminum binders
are hardened with the help of making wetting in a dry-
ing chamber higher than 90% (see table).

After pouring and knocking-out titanium castings
from shell corundum molds, the microstructure and
chemical composition of the contact ceramic surface,
as well as the presence of a gas-saturated layer in cast
products, were investigated.

The surface morphology and elemental composi-
tion of the ceramic contact layer on the organoalumi-
num and yttrium–aluminum binders according to the
scanning electron microscopy (SEM) data are pre-
sented in Fig. 1.

The elemental analysis of the ceramic surface based
on the organoaluminum binder confirms the presence

Fig. 1. SEM images and X-ray spectra of a contact ceramic layer. (a) All layers on the organoaluminum binder and (b) protective
layer on the yttrium–aluminum binder.
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of aluminum and oxygen, while when using the
yttrium–aluminum binder in the contact layer, the
presence of aluminum, yttrium, and oxygen is con-
firmed. It is seen in microphotographs of the contact
layer surface that the binders envelop and sinter
corundum grains between each other well (Fig. 1).

We performed comparative investigations of the
surface of castings formed in ceramic molds with the
use of different binders.

When studying the side near-surface layers of cast
products, it turned out that the surface layer of the tita-
nium casting, which is formed in a ceramic mold
based on the organoaluminum binder, has a more
defective structure. Cracks propagating into the
matrix depth for a distance up to 50 μm are seen in the
slice photograph (Fig. 2a).

The surface layer of the casting in the mold based
on the yttrium–aluminum binder has a more perfect
structure. The depth of the gas-saturated layer does
not exceed 15 μm (Fig. 2b).

The quantitative analysis of the outer contact layers
of titanium castings showed that the sample surface is
enriched with oxygen in both cases; aluminum oxide is
also present (black inclusions in Fig. 3).

The quantitative elemental analysis in the middle
of a cast sample corresponds to the chemical compo-
sition of the poured VT5L titanium alloy.

Investigations of the microhardness distribution
over the titanium casting depth showed that the gas-
saturated layer with microhardness of 3.3–3.5 GPa is
observed on the surface of cast samples, while that one
in their core is 2.1–2.3 GPa.

CONCLUSIONS
The comparative analysis of the surface quality of

castings and the mold based on the organoaluminum
and yttrium–aluminum binders after pouring and
solidification of the VT5L alloy is performed. It is
established that the depth of the gas-saturated layer of
the titanium casting formed in a ceramic corundum

Fig. 2. Microphotographs of the surface layer (end) of the titanium casting. (a) Casting formed in a ceramic corundum mold based
on the organoaluminum binder and (b) casting formed in a ceramic corundum mold with a protective layer based on the yttrium–
aluminum binder.
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mold based on the yttrium–aluminum binder does
not exceed 15 μm, while that one on the organoalumi-
num binder is 50 μm.

The results of the comparative analysis allow us to
conclude that the yttrium–aluminum binder provides
a higher quality of cast billets made of the VT-5L alloy
and, consequently, better operational characteristics
of products under conditions of long-term alternating-
sign loads. 

ACKNOWLEDGMENTS

This study was supported by the Ministry of
Education and Science of the Russian Federation as

part of carrying out the basic portion of the state
order.

REFERENCES

1. Kulakov, B.A., Dubrovin, V.K., Karpinskii, A.V.,
Chesnokov, A.A., Castings of intermetallic titanium
alloys, Vestn. YuUrGU. Ser. Metall., 2013, vol. 13,
no. 1, pp. 51–55.

2. Glazunov, S.G. and Neustruev, A.A., Proizvodstvo
fasonnykh otlivok iz titanovykh splavov (Production of
Shaped Castings of Titanium Alloys), Mossow: Mashi-
nostroenie, 1998.

3. Choi, B-J., Lee, S., and Kim, Y-J., Alpha-case reduc-
tion mechanism of titanium powder-added investment

Fig. 3. Microphotographs of side surfaces of ingots and elemental composition of the samples. (a) Using the yttrium–aluminum
binder and (b) using the organoaluminum binder.

(а) (b)

200 µm 200 µm

0.7 1.4 2.1 2.8 3.5 4.2 4.9 5.6 6.3

Ti

Al

0.7 1.4 2.1 2.8 3.5 4.2 4.9 5.6 6.3

Ti

Al

Element

OK

OK

AlK

AlK

TiK

TiK

AlK

Total

Total

Total

wt %

48.89
100.00

100.00
50.37
16.04
33.59

Contact sample surface

Sample middle

Dark inclusions

6.22
93.78

100.00

100.00

100.00
28.08
15.87
56.05

10.53
89.47

100.00

51.11

at %

36.19
63.81

Element

OK

OK

AlK

AlK

TiK

TiK

AlK

Total

Total

Total

wt %

48.89
100.00

100.00
52.56
11.97
35.47

Contact sample surface

Sample middle

Dark inclusions

6.26
93.74

100.00

100.00

100.00
29.20
11.81
58.99

10.60
89.40
100.00

51.11

at %

36.19
63.81



66

RUSSIAN JOURNAL OF NON-FERROUS METALS  Vol. 58  No. 1  2017

VARFOLOMEEV et al.

molds for titanium casting, J. Mater. Eng. Perform.,
2013, pp. 28–36.

4. Choi, B-J., Lee, S., and Kim, Y-J., Influence of TiO2
on alpha case reaction of Al2O3 mould in Ti investment
casting, Mater. Sci. Technol., 2013, vol. 29, no. 12,
pp. 1453–1462.

5. Sung, S.Y. and Kim, Y.J., Alpha-case formation mech-
anism on titanium investment castings, Mater. Sci.
Eng., 2005, vol. 405, pp. 173–177.

6. Kim, M.G. and Kim, Y.J., Effect of mold material and
binder on metal-mold interfacial reaction for invest-
ment castings of titanium alloys, Mater. Trans., 2002,
vol. 43, no. 4, pp. 745–750.

7. Duarte, T.P., Neto, R.J., Felix, Rui., and Lino, F.J.,
Optimization of ceramic shells for contact with reactive
alloys, Mater. Sci. Forum, 2008, vol. 587–588,
pp. 157–161.

8. Ohkubo, C., Hosoi, T., Ford, J.P., and Watanabe, I.,
Effect of surface reaction layer on grindability of cast
titanium alloys, Dental Mater., 2006, no. 22, pp. 268–
274.

9. Shcherbakova, G.I., Tsirlin, A.M., Storozhenko, P.A.,
Efimov, N.K., Florina, E.K., Shemaev, B.I., and
Murkina, A.S., RF Patent 2 276 155, 2006.

10. Shcherbakova, G.I., Storozhenko, P.A., Kutinova, N.B.,
Varfolomeev, M.S., Sidorov, D.V., and Krivtsova, N.S.,
RF Patent 2451687, 2012.

11. Moiseev, V.S., Varfolomeev, M.S., Murkina, A.S., and
Shcherbakova, G.I., Improving of quality of cast GTE
blades, Liteishch. Ross., 2012, no. 5, pp. 36–38.

Translated by N. Korovin


		2017-03-07T11:52:12+0300
	Preflight Ticket Signature




