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TBC SYSTEMS FOR HIGH MELTING POINT METALS AND ALLOYS
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Abstract

The article presents research findings on the microstructural studies of thermal barrier coatings (TBC)
deposited on molybdenum, featuring a bond coat made of molybdenum silicide. Ceramic coatings within the
TBC system were produced through plasma spraying in air. Conventional 8YSZ and rare-earth zirconate
powders (lanthanum and neodymium zirconates) were utilized to achieve this. The ceramic layer's thickness
was measured to be approximately 250 um. The interlayer consisted of a MoSi: diffusion coating, formed by
the diffusion process during the siliconizing of the molybdenum substrate. Ideally, the thickness of this zone
should be around 100 um. The research scope included a visual characterization of the TBC system to assess
its overall integrity. In the second phase of the research, topographic parameters of the surface were
evaluated, mainly focusing on the roughness of individual elements within the system. The subsequent
assessment highlighted the phase composition of these individual system elements. During the cross-sectional
tests, the ceramic layer was evaluated in terms of the architecture of cracks and pores. Quantitative and
qualitative assessments were conducted, categorizing the pores as spherical, horizontal, and vertical. The final
aspect of the cross-section evaluation was the bond quality between the ceramic layer and the silicide bond
coat.
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1. INTRODUCTION

Thermal barrier coatings are multi-layer systems built from several types of materials with completely different
physicochemical properties, allowing them to achieve a level of performance that would not be possible to
obtain separately from each of these materials. In this context, performance properties refer to insulating
capabilities that reduce the surface temperature of the hot-section elements of the gas turbine covered with
TBC coatings, thus increasing their operational durability. Conversely, it is also possible to raise the thermal
parameters of turbine operation, such as exhaust gas temperature, which enhances the efficiency of such a
system [1-3]. This usually applies to the elements of the hot section of stationery and aircraft turbines, such as
combustion chambers or guide vanes, where the effect of temperature reduction can reach up to 300°C [4-7].
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The TBC system includes a substrate material, typically a heat-resistant nickel-based superalloy, which
ensures high operational durability under heavy loads, extremely aggressive environments, and high
temperatures. The primary factor limiting the durability of nickel superalloys is their melting temperature, which
serves as an unsurpassable operational criterion. It is not possible to metallurgically increase the melting
temperature of elements made of nickel superalloys. Additionally, modifications that enhance the creep
resistance of these alloys simultaneously lead to a decrease in the melting onset temperature. This is due to
the introduction of numerous alloying elements, primarily aimed at improving creep resistance. However, their
introduction results in undesirable structures with densely packed topologically compact phases (TCP) and
eutectics with lower transition temperatures to the liquid state than the nickel-based austenitic matrix.
Consequently, the homologous operating temperature, currently approximately 0.9 of the melting temperature,
serves as the limiting operational temperature, inhibiting further development of this group of materials. A
relatively small improvement in operating parameters has been achieved by introducing advanced internal
cooling systems for combustion chambers and blades. Still, their impact is limited and does not provide a safe
means to raise the operating temperature of turbines further. Therefore, TBC systems are an alternative
method for effectively reducing the surface temperature of elements operating under such conditions [1-3].
The second component of the TBC system is a ceramic coating, which ensures high resistance to aggressive
environments and extreme temperatures. Its primary role is to provide thermal insulation by reducing the
temperature of the metal substrate to levels that maintain structural stability, thus allowing for long-term
operation. The thickness of the ceramic coating in conventional thermal barrier coatings usually does not
exceed 300 um, allowing for significant temperature reduction in combination with internal cooling channels.
A considerable disadvantage of ceramic layers in TBC systems is their virtually complete lack of tolerance to
plastic deformation, resulting in a high tendency for the coating to crack and delaminate. Nevertheless,
combining these two types of materials — a ductile nickel superalloy and brittle ceramics with insulating
properties — reduces the substrate temperature, thus improving the overall heat resistance of the protected
element. An additional interlayer, typically based on nickel alloys of the Ni-(Co)-Cr-Al-Y or Ni-Al-(Pt) types,
provides high resistance to oxidation and corrosion, serving as a necessary link between the metallic substrate
and the ceramic coating, thereby preventing the mismatch effects between the thermal expansion coefficients
of the metallic and ceramic materials [8-9].

The wider introduction of such coatings is an issue of great importance for improving the quality of devices [10,
11], and thus management systems [12,13] and business economics [14]. Analogous problems related to
ensuring wear durability are also an area of interest for researchers dealing with DLC coatings [15], laser-
processed ESD coatings [16], laser-processed WC-Co coatings [17] and areas of heat transfer in boilers [18,
19]. The studied phenomena and methods of their use also have an inspiring influence on the development of
analytical methods [20] and applications in the consumer area [21].

A new area of interest for scientists is TBC systems dedicated to materials based on high-melting metal
elements, such as molybdenum and niobium. In this case, however, the problem lies in selecting ceramic
materials with insulating properties. Conventional 8YSZ, used in systems based on nickel superalloys,
operates at temperatures up to 1100-1200°C. This is due to the tendency of this compound to transform from
a monoclinic to a tetragonal form [22]. A potential solution may be materials classified as zirconates with a
pyrochlore structure of the Ln2Zr207 type, where Ln are rare earth elements. There is very little literature data
on TBC systems on molybdenum alloys [23].

2, PROCEDURE OF EXPERIMENT

The substrate material consisted of 3 mm-thick molybdenum sheets. The sample's surface was subjected to
a sandblasting process to clean and develop it. A MoSiz-type silicide coating obtained by diffusion silicification
was used as the interlayer. A detailed description of the silicification process using the pack cementation
method is presented in [24]. The insulating coating comprised a plasma-sprayed ceramic layer of the Nd2Zr207
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type. A detailed description of the powders used to spray this coating (Nd2Zr.0O7, 8YSZ) is presented in [25].
To characterize the microstructure of the Nd2Zr.07/MoSi2/Mo systems, tests were performed using an X-ray
diffractometer and a scanning microscope. The phase identification for thermally sprayed TBC coatings was
performed via X-ray diffraction (XRD) using a Phillips X'Pert® powder diffractometer equipped with a
copper anode tube (Acuka = 1.54178 A) operating at 30 mA and 40 kV. Diffraction patterns were recorded at
0.02° steps from 26 = 10° to 90°. Each coating system's microstructure and chemical composition were
evaluated using scanning electron microscopy (SEM; Hitachi S-3400 N) and energy dispersive X-ray
spectroscopy (EDS; Thermo Noran System Seven). SEM-EDS analysis was also performed to investigate the
chemical compositions and morphologies of hot corrosion products formed on the surface of coatings after
experiments and to evaluate the cross-sectional microstructures of corroded coatings.

S-3400N x500 BSECOMP
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Mo/MoSi2/La2Zr207 ® - Nd2Zr202
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Mo/MoSi,/8YSZ Mo/MoSiz/Nd2Zr,0

Figure 1 Basic information about the analyzed TBC systems on Mo
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3. RESULTS

The general view of the YSZ and Nd2Zr.0O7 type coatings is shown in (Figure 1). Similarly, these systems'
surface views are similar. From the morphological point of view, both types of coatings are characterized by a
lamellar structure typical of the APS process, with visible cracks, which are the effect of crystallization
phenomena.

Figure 2 shows a general view of the microstructure of TBC systems. In both cases, the thickness of the
MoSiz-type substrate layer is about 130-140 pm, which is a considerable value and can cause relatively high
brittleness. However, this phenomenon was not observed during the presented tests. On the other hand, such
thickness provides an appropriate level of roughness, which increases the adhesion of the ceramic layer
deposited by the APS method. The porosity of the obtained ceramic coatings is typical for this type of material.
It is presented in (Table 1).

Table 1 Quantitative and qualitative characterization of pores.

System Parameter Total porosity | Spherical pores |Horizontal pores| Vertical pores
An [%] 10.74 2,94 7.77 0.03
8YSz Vv (Aa) [%] 15.1 8.7 421 23.1
38 0.91 0.95 0.41 0.36
An [%] 4.90 227 2.61 0.02
Nd2Zr207 Vv (An) [%] 11.1 8.2 69.9 27.7
38 0.95 0.92 0.55 0.41

SElI  20kV WD10mm  SS38 x100 100um SEl  5kV WD9mm SS38 x100 100um
0001 28 Apr 2025 0001 28 Apr 2025

Mo/MoSi2/8YSZ Mo/MoSi2/Nd2Zr207

Figure 2 Microstructure of analyzed TBC systems

4, CONCLUSION

The presented studies have shown that using a very thick silicide interlayer (over 100 ym) can obtain conditions
conducive to spraying ceramic TBC systems with acceptable adhesion to the substrate. The obtained TBC
systems, based on the conventional 8YSZ material and the pyrochlore compound of the Nd2Zr207 type, are
characterized by porosity at a level typical for systems of this type, in terms of volume fraction and pore
morphology.
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The presented research successfully demonstrates the feasibility of fabricating thermal barrier coatings (TBCs)
on molybdenum substrates using a thick MoSi2 bond layer, a key step towards developing protective systems
for high-melting-point metals and alloys. This observation is particularly significant given the inherent
challenges of bonding brittle ceramic materials to metal substrates, especially when large thermal expansion
coefficient mismatches are present.

A noteworthy aspect of this study is the application of TBC systems on molybdenum substrates, which
represents a significant departure from conventional nickel-based superalloys. Molybdenum, due to its high
melting point, has enormous potential in high-temperature applications where nickel-based alloys reach their
operating limits. However, its susceptibility to oxidation at elevated temperatures requires robust protective
coatings. The MoSi2 bond coat acts as an effective diffusion barrier and provides oxidation resistance to the
molybdenum substrate, bridging the gap between the metallic substrate and the ceramic topcoat. Although the
literature on TBC coatings for molybdenum alloys is sparse [23], our findings contribute fundamental data to
this emerging field, particularly with respect to interface characterization and microstructural integrity of such
systems.

The presented results suggest further possibilities for analyzing TBC systems obtained by the plasma spray
process, which is dedicated to high-melting metals and their alloys with a silicide-based bond coat. This is an
innovative element of the research conducted because, so far, no research results describe this type of coating
on high-melting metals.
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