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Summary:

Novel multicomponent heterophasic powdered material of silicide-type is
presented. The powdered material is intended for forming high-temperature
protective multifunction coatings able to protect different hot-loaded structural
elements of aerospace industry from refractory metals alloys under severe
oxidizing conditions in high-enthalpy and super/hypersonic oxygen-containing
gas flows. The powdered material base on complexly composition of Si-Ti-Mo
system modified with B,Y,W. Technological conception of its obtaining and
powder making process are examined. The powders were worked out in
accordance with early performed functional structural model of special
materials for coatings with the increased self-healing ability. The coatings
can be deposited from the specially prepared abovementioned powders by
plasma spraying processes or any one of other coating methods ensuring the
conservation of morphological peculiarities of microstructure and phase
composition of powdered material (detonation spraying technique, from
slurry...). Finally the results of some properties of novel heterophasic silicide-
type powders and some properties of protective coating deposited on the
niobium base alloys by means of plasma spraying technique are presented.
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Introduction

Rate of development of aerospace engineering is inseparable connected with
progress in material engineering and technology, because the increase of
performances of flying vehicles and propulsion systems largely depends on
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characteristics and reliability of the materials that have been used or being
under development, as well as on technology decisions, underlying industrial
production of such materials and development of progressive technologies of
their implementation into real constructions.
At the present stage it is extremely relevant to provide materials for vital parts
and elements of modern and advanced supersonic flying vehicles and their
engines, working in complex transient conditions at simultaneous forcing of
high temperature, mechanical load, and chemical activity of super/hypersonic
oxygen-containing gas flows. Traditionally used heat-resistant alloys (nickel,
iron or cobalt based alloys) are not able to work over 1350...1450 K, therefore
materials having increased refractory properties (refractory metal based
alloys, heat-resistant metal ceramics, ceramics, composite materials) have to
take their place. The niobium based alloys are of special interest because of
the most favorable combination of physic-chemical and technological
properties, as well as specific strength of the alloys. However, the usage of
the alloys is significantly limited by low durability at high-temperature gas
corrosion. It is generally recognized that the usage of antioxidizing protective
coatings is an only possible way to solve this problem. Despite of positive
success of Russian and foreign researchers, who have solved some
particular problems on development of heat-resistant coatings for refractory
alloys (including niobium based alloys), these solved problems comprise
small portion of the unsolved problems. The successes have been achieved
basically for moderate temperature (1550... 1700 K), for specific material, and
for limited conditions of operation.
This is why the continuous researches are carry out in the field of
improvement of known protective coatings and development of new
protective coatings that are capable to enlarge a range of application of
niobium based alloys, to solve conflicting objectives to the material of a
coating, as well as to solve numerous problems, connected with the features
of operation of the high-heat element coatings in structural members of new
technique, including aerospace technique.
There are generalized results of researches on development of special
heterophase powder materials for silicone corner of the system Si-Ti-Mo-B,
additionally alloyed with Y and W, intended to make layered (covering,
crusty) protective coatings for the niobium based alloys, as well as some
information about protective power of the coatings, applied onto the heat-
resistant niobium based alloy "5WMZ" with the use of plasma spraying
technique for these powders, presented hereinafter.
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Main aspects

One of the non-solved problems in the field of material engineering of
coatings connected with development of reliable high-temperature protective
coatings, that is able to secure working capacity for the whole row of thermal-
loaded parts, assemblies and structural elements of flying vehicles and their
engines, made of extra heat-resistant materials (including the niobium based
alloys), in different conditions of forcing of supersonic flows of ionized plasma,
having extreme oxidizing power.
It should be noted that this problem requires a solution practically for all the
existent heat-proof materials (including composites and ceramics), which can
be used as an alternative for thermal-loaded structural elements of
hypersonic flying vehicles (skin, thermal-protective shields, elements of air
intakes, and so on) and their engines (combustion cameras, nozzles, pylons,
and so on). Among the other features of operation, a coating in such
structural elements has the increased rated working temperature
(1600... 1900 K), which can measure up to 2050...2000 K in extremal
conditions of operation for a short time, as well as high values of heat- and
mass-exchange factors (oc/Cp - up to 2 and more) because of high gradients
of velocities and pressure of incoming (impacting onto a surface of the part
being protected) super/hypersonic high-enthalpy gas flow. In such conditions,
at the presence of technological or operational defects (porosity, micro- and
macro cracks, cavities, detachments, and so on) in the coating, as well as
developed open or surface porosity, the oxidation process hardly grows,
because of additional supply of oxidant to aforenamed defects, and
appearance of zones of local overheating of the surface in the locality of the
defects as a result of additional heat generation during oxidation reaction of
the material of the base. An analysis of existing publications in this direction
as well as the results of our own researches [1] made it possible that the
author of the article posed new conceptual approach [2, 3] to make sure the
working capacity of thermal-loaded parts under impact of aforenamed high-
oxidizing-ability gas flows with the use of heat-resistant heterophase coatings,
which work together with the material being protected as a single structural
wall. According to this approach, a new physic-chemical model [3-5] has been
developed and embodied in new silicide type coatings (based on the Si-Ti-Mo
and Si-Ti-Mo-B systems); a feature of this model is super-fast mechanism of
accidental defect healing. A structural factor is the central element of the
model; so the structural factor should be considered in a complex with
chemical composition of the coating material and with a technology of forming
of the coating on the surface of the structural material being protected.



814 RM97 V. Terentieva
15" International Plansee Seminar, Eds. G. Kneringer, P. Rodhammer and H. Wildner, Plansee Holding AG, Reutte (2001), Vol. 1

Basic aspects of selection of chemical system and base composition of
heterophase powder materials for forming the plasma protecting coatings
appropriate to this physic-chemical model were posed in the article [6].
Attention was emphasized to typical limitations, incident to common heat-
resistant plasma coatings, including silicide, binding their application to
protect niobium based alloys from high-temperature gas corrosion even in
relatively mild conditions of operation in air flows, and practically excluding -
in high-velocity high-enthalpy flows of oxygen-containing gases. Among the
main causes are technological porosity, appropriate to all plasma coatings,
and tendency of silicide coatings to form cracks during temperature cycling.
This defects make probability of oxidation anomaly origination in
aforementioned ionized gas flows significantly increased. As a result,
probability of origination of the local overheating zones in the material
becomes increased in vicinity of the defects, and such overheating
significantly overbalances heating of the surface caused by incoming gas
flow. In [1] shown that even insignificant (about 1%) open porosity of the
coatings on refractory metals based alloys may lead (because of high
oxidation heat) to inflammation of the base material and to self-sustaining
combustion mode. Aggravating factor is that the high-velocity gas flows, in a
course of erosion process, carry-over surface layers, including protective
oxide films.
In connection with the aforementioned, basic composition of the powder
material is selected to decrease open porosity in the layers of coating that are
formed by plasma spraying, as well as to provide high ability of the material
for self-healing pertaining to technological or operational defects of the
coating. The preference is given to the composition that has optimal heat-
resistance; this composition is found in silicon comer of state-transition
diagram for Si-Ti-Mo, modified by boron (B) [6]. The chemical composition
has been selected in conjunction with physic-chemical principles, stated in
[5], on creation of special heterophase heat-resistant alloys for coatings, as
well as according to structural model of such alloys, stated in [7], pertaining to
the powder alloys intended for plasma coatings. The selected base alloy Si-
Ti-Mo-B structurally is a micro-composite, having dendritic-cellular skeleton,
composed of refractory disilicide phases (Ti,Mo)Si2 and TiSi2 with relatively
low-melting-point eutectic in its cells, composed of silicon and aforenamed
disilicides. Borides TiB2 and Mo2B5 are uniformly distributed in a volume of
the alloy.
Benchmark appraisal of specimens with plasma sprayed coatings of the Si-Ti-
Mo-B system shows effectiveness of the coatings at short-term impact of
supersonic high-enthalpy air flows in transient conditions; positive results of
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the appraisal are presented in [6]. Researches in the area of additional
modification of the base compound with tungsten (W) and yttrium (Y) have
been made to increase technological properties of the powder material Si-Ti-
Mo-B and to improve operational properties of plasma coatings, formed with
the use of the material. The basic results of the researches are presented
below.
The alloying with tungsten is used to increase durability at erosion of the
coating. Modification with yttrium enables to use its properties as surface-
active element and affinity to oxygen to increase adhesion of the coating and
the protective oxide films of alloyed silica, formed in the process of oxidation.

Technological aspects

The technological conception on formation of plasma coatings from materials
based on the Si-Ti-Mo system, modifying elements for heat-resistant alloys
and basic technological stages (from obtaining powders of specified
structural-phase composition to application of protective coatings onto a base
with the use of plasma spraying of the powders) are presented in the article
[6]. In the present work the same methodology is used, and the development
of heat-resistant coatings for heat-resistant structural materials is divided into
two stages; this approach permits to create more versatile powder materials,
having specified complex of technological and operational properties, as well
as to modify the materials according to the new demands, subject to its
usage.
An influence of modifying elements on heat-resistance, structure and phase
composition of the basic powder material was studied with the use of
specimens that have been melted in suspension in inert atmosphere of
crucibleless induction furnace and have been cast into copper casting molds
6 mm in diameter. To homogenize the composition, the ingots, each having
15...20 g mass, have been exposed to vacuum annealing during two hours at
1373 K and residual pressure (1.33-6.65)-10"2 Pa.
Protective coatings, made of powder alloys, having optimal heat-resistant,
structure and phase composition, have been formed on specimens, made of
niobium based alloy 5WMZ with help of plasma spraying method by means of
universal plasma installation UPU-3M. To activate the surface, the specimens
were subjected to grid blasting treatment with electrocorundum E80 at a
pressure 2.5-4 kg/cm2 and subsequent defatting.
To prepare a powder having specified properties and structural-phase
composition a pilot technology is used; the technology includes melting of the
alloy with the use of electron-beam method of re-melting of the correspondent
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charge materials and re-processing (crushing, milling, dispertion and
separation according to granulometric composition - classification) of the
ingots into powders of optimal (for specific coating application technique -
plasma, detonation, and so on) fractional composition.
Quality control of formed coatings was done visually, with a help of binocular
magnifier immediately as sprayed and after so-called "technological test" -
15-min oxidation in the air at 1573 K.

Experimental methods and procedure

The basic alloy Si-Ti-Mo-B system limits for alloying with tungsten are
determined in such a way as to save in the tungsten modified alloys the main
structural components of the basic alloy: (Ti, Mo)Si2 and TiSi2, forming
refractory skeleton of the microcomposite; Si-containing eutectic and borides.
The composition of the Si-Ti-Mo-B-W alloys is selected with the help of
a technique of the mathematical planning of an experiment. Content of
tungsten was diversified in the limits 1 to 20 mass %.
With the use of X-ray phase and micro X-ray spectral methods of analysis it is
found that alloying with tungsten does not form any new phase that is absent
in the base alloy. As a solid solution, tungsten mainly is a part of (Ti, Mo)Si'2
phase, where it displaces atoms of molybdenum, and up to 1 mass % in
TiSi2.
The influence of tungsten on heat-resistance of the basic alloy is estimated by
the results of the specimen's oxidation characteristics analysis for air
atmosphere of thermo-furnaces with silite heaters at 1573 and 1673 K during
100 hours. A technique of periodic weighting of the specimen is used.
Variation of specimen's mass is checked after 1, 3, 5, and later - after every 5
hours, with the help of weighting instrument "Cartorius", the accuracy of
measurement is 0.0001 g. On the ground of experimental data the
"Composition - heat-resistance" diagram was built as curves of equal heat-
resistance (Fig. 1) as well as the surface of response corresponded to the
surface of relative mass alternation (Fig. 2). The contents of Ti and Mo in the
alloys are presented as a ratio of concentrations CTi/CMo in accordance with
"increasing - decreasing" principle by concentration of Ti in relation to
invariable content of molybdenum. When such system of axes is selected, it
is possible to extrapolate experimental data with the help of statistical
processing of separate elements of the diagram with the use of computer.
Equal amounts of the specific weight increment, rounded to the integer
numbers [(Am/S)-10~2, kg/m2] for convenience, are integrated with the use of
corresponding curves, which gives the overview about topography of
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response's surface (heat-resistant); the corresponding diagram is presented
in Fig. 1.

32/8 24/8 16/8 16/4 24/4
CT i /CMo,at.%

Figure 1. "Composition - heat-resistance" diagram for silicon corner of the Si-
Ti-Mo-B-W system (T = 1673 K, CB = const).

4 ^ W, at.%

Figure 2. The surface of relative variation of the alloy's mass for silicon
comer of the Si-Ti-Mo-B-W system (T = 1573 K, CB = const).

If the composition of the alloy is situated in the area of optimal phase
composition and structure in the diagram, then the alloy has high static heat-
resistance. Oxide film on the alloy's surface is formed within 10-30 min and
ensures a transition from active to passive oxidation at 1573-1673 K. After 3-
5 hours of the oxidation process, a parabolic regularity of oxidation's kinetics
is replaced by logarithmica! one (Fig. 3) with the lesser time correspondent to
the alloys, having greater quantities of the eutectics. The oxidation velocity of
the alloys at 1573-1673 K within 100 hours is in the limits of (5-7)-10"4

kg/(m2-h). According to differential thermal analysis data, alloying with



818 RM97 V. Terentieva
15" International Plansee Seminar, Eds. G. Kneringer, P. Rodhammer and H. Wildner, Plansee Holding AG, Reutte (2001), Vol. 1

tungsten leads the melting temperature of the disilicide (Ti, Mo)Si2 to
increase and the eutectic's temperature to decrease to 1530 K.
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Figure 3. Isothermal curves of oxidation of Si-Ti-Mo-B-alloying element
alloys (T= 1573 K, 1673 K):
1 - the Si-Ti-Mo-B alloy of optimal composition,
2 - the Si-Ti-Mo-B-W alloy, T = 1673 K,
3 - the Si-Ti-Mo-B-W alloy, T = 1573 K,
4 - the Si-Ti-Mo-B-Y alloy, T = 1673 K.

The aforementioned makes it possible to select the Si-Ti-Mo-B-W alloy from
optimal (heat-resistance and structure) concentration area of composition as
a powder material for plasma coatings, having the increased heat-resistance
and resistance to erosion in high-velocity high-oxidizing-ability gas flows.

Previously the positive experimental data were obtained [4] about
significant deceleration of a crystallization process of amorphous silica
protective film for Si-TiSi2-(Ti, Mo)Si2 alloys, when the alloys are additionally
alloyed with 0.05 to 0.2 at % of Y. In this limits of concentration, yttrium can
be dissolved in disilicide structural constituents of the alloy, and it has positive
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influence on heat-resistance of the basic alloys. Considering this results,
together with yttrium's ability as surface active element to increase adhesion,
heat-resistance, and thermo-resistance of the coatings [5], the selected Si-Ti-
Mo-B-W alloy was additionally alloyed with 0.1 at % of yttrium. Typical
microstructures of the alloy of optimal composition are presented in Fig. 4.

,--' eutectic
(Si+silicides)

Metallografic structure, x450 In reflected electron, x 1500

Figure 4. Typical
composition.

microstructures of the Si-Ti-Mo-B-W-Y alloy of optimal

Powdered alloy of the said composition for plasma spraying was obtained
according to aforementioned pilot technology. In a course of classification of
the powders according to grain-size distribution, 40 to 100 (im fraction has
been selected.
The selected spraying modes: arc current - 450-500 A, plasma forming gas
(Ar + 15 % N2) consumption - about 1.2 g/s, consumption of sprayed powder -
about 15 g/s, distance for spraying - about 100 mm. In a course of plasma
spraying the chemical and phase composition of the sprayed Si-Ti-Mo-B-W-Y
material are suffered to alternations, which are appropriate to Si-Ti-Mo-
<alloying element> alloys [7], namely: free silicon content is decreased in
permissible limits, and small quantities of SiO2 have been occurred.
In comparison with the coatings that is formed with the use of the same
modes from powders of the base Si-Ti-Mo-B alloy, increased values have
been obtained for the Si-Ti-Mo-B-W-Y coatings: adhesive strength (10-
12MPa) and level of static heat-resistance [(4.0-6.0)10"2 kg/m2 at 1573-



820 RIV^97; V. Terentieva

15'° International Plansee Seminar, Eds. G. Kneringer, P. Rodhammer and H. Wildner, Plansee Holding A6, Reutte (2001), Vol. 1

1673 K], at the same values of the apparent porosity (2-5%) and powder
utilization coefficient (>50 %).

Results of the investigation of structural and phase changes in the
course of high-temperature oxidation of the specimens with coatings shows
that as well as for the base system, the developed technological spraying
modes ensures a transference of a mechanism of the protective action,
embedded into the novel Si-Ti-Mo-B-W-Y material, into the coating, formed
from this material.

Test results

Specimens made of 5WMZ alloy, having Si-Ti-Mo-B-W-Y plasma coatings
were subjected to heat shock with the use of plasma burner; test parameters
are presented below: gas flow (2.6 m3/h N2 + 0.7 m3/h O2) from tungsten
nozzle 5.2 mm diameter, and power consumption corresponded to 1=350 A
and U=70 V. The heat flow, produced by the jet of artificial air (N2 + 20 % O2)
being flow from the nozzle with the velocity 550-700 m/s, is equal to 0.245-
0.268 KCal/(m2-s). A distance between the specimen and the nozzle was
26 mm, a temperature of the surface on the side of the gas flow was 1600-
1675 K, and on the opposite side the temperature was 55-65 K less. The
calculated thermal flow through the specimen was 0.015-0.139 kcal/(m2s).
The specimens have been subjected to twenty 5-min and ten 20-min impacts
of air flow with cooling to room temperature in between. The coatings of the
specimens were not destroyed. There were no visible erosion of the surface.
However, a hardness of surface layers of base metal under the coverage
increased 2-2.5 times. Reference specimens, without coverage at the same
test conditions, take fire on the 2-nd of 3-rd second, and completely combust
within 5-10 s. The test was carried to failure of the coverage: the distance
between the nozzle and the specimen was decreased so that the temperature
of the specimen's surface increased by 20-25 K, and the specimen hold the
condition during 2 min at every increased temperature. The beginning of
intensive carry-over of the coverage has been detected at 1970 K, and at
1990 K (calculated velocity of the gas flow is 800 m/s) the surface melting
begins and the specimen takes fire.

The specimens made of 5WMZ alloy with developed plasma coatings
Si-Ti-Mo-B-W-Y were also tested at short-term impact of high-enthalpy
supersonic air flow according to modes, stated in [7] for Si-Ti-Mo-B slurry
coatings. However, after the 1-st cycle of the 20-s test at the surface
temperature 1950 K (optical pyrometer accuracy), about 1102 MPa of
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pressure's gradient of incident flow at heat-exchange factor within 0.4-
0.45 kg/(m2s), all the specimens were taken out of test because of the
coverage cleavages on sharp edges. In spite of blowholes in defected zones
of niobium alloy, the result of the test may be considered as positive, because
there were no burned specimen. It takes place a sweating of the coverage in
blowhole zone (Fig. 5) and a healing of unbarred areas of niobium alloy at the
cost of melted material.

Figure 5. The appearance of the specimen's surface (zone of blowhole) after
benchmark tests

Conclusions

The results of the researches are represented in the light of the decision of
common problem to provide reliable antioxidizing protection system for heat-
loaded structural members made of heat-resistant, but not heat-proof,
structural materials, operating at transient impact of high-velocity/super- and
hyper-sonic high-enthalpy oxygen-containing gases. This article presents new
results of systematic researches on development and improvement of the
previously developed heat-resistant heterophase materials on the base of
silicon corner of the Si-Ti-Mo system, which are intended to form (from their
powders) layered (crusty) protective coatings of novel class, differing from
common materials by structural-phase and morphological characteristics of
microstructure.
The experimental data, obtained in the work, pertaining to the influence of
alloying with tungsten (as well as with tungsten + yttrium) on the structure,
phase composition and heat-resistance of the Si-Ti-Mo-B system from
optimal area of compositions, make it possible to enlarge knowledge in the
area of materials technology in question and serve as a basis for
development of new powder materials and plasma coatings with using of
these materials on the niobium based alloys. The experimental data on heat-



822 RM 97 V. Terentieva

15° International Plansee Seminar, Eds. G. Kneringer, P. Rodhammer and H. Wildner, Plansee Holding AG, Reutte (2001), Vol. 1

resistance are generalized in a form of diagram "Composition - heat-
resistance" to simplify scientific substantiation of the composition on the stage
of development of the material (powder, granules, cathodes, and so on) for
coatings, or its modification on purpose to impart specified physic-chemical
and/or technological properties.
The presented pilot technology of powder production for developed Si-Ti-Mo-
B-W-Y material makes it possible to enlarge nomenclature of the powder
materials for plasma spraying. The developed powders may be used for
forming of layered (crusty) protective coatings with the help of any other
technique that ensure invariable the phase composition and peculiarities of
the microstructure of the deposited heterophase material (slurry melting,
electrophoresis, and so on) practically on any high-temperature structure
material on condition that they have natural or artificially created compatibility.
Recently there are variety of high-temperature heat-resistant structure
materials, and their scope of application may be significantly increased with
the availability of reliable protection from surface oxidation and erosion in
combination with special operating characteristics of the surface. That is the
reason why the prospects for usage and further improvement of the coatings,
presented in the article, are inexorably associated with the development of
proper barrier-compensation layers on a boundary of material being protected
and with assurance of due strength of adhesion bond.
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