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Technical Approach and Justification 

1. Introduction 

The challenges of a high temperature environment (T>1400°C) impose severe material 

performance constraints in terms of melting point, oxidation resistance and structural functionality. 

A number of ceramic materials, intermetallic compounds and refractory metals with high melting 

temperature are available as material choices. However, in a single component, single-phase form, 

these materials rarely satisfy all the above requirements because of the brittleness of ceramic 

materials and intermetallic compounds at low temperatures and the oxidation problems and poor 

creep resistance of refractory metals at high temperatures. In this respect the evolutionary 

development of high temperature alloys over the past 4-5 decades represents a remarkable 

achievement and provides important lessons to guide future materials design efforts. One clear 

message is the importance of multiphase microstructures and the capability to control phase 

fractions and morphologies within the overall structure [Ros 87, Sto 87, Dys 90], The flexibility 

in microstructure control has been shown to be critical in tailoring alloy performance in order to 

satisfy a number of mechanical property requirements that sometimes present conflicting demands 

[Kim 91, Dim 92], Besides the essential structural requirements, elevated temperatures also often 

involve aggressive environments that require a material to display an inherent oxidation protection 

that can be enhanced further by coating [Mai 79], 

In terms of metallic system candidates there are several high melting temperature 

intermetallics, but there is a much smaller number of intermetallic phases that offer a level of 

inherent environmental resistance. At elevated temperature, alloy phases that contain A1 or Si are 

most attractive for developing stable AI2O3 and SiCh coatings. Moreover, above about 1300°C, 

SiCh films are preferred since the parabolic rate constant for oxidation is lower for SiCh than for 

AI2O3 [Bir 83 |. In fact, this selection is supported by the superior oxidation resistance available 

with monolithic MoSb where a SiCh surface provides for useful operation up to about 1700°C (i.e. 

0.8 Tm)- At high temperatures the creep strength of MoSh is insufficient and at low temperature it 

is brittle [Boe 92, Sha 92, Vas 92], Since most of the single-phase intermetallic silicides experience 

a relatively low ambient fracture toughness, significant efforts to remedy this deficiency have been 

geared toward the development of in-situ ductile phase-toughened intermetallic composites [Men 

93, Str 93, Sha 95]. The requirement of a thermodynamically compatible two-phase mixture in 

binary systems nevertheless presents a serious problem due to limited availability of suitable 

components [Sha 95], In the case of MoSh, for instance, there are no high melting ductile phases 

that have been identified to be in equilibrium with MoSij which is a serious issue in structural 

applications due to its brittle nature. 

At the same time, the multiphase microstructures that can be developed in the Mo-Si-B 

system involving the high melting temperature (>2100°C) ternary-based intermetallic MosSiBj 

(T2) offer an attractive option particularly due to the superior oxidation resistance of the Mo-based 

silicides [Nun 97, Per 97]. In terms of the available phase combinations in the Mo-Si-B system 

that are indicated in the phase diagram in Figure 1, the two-phase combination of Mo(ss) +T2 
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offers enhanced toughening [Nun 00] due to a precipitation of Mo(ss) that can be produced within 

the T2 phase [Sak 98, Sak 99, Sch 99] while three phase alloys comprised of Mo(ss), T2 and MoaSi 

or MosSi, T2 and MojSia (see the Mo-Si-B isothermal sections at 1600°C & 1850°C in Figure 1) 

offer favorable oxidation resistance [Tho 93, Sch 98, Sch 99], A focal point of the microstructural 

designs is dearly the T2 phase that is central to the phase selections that promote high temperature 

stability and robust microstructures. 
A coating system represents a multifunctional and multiphase system with a large internal 

interface area. The application of mechanics based design concepts has imparted useful 

engineering properties to systems with components that individually have limited performance. In 

fact, it has been possible to design useful values of toughness into brittle/ductile systems by 

programming the interface characteristics. Indeed, it is fair to state that a key part of the mechanics 

- based design innovations have focused on the internal interfaces. However, even with the 

advances in design, the link between design, structural stability, processing and performance has 

not been fully applied. This has been the basis for a new paradigm of in-situ reaction processing. 

The motivation for this evolution is both economic as well as representing the best elements of 

design, processing and structural stability control. At the same time, the evolution in processing 

strategy has lead to the realization that the principles and concepts involved in the development of 

in-situ reaction processing can be applied to a number of other materials systems, specifically 

coatings that are an important component of many engineering materials systems [Per 93]. 

Figure 1. Isothermal section of Mo-Si-B phase diagram at 1600°C [Kim 06]. 

In principle, the development and application of reaction control concepts in coatings 

provides an effective guideline for designing compatible interfaces. In terms of oxidation 

performance, the Mo-Si-B ternary system offers an attractive option since boron additions 

enhance significantly the oxidation resistance of metal-rich binary silicides [Tho 93] and the Mo 

phase together with the equilibrium ternary phase (MosSiBi) have demonstrated the ductile phase 

toughening mechanism, [Now 57, Nun 97, Per 97]. At the same time, at high temperature the Mo- 

Si-B system tends to produce favorable borosilica layers which exhibit useful oxidation resistance 

[Men 93], comparable to other silicides. From the available experience on the oxidation behavior 
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of Mo-Si-B alloys that has been reported it is evident bo the kinetics are sensitive to composition 

and the addition of higher order components. Single phase T2 compositions exhibit a high metal 

recession rate of over 3000pm/100 hr at 1100°C. However, three phase alloys based upon 

Mo+T2+Mo3Si with Ti or Hf additions exhibit recession rates of less than 100 pm/100 hr at 

11 00°C. Moreover, [Woo 03] the doping of three phase alloys with small amounts of Fe, Ni or Co 

was reported to reduce the recession rate to about 1 pm/ hr at 1370°C that is well below the design 

goal of 10 mil/1 OOhr (i.e. 250pm/100 hr). However, at lower temperatures the doping additions 

were ineffective in suppressing degradation. Clearly, the understanding of the large sensitivity of 

the oxidation rate to alloy composition is a critical issue. Moreover, since the alloy compositions 

that exhibit the lowest oxidation rate will most likely not yield optimum performance for the 

mechanical properties, it is important to develop oxidation resistant coatings that are robust and 

compatible. An effective strategy to address this challenge is based upon in-situ reaction 

processing to develop coating systems that are thermodynamically compatible with the base alloy 

and also incorporate an inherent capability for repair. 

The development of coating layers, such as Thermal Barrier Coatings (TBCs) which 

includes multifunctional multilayers, indicates further the importance of a fabricating compatible 

interface designs for the coatings and the substrate materials as well. In fact, beneath a TBC layer, 

a thermally grown oxide (TOO) that forms upon oxidation exposure has been identified as a 

primary failure mode in the TBC system, implying that oxidation control together with stable 

interface design are critical for successful TBC layer design. 

One useful design concept that has been developed for multilayer systems is the functional 

grading (FGM) concept, which is based on a gradual composition variation between the 

incompatible constituents [Smi 84; Kie 91]. In principle, in-situ reaction processing together with 

FGM would evolve a promising and a natural built-in compatibility and in addition a self-repair 

mechanism. At the same time, such designs offer challenges in materials synthesis and processing 

in terms of optimizing the reaction kinetics, phase structure and product morphology development 

[Rap 73, Per 93]. 

In the current studies these challenges are being addressed in several focus areas. For 

example, the evolution of the interdiffusion reaction that initiates at interfaces involves a particular 

reaction path, which is related to the diffusion path in the system [Kir 87]. Understanding the 

kinetics of the diffusion path and its control are essential to modifying the overall microstructural 

morphology resulting from a modified phase sequence [Per 98], Moreover, it is apparent that 

diffusion through the product phase is an essential feature of reactive phase formation. For 

example, in the current studies on oxidation and coating reactions in Mo-Si-B alloys, it has been 

established that a strategy based on a kinetic biasing can be a most effective approach in controlling 

the diffusion pathway and an important component in modifying the microstructural morphology 

of the various intermediate layers that develop during interface reactions. 
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2. Background 

2.1 Evolution of Phase Stability Hierarchy and Interdiffusion Reactions 

As a starting point in the evaluation of phase compatibility in composite systems it is 

essential to consider the phase stability. This is illustrated in a model ternary system such as that 

shown in Figure 2. In this system four binary compounds: a, (3, 5, and y exist as well as the primary 

solid solution phases. While the basic thermodynamic stability is very important, it does not yield 

the reaction sequence between phases in a multiphase system. For example, as indicated in Figure 

2 in an initial pairing of the phase mixture of y and B there are several possible combinations of 

reaction products all of which represent stable pairings of the two phase mixtures, but evolve 

through different phase sequencing pathways. In order to assess which of these reaction pathways 

is selected, it is important to determine the interdiffusion path and reaction kinetics associated with 

the reduction in system free energy during reaction. At the same time, the multiplicity of pathways 

offers a potential strategy for altering the sequence of phases into a desired pathway. Initially, if a 

product 8 phase is desired between y and B, it is useful to consider biasing the kinetics of the 

diffusion pathway using an excess flux of A. Then, the S phase is included in the reaction pathway. 

It also appears that the strategy would be most effective if it also occurs with a continuous decrease 

in the chemical potentials of the mobile components [Loo 85] otherwise as discussed by van Loo 

activity gradients can be present and the design would represent a transient condition. Of course, 

such a transient behavior may be of an extended duration which can be designed to exceed the 

service lifetime if the diffusion process controlling modification of the phase layers is sluggish. 
c 

Figure 2. Potential reaction layer formation in a y / B and y / A / B diffusion couple involving a 

stable pairing of phases. 

When the reaction kinetics are favorable the initial components can be converted 

into stable combinations by displacement reactions [Wag 38, Rap 73] such as a displacement for 

oxides : A+BO^AO+B . The sequence and arrangement of phases has an important influence on 

the morphology of the resulting products [Wag 38], For an initial layered arrangement of A and 

BO a layered arrangement of AO, and B can develop by sequential reaction. Alternatively, an 

aggregate arrangement (i.e. interwoven or lamellar) of AO and B can develop by coupled growth 
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when the growth of B is controlling [Rap 73], With either morphology class, a stable product 

structure is established by the displacement reaction [Hen 93]. The issue of morphology control 

can be a deciding factor in optimizing the performance of a coating system once the correct phase 

structure has been established. 

The morphology of the interfaces during in-situ reaction is one of the important issues for 

coatings materials design [Loo 83, Ram 85]. Depending on the relative fluxes of the different 

components to the interface, the shape of the interface can be modified between limits ranging 

from a planar to a fully interwoven configuration. In coatings, an interwoven microstructure can 

be used in a graded layering to modify the structure in a smooth manner and to minimize the build 

up of stresses which lead to cracking and spalling of coatings. Moreover, it is important to realize 

that the diffusion path provides not only critical information on phase sequencing during 

interdiffusion reactions, but also essential information on the relative fluxes of the separate 

components which can be used to control interface morphology. With this in mind it is also evident 

that altering the diffusion path to change the phase sequence will also have an influence on the 

resultant morphology of the phase combinations; thus, both factors must be considered together 

and indeed can be used in useful microstructural designs. 

While the interface stability concept is applicable to the oxidation of metal /alloy 

combinations, it is also worthwhile to examine the governing factors for the oxide scale formation. 

In fact, the oxidation behavior of alloys increases the complexity, since multiple steps are involved. 

For most oxidation reactions, the superficial scale separates from the reactants so that the final 

products are not usually produced simultaneously [Whi 83], In many cases, the diffusion rate of 

the metal component is one of the key factors for protective oxide layer formation. However, in 

practice, the competition of metal component vs. oxygen diffusion rate together with the soundness 

of the oxide scale layer determines the oxide scale formation. 
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Figure 3. a) Schematic of the accelerated oxidation mechanism initiation of pest degradation on 

MoSh at 500°C [Cho 93], b) Schematic illustration of critical oxidation behavior (SEM 

micrograph shows the development of pest process (MosSL alloy annealed at 500°C for 24 hr)). 
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One example of the kinetic competition that is of special relevance to the behavior of Mo- 

Si-B alloys is the oxidation behavior of Mo-Si alloys at low temperature (Figure 3a). Upon 

exposure in air, M0O3 forms and volatilizes from the reaction of oxygen and Mo, leaving a SiOi 

rich layer. The defects of the surface SiOi layer allow oxygen to penetrate through the alloy, 

eventually the condensed M0O3 (usually platelet shape) together with SiCh remains on the surface. 

However, at high temperature, the diffusion of Si from the alloy becomes more rapid to the oxide 

layer and can maintain a SiC>2 layer. This behavior, of course, is associated with the viscosity of 

the oxide scale. The schematic illustration representing the critical oxygen behavior is shown in 

Figure 4b including the oxidized microstructure of MosSij following oxidation at 500°C for 24 hr. 

The microstructure implies severe oxygen attack can degrade an alloy with only limited time 

exposure. This is commonly called “pesting”. In order to address this behavior several approaches 

may be considered to improve oxidation resistance such as developing coating strategies together 

with alloy design. An effective solution has been developed in the current program. 

2.2 Pathways - Multicomponent Systems 

One important useful design tool in the synthesis of a reliable and stable coating system 

follows from the application of composition gradients during the initial fabrication. For example, 

matrix alloying can be an effective approach to reducing coating degradation due to interdiffusion 

and reaction layer formation. The approach can be visualized in a number of ways. Alloying 

clearly influences the matrix activity and consequently reactivity with the reinforcement phase. 

Similarly, matrix alloying can also act to modify the diffusion path trajectory in a multiphase 

system [Bac 86], In addition, matrix alloying can be used to some extent, to reduce the rate of 

interdiffusion by selective doping. Of course, the suitability of matrix alloying as a strategy for 

robust interfacial reaction kinetics control requires also a consideration of the influence of alloying 

on the mechanical properties of the matrix and the capability of the coating to tolerate a limited 

amount of reaction with the matrix without significant loss of strength and integrity. 

During interdiffusion and reaction, composition gradients will continuously change and 

tend to decrease. Nevertheless, it is possible to design in gradients by appropriately adjusting the 

diffusion path through single-phase regions so that the gradients are maintained as the diffusion 

path settles into a steady state pattern as illustrated in Figure4 for a diffusion couple between pure 

A and the compound y. For mass conservation the diffusion path outlined by the dotted line must 

pass through the line joining the end numbers of the couple [Kir 87]. 
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Figure 4: Illustration of the diffusion path (dotted curve) for a diffusion couple between the A! 

rich solid solution and y phase. Changing the A rich solution composition modifies the diffusion 

path to include a ternary T phase. 

For the case illustrated, component C is the most mobile component so that the diffusion 

path trajectory is directed toward the C corner of the isotherm. The path then recovers across the 

A-rich solid solution to seek out the tie-line between the A-rich solid solution and y which is the 

stable steady-state path. Based on this information, the alloying of A with component B will alter 

the path to select other tie-lines between the A-rich solid solution and y. Furthermore, the new tie¬ 

line can also link up with other phases in a ternary system such as the T phase, as shown in Figured. 

Also, practically such concept can be extended to the interaction of oxygen with a multicomponent 

alloy such as that in the Ni-Al-0 ternary system[McH 96]. In fact, carefully selected alloying and 

the introduction of composition gradients in the matrix can be useful methods for reaction layer 

selection and phase sequencing control. Moreover, the design of gradients of composition and 

phase structure can also provide a means of relaxing thermal cycle induced stresses as 

demonstrated by functionally gradient materials [Shi 93]. 

2.3 Diffusion Path Control and Kinetic Bias - Previous Studies 

The synthesis of robust coatings that provide protection against environmental attack at 

ultrahigh temperatures is a difficult challenge. However, the current level of understanding does 

indicate that alloys in the Mo-Si-B system have sufficiently low inherent oxidation rates that a 

coating strategy can be used to realize the control that is needed to limit oxidation to satisfactory 

levels. The uncoated alloy substrate behavior during oxidation also highlights the substrate 

composition in terms of B/Si as a key element in coating design strategies. At the same time, it is 

evident that coatings will require integration with the substrate. In order to achieve compatibility 

upon integration, a multilayer coating structure is the most effective approach. In this way, 

structural compatibility will be assured as well as to provide a diffusion barrier to limit oxygen 

transport and to control the oxygen chemical potential. Often, in past work the approach to 

investigating multiplayer coatings has been a largely empirical one. However, in our past work, 

the use of the diffusion pathway and kinetic biasing concepts has been established as a fundamental 

method to analyze and to interpret multilayer coating reactions. Indeed, the lessons that can be 
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learned from the analysis and interpretation of the case study results provide the essential 

foundation for the proposed continuation of the research. 

2.4 Diffusion Pathways and Oxidation Behavior of Mo-Si-B Substrate Alloys 

In order to provide a baseline for comparison the development of oxide layer formation 

was analyzed in the uncoated alloy substrate. Ingots with a composition of Mo-14.2Si-9.6B (at%) 

were prepared by arc-melting in a Ti-gettered Ar atmosphere and sliced to 3 mm thick discs. For 

oxidation testing, an alumina boat containing the sample discs was inserted into a furnace at a 

preset temperature in air. 

The Back Scattered Electron (BSE) image of an as-cast Mo-14.2Si-9.6B (at.%) sample 

and location of the composition on the ternary isotherm at 1600°C are shown in FigureSa and 5b. 

The as-cast microstructure is based on the Mo (ss) + Ti two-phase eutectic and the finer three- 

phase eutectic structure (when the as-cast alloy is annealed at 1300°C for 100 hr the microstructure 

did not show a noticeable difference compared to the as-cast samples). 

Figure 5. a) SEM Backscattered image of as-cast Mo-14.2at%Si-9.6at%B. b) Location of the 

nominal composition in the Mo-Si-B phase diagram. 

The compositions of the oxide phases formed during exposure at 1000°C and 1200°C were 

quantified by EPMA (electron probe microanalysis). The amorphous layer was determined to 

contain mostly SiOi with about 10at.% B (or 17 mole% of B2O3) which is close to the liquidus at 

1000°C [Mey 99] and in the M0O2 layer the solubility of boron and silicon is negligible. From the 

layered product structure, the kinetic sequence involved in oxidation can be depicted in terms of 

the diffusion pathway that is represented in Figure 6a. The phase sequence in Figure 6b indicates 

that the borosilicate layer is connected to M0O2 behind the initial pole between oxygen and the 

substrate composition. An examination of the pathway reveals that the composition of the 

borosilicate layer directs the initial phase development and influences the composition of the final 

product phases. For example, by enriching the SiOj content of the outer borosilicate layer, the 

equilibrium can be shifted from (borosilicate + M0O2) to (SiOz + Mo) with a consequent drop in 
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the oxygen activity (i.e. Po2) and the transport of oxygen to react with the alloy substrate. The 

absence of the M0O2 layer signals a significant restriction on the oxygen activity (Po2 <10'6 Pa) 

and flux. 

Moreover, the viscosity of borosilicate solutions is significantly increased by the reduction 

of B to Si ratio. For example, when the B2O3 content decreases from about 17 to 12 mole %, the 

viscosity increases by an order of magnitude at 1200 °C [Ban 86], The increase in viscosity in turn 

also decreases the oxygen diffusion rate [Ban 86]. It has been reported that the diffusion of oxygen 

in SiCh layer can occur by two main modes: molecular permeation and network oxygen self 

diffusion . From the oxide thicknesses and the oxidation times, the estimated oxygen diffusivity is 

in the range of 10'b to 10'17 m2/sec, which is comparable to the values for network oxygen 

diffusion and several orders of magnitude slower than the values for molecular permeation of 

oxygen. This also indicates that oxygen diffusion governs the oxidation process [Lam 92], 

To further modify the oxidation behavior of Mo-Si-B alloys, a pack cementation coating 

of silicon was utilized. This process produces molybdenum silicides on the surface of the material, 

and when exposed to oxygen, these will form a protective layer of SiOi. The nominal thickness 

of the MoSb layer was observed as about 10 pm. During the Si pack cementation process, the 

inward Si diffusion [Mue 92, Coc 95, Par 02a] to the substrate results in the formation of mainly 

the MoSi2 phase. Also, silicon, instead of molybdenum, mainly contributes to the formation of 

MoSh and other silicides, which is consistent with the pack cementation observation (i.e. inward 

diffusion of Si [Mue 92, Coc 95, Par 02a], 

Silicon is the main diffusing element into the substrate during the pack cementation 

process, resulting in the formation of the MoSia outer layer. However, the MoSia phase is in 

equilibrium with the MoB and Ti phases in the ternary Mo-Si-B system (see Figure 1), which is 

different than the phase combination of the as-cast alloy composed of Mo, Mo3Si and T2. In fact, 

TEM evaluation clearly reveals the presence of MoB particles within the MoSia. 

Upon oxidation testing of the current silicide coated samples, a thin oxide layer formed 

at outer layer, similar to the previous results [Kir 92], The observed typical thickness of the scale 

after the oxidation test at 1200°C for 100 hours was less than 5 pm. Upon oxidation at 1200°C, 

the synthesized MoSia phase has completely transformed into MosSia (Ti), when the exposure time 

reached 50 hr. With further oxidation exposure up to 100 hours at 1200°C, the Ti phase coating 

appears to remain stable and retain an excellent oxidation resistance. From this perspective, the 

use of a MoSh and MoaSia (Ti) phase coating appears to be effective in inhibiting the oxygen 

penetration to the substrate and furthermore remains intact with the substrate. Moreover, the 

transformation of the MoSL coating layer into MosSb (on the substrate side) and SiOi (on the free 

surface of MoSii coating layer) as well, indicates that silicon depletion is a significant factor for 

determining the molybdenum disilicide coating lifetime [Coc 95]. Moreover, the boron-doped 

MosSfl (Ti) thin layer exhibits a superb high temperature oxidation resistance [Mey 96j. 

The diffusion pathways with the silicide coatings have been depicted in Figure 6, which 

shows that the coating eliminates the formation of both the internal oxides (layer no.l) and the 

M0O2 (layer no. 2) as a consequence of a much lower oxygen partial pressure within the coating. 



It is also worth noticing that the thickness of the MojSh phase for the current experiments does 

not show a considerable thickness change even after a complete elimination of the MoSh phase. 

This implies that there must be an effective diffusion barrier formed underneath the Ti phase 

coating inhibiting Si diffusion into the substrate and consumption of Ti. In fact, it has been 

established that the diffusivity of Si in the T2 phase is 103 times slower than in the Ti phase and 

thus, the T2 phase serves as an effective diffusion barrier. 

Since the outer borosilicate layer growth upon high temperature exposure for the coated 

sample is not significant, the main reservoir for the Si content in the shrinking MoSh layer should 

be the substrate. The T2 layer (beneath Ti layer) together with MosSi exists and both phases 

protrude into the substrate. As expected, upon Si inward diffusion mainly the Mo phase is 

transformed into the MojSi and the T2 phases. From the observations of the oxidized pack 

cementation sample and recalling that the substrate is composed of two eutectics (Mo + T2 and 

M03SH-T2), the resultant reaction for the formation of Ti (MosSb) and T2 (MosSifh) may be 

written: 

Mo(ss) + T2 —» MosSi + T2 -» Tt + T2 (2.4) 

Mo3Si + T2 ^ Ti + T2 (2.5) 

The reactions and the resultant coating phase evolution can be understood based upon the diffusion 

pathway depicted in Figure 6. 

It should be stressed that the identification of product phases can be inversely applied as a 

guideline for operating conditions. In fact, the identification of the M0O2 formation in this 

oxidation procedure provides a guideline for estimating the maximum oxygen partial pressure for 

the M0O2 formation. For this purpose, it is useful to examine the oxygen partial pressure-species 

diagram for molybdenum oxidation as shown in FigureTa [Gul 79]. The solid lines are from the 

calculation at 1250K (977°C) and the dotted vertical lines indicate the boundaries at 1200°C. In 

principle, the increment of temperature only increases the equilibrium oxygen partial pressure and 

does not change the slopes of oxides equilibrium lines, indicating that temperature variation does 

not change the dominating species, but affects equilibrium partial pressure. The vertical lines of 

the diagram section the stable phase areas - Mo, Mo02(s) and MoCbO). 

In the oxidation of Mo-Si-B alloys initially M0O3 forms preferentially, but this layer offers 

no protection to continued oxidation. The high pressure of (MoCbMg) indicates that (MoOais is 

the most volatile species in the range of between 10"'2 to 1 (atm) oxygen pressure, indicating that 

this may lead to a considerable loss of material without any protective layer above 1250K. The 

maximum oxygen maximum pressure for M0O2 formation is estimated about 10"7atm at !000°C 

and 10'5 atm at 1200°C. For Si02 and B203, similar oxygen partial pressure diagrams are available 

[Gul 79, Sin 91], as shown in Figure 7b and Figure 7c, respectively. 

The dominating species based upon equilibrium oxygen vapor pressure indicates Si02(g) 

and B2O3 (g) at lower oxygen partial pressure (in air). While such a thermodynamic approach 

cannot quantify the extent of species volatilization, it can provide a basic guideline for predicting 

possible reactions. For example, in the Mo-Si-B ternary alloy system, M0O3 (g), Si02(g) and B203 
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(g) are possible volatile species at high temperature. The initially formed M0O3 layer can be 

transient because it sublimates readily at temperatures above 700°C to leave a surface that is 

enriched in Si and B. The enriched surface then develops a protective SiCh layer that also contains 

B2O3 and provides a reduced oxygen activity so that M0O2 forms at the base alloy surface. 

Moreover, it has been documented that at temperatures between 1100K and 2300K boron loss can 

occur due to evaporation [Sin 91], 

Several oxidation studies have been done using thermogravimetric analysis to examine the 

behavior of Mo-Si-B alloys over longer periods of time. One study by Yoshima focused on the T2 

composition (Mo-12.5Si-25Bat.%, B/Si = 2) and involved testing the alloy at temperatures 

between 700°C and 1400°C for up to 24 hrs [Yos 02]. At low temperatures, the alloy initially 

gained mass, but then started to lose mass as M0O3 began to evaporate at a significant rate. At all 

temperatures higher than 1000°C, the alloy lost some mass continuously during the test, indicating 

that molybdenum is being oxidized and is evaporating concurrently with the oxidation of silicon 

and boron. This indicates that while the scale that formed on the sample was somewhat protective, 

it did not reduce the partial pressure of oxygen to the point where molybdenum would not oxidize. 

This means that the oxygen transport through the scale was appreciable, and that it is too rich in 

boron oxide. 

Mendiratta et al. [Men 02] tested six different Mo-Si-B alloy compositions in a cyclic 

oxidation environment that cycled from 1200°C to room temperature to determine behavior as a 

function of B/Si. The Mo-11 Si-1 IB (at%) alloy performed best in this type of test, showing a very 

small mass change over 100 hrs of testing. Alloys that did not perform well tended to have high 

levels of boron and lower levels of silicon. It was also found that none of the alloys were passivated 

at lower temperatures, and all suffered from catastrophic oxidation (i.e. pesting) between 700°C 

and 800°C. Bubbles were observed in the Mo-llSi-llB alloy scale at 800°C, indicating that 

oxidation of molybdenum was occurring and that the M0O3 bubbles were moving through the 

scale. This behavior illustrates the ease with which materia! may be transported across the 

protective scale if the chemistry is not optimized. 
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Figure 6: (a) Schematic illustration of the diffusion pathway indicating the phase evolution upon 

oxidation of a Mo-Si-B alloy located in the Mo-MosSi-T? three phase field (virtual diffusion path 

between borosilicate and M0O2 is also indicated). (The numbers indicate (1) Mo(ss) phase with 

internal oxide precipitates, (2) M0O2 and (3) borosilicate layer. The region below (1) in (a) is the 

alloy substrate.) The diffusion pathway can be further modifies by Si surface enrichment which 

yields MoSh or B-doped MojSh oxidation resistance coating layers. Note that with this approach 

path no.l (internal oxides) & 2 (M0O2) can be eliminated, (la) Cross section BSE image of the 

Mo-14.2Si-9.6B (at.%) alloy oxidized at 1200°C for 100 hr in air. (lb) Cross section BSE image 

of crystal SiCh powder. (1c) Cross section BSE image of amorphous SiOi powder sprayed Mo- 

14.2Si-9.6B (at.%) alloy following oxidation at 1200°C for 100 hr. (2a) Schematics of diffusion 

pathways in Uncoated Mo-Si-B substrate (2b) Si-pack Mo-Si-B (2c) Si-pack Mo-Si-B after 

prolonged exposure. As shown in (2b) and (2c), layers #1 and #2 do not develop, instead only the 

borosilicate layer forms (layer #3). Both (2b) and (2c) show excellent oxidation resistance due to 

the disilicide (in 2b) and or Ti + T2 phases (in 2c). 
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Figure 7. a) Equilibrium vapor pressure (log P) of different species of the Mo-0 system as a 

function of oxygen partial pressures at 1200°C. b) Equilibrium vapor pressure (log P) of different 

species of the Si-0 system as a function of oxygen partial pressures at 1250K (977°C) [Gul 79], 

c) Equilibrium vapor pressure (log P) of different species of the B-0 system as a function of 

oxygen partial pressures at 1700K (1427°C) [Sin 91], 

From the reported observations, the general features appear to be that in all cases there is a 

transient stage which is accompanied by mass loss due to the evaporation of M0O3 as well as boron 

oxide. The oxidation process then proceeds with the eventual formation of a steady state which is 

signified by the development of borosilicate layer at the outermost portion of the oxide structure. 

The SiOz (+B2O3) layer produced is naturally protective, but it does not completely block O2 

transport so that with continued exposure, the thickness of the oxide increases along with a 

recession of the alloy base. The initial onset temperature for the steady state oxidation is highly 

dependent the composition of the Mo-Si-B substrate alloys. Furthermore, the B/Si ratio in the 

substrate and that develops in the oxide scale controls the nature of the transient stage. The 

significance of the B/Si ratio opens up opportunities in coating design to alter the oxygen diffusion 

pathways and consequently the overall oxidation resistance as elaborated in the next section. 

2.5 Mo-Si-B Based Coatings 

From the current observations as well as from prior reports, the oxidation reaction commences 

with a transient stage which is accompanied by mass loss due to the evaporation of M0O3 and 

boron oxide. The oxidation process then evolves into a steady state which is signified by the 

development of borosilica layer at the outermost portion of the oxide structure. Following 

oxidation in air the SiCE (+B2O3) layer produced is naturally protective, but it does not completely 

block O2 transport so that with continued exposure, the thickness of the oxide increases along with 

a recession of the alloy base. The onset temperature for the steady state oxidation is highly 

dependent the composition of the Mo-Si-B alloys. Furthermore, the B/Si ratio in the substrate and 

that develops into the oxide scale controls the nature of the transient stage. The significance of the 
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B/Si ratio opens up opportunities in coating design to alter the oxygen diffusion pathways, the 

oxygen mobility and consequently the overall oxidation resistance. 

In order to control the B/Si ratio a pack cementation process was adapted for coating synthesis. 

During the silicon pack cementation process coating process, a steep chemical potential gradient 

of Si across the vapor-substrate interface produces a flux of Si into the substrate that uniformly 

enriches the local Si concentration and results in the synthesis of a MoSb coating layer [Lev 74, 

Mue 92, Coc 95], A BSE image of an as-Si packed sample is shown in Figure 8a. Underneath the 

MoSh layer, there is a Mo-rich silicide layer of MosSb (Ti) phase and dispersoids of the MoB 

phase [Sak 05]. There is a limited amount of boron in the substrate and consequently it is not 

possible to establish a continuous layer of MoB, 

The presence of MoB phase can be understood from the diagram of composition trajectories 

of the Si-pack cementation process into this alloy as shown in Figure 8b. In this case, due to the 

relatively low temperature of the pack process (900°C), any preferential mass loss of the elements 

(Mo, Si, B) on the surface due to evaporation should be negligible. Thus, as Si diffuses into the 

Mo-Si-B alloy, the composition trajectory should follow the line connecting the Si source to the 

composition of the substrate (Mo-3Si-lB wt.%, Mo-8.9Si-7.1B at.%). From the tie line between 

MoB and MoSb in the Figure 9b, it is clear that only a limited amount of MoB (as the boron 

source) that can be created as the MoSh layer starts to develop on the surface. 

Enrichment of silicon via pack cementation does not provide the amount of boron needed 

to stabilize a continuous layer of borosilicidc and/or boride phases. Therefore, it is important to 

pursue a simultaneous or co-deposition of B and Si onto the Mo-rich Mo-Si-B alloys followed by 

annealing treatments at 1200-1400°C [Per 08, Per 06], Indeed, as exemplified in Figure 9a, by 

partly substituting Si with B in the pack powder mixture, a continuous layer of MoB can be 

stabilized underneath the silicide layer coating onto the Mo-3 Si-IB wt% substrate. As illustrated 

in Figure 9b, the nominal composition path for the co-deposition processes can be represented by 

rotation about the substrate nominal composition whereby the initial vapor source moves from the 

pure Si to a mixed Si/B source. 

Figure 8. a) Si Pack-cementated Mo-3Si-lB (wt %) b) Composition trajectory of Si+B pack 

cementation process on Mo-3 Si-IB (wt %) alloys depicted in the Mo-Si-B phase diagram. 
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Figure 9. a) Pack-cementated Mo-3Si-lB (wl %) with a partial substitution of Si with B (1:20 B 

to Si weight ratio) b) Composition trajectory of Si+B pack cementation process on Mo-3Si~lB 

(wt %) alloys depicted in the Mo-Si-B phase diagram. A full development of the boride phase 

underneath the silicide phase is observed with the partial substitution. 

During oxidation tests of the (B+Si)-pack alloys, the initial MoSh outer layer is consumed 

by formation of the Ti phase as one consequence of the transient composition trajectory. With 

continued elevated temperature exposure during oxidation, the outer Ti phase layer would 

eventually be consumed by dissolution into the substrate. However, part of the initial transient 

stage of reaction that yields the Ti phase from the inward flux of Si and B also leads to the 

development of the T2 borosilicide and/or boride phase layer. The relative amounts of the T2 and 

MoB phases below the Ti phase region depend on the B/Si ratio of the powder sources as illustrated 

in the diffusion path trajectory in Figure 9b. The Ti phase is always in contact with the MoB or T2 

borosilicide phase, which guarantees B saturation in the T1 phase. Furthermore, since the T[ phase 

that is saturated with B has excellent oxidation resistance [Mey 99] and the loss of Si is blocked 

by the underlying diffusion barrier (i.e. the borosilicide and boride phases), the Ti layer thickness 

change can be arrested [Per 08, Per 06J. Further, any damage to the outer Ti layer can be recovered 

from the underlying T2 + MoB layer. In effect, the in-situ reaction that yields the T2 + MoB layer 

also provides a kinetic bias [Per 95] that allows for the continued existence of the outer Ti layer 

and also yields a self-healing characteristic of the coating and resistance to pesting. 

Oxidation tests performed at 1400°C show the benefits of the coatings to provide an 

effective oxidation protection. As shown in Figure 10a and 10b, with uncoated samples, oxidation 

of Mo-3 Si-IB (wt. %) alloys results in a large mass loss as evident by the thick borosilica glass 

and intermediate region depleted in Si and B. The SEM cross section of the oxide scales shows 

that even though there is a thick and continuous borosilicate layer on the surface, the high 

evaporation rale of B2O3 at this temperature results in a relatively large mass loss during the 

transient oxidation. In contrast, the coaled sample in Figure 10c and lOd shows the thickness 

retention of the sample and furthermore a very limited growth of the borosilicate layer on top of 

the coating (less than 15 pm after 30 hrs exposure). 
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Figure 10. SEM image of uncoated Mo-Si-B sample after an oxidation test at 1400°C for 10 hours 

showing the extensive recession rate even though a continuous borosiiica layer develop on the 

surface as shown in back-scattered SEM image in (b). In contrast, with the same oxidation 

condition the coated sample in (c) exhibits a minimal mass loss due to the borosilicide coating 

protection, (d) SEM back-scattered cross-section image of the coating showing the development 

of B-saturated Ti and the diffusion barrier underneath comprised of the T2 and boride phases. 

3. Current Studies 

A clear understanding of the factors controlling reproducible and robust coating synthesis 

and processing is critical for high temperature applications. Coatings usually behave as interfacial 

materials since their processing and performance are dominated by the characteristics of interfaces. 

In order to achieve stable, in-situ multiphase designs, the principles governing the controlling 

interface reactions are being examined at a basic level. In fact, the understanding of interface 

reaction control has a wide application in a number of advanced materials systems such as those 

involved in coatings for oxidation protection and thermal barrier functions. 

In the current program, the key objective is to capitalize on the interdiffusion reactions 

between potential materials combinations to develop useful reaction products and alloy 

compositions that evolve toward a steady state of a compatible system. The operating principles 

of interface reactions in multicomponent systems are being examined at a basic level to develop 

design strategies, which will provide useful guidelines for developing stable and robust composite 

and coating systems. As part of this goal, a kinetic bias concept which has been demonstrated to 

be effective in modifying interface reaction products, controlling the reaction product phase 

sequence and even in controlling porosity during interface reactions is also being examined further 

for coating applications where multiple functional layers coexist. In order to achieve compatible 

interfaces to maximize the high temperature stability and performance, key issues such as 

identifying oxidation steps, recession rate and coating compatibility must be considered for an 

effective coating strategy development. 

18 



In applying these guiding principles in the current work, we have focused on a number of 

aspects critical to the coating performance and application, namely (1) The capability of MoSiB 

coatings to suppress hot corrosion attack, (2) The oxidation resistance of MoSiB coatings in a 

water vapor environment (3) The extended use of MoSiB coatings for environmental protection of 

SiC/C Composites and (4) The influence of minor alloying additions on the oxidation response of 

Mo-Si-B alloys. We have made significant progress in adapting the MoSiB-based coating design 

to provide extended functionality on a variety of metallic and ceramic substrates, have identified 

a methodology to scale up the coating application for commercial use and have developed a 

mechanistic understanding of some parts of the coating performance. In order to build on this 

progress and advances in the fundamental understanding we propose a continuing study with a 

focus on (1) Developing a fundamental understanding of the MoSiB coating structure and the 

influence of additives that is the basis for the remarkable effectiveness, (2) Establishing the long 

term stability of the coating effectiveness (along with a lifetime model) during high temperature 

isothermal and thermal cycling exposure, (3) Examination of the coating performance in other 

environments such as low oxygen partial pressures and high velocity steam conditions and (4) 

Continuing the study of MoSiB based coatings for environmental protection of other refractory 

metal alloys and high temperature materials. 

The advances in understanding during the current program have provided the essential 

foundation to address the key issues regarding alloy composition and microstructure, enhanced 

coating protection, thermal cycling behavior and lifetime modeling. These developments are 

highlighted in the following discussion. The discussion covers selected areas from the current work 

that provide a perspective on the efforts that are proposed to advance the understanding and 

application of coatings to the next level. 

3.1 Mo-Si-B Coating Resistance to Magnesium Sulfate based Hot Corrosion 
A variety of salt deposits from fuel impurities and the atmosphere have been found in 

turbine engines [Bor 97], The degradation of materials by these salts at the operational 

temperatures of turbines is defined as hot corrosion [Eli 02], Hot corrosion is the accelerated 

corrosion of a material when salt deposits melt and damage the protective surface oxides. 

Previous studies have investigated the Mo-Si-B coating resistance to calcia-magnesia- 

aluminosilica [Dow 14] and sodium sulfate (Na^SO^/sodium vanadate (NasVCU) [Tay 17], The 

present study investigates the protective ability of the coating in (MgSCTt) environments. 

Constituent Composition (wt %) Composition (mole %) 
Na2S04 56.5 54.68 

K2SO4 6.97 5.5 

CaSCb 14.85 15 

MgS04 21.73 24.82 

Table 1 Table of recorded salt presence in turbine engines by Bornstein and Allen 
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Magnesium sulfate comprises 22% of the salt deposits found in turbines [Bor 97]. Both 

MgSOj and NaiSCU have similar decomposition routes producing SO3 and an oxide [Sch 1 l,Law 

90], It has been shown that sodium oxide (NaiO) diffuses into the outer vitreous silica layer of 

the Mo-Si-B coating promoting the nucleation of cristobalite [Tay 17]. This crystallization front 

advances into the silica and causes some loss of the coating from spallation. In contrast, 

magnesium has virtually no mobility in silica [Muk 02]. Due to this, magnesium forms less 

cristobalite and maintains a larger amount of vitreous silica, preserving the Mo-Si-B coating. The 

liquidus projection in Figure 11 of MgO, Na20, and SiCh highlights this strong inactivity of 

magnesium oxide which is stable over a rather large composition range in this system. This 

diagram was adapted from the FactSage program [Bel 10]. 

S/Oj 

Figure 11 Liquidus projection of MgO, Si02, Na20 from the Factsage program 

The temperature of salt decomposition is a contributing factor to the severity of the 

corrosion. The relation of free energy to temperature of the decomposition of various sulfates to 

sulfur dioxide and sulfur trioxide was calculated using standard thermodynamic values [Lid 03, 

Dea 79], Sulfur dioxide is the more favorable decomposition with MgSQr decomposing at 

640(,C, CaS04 decomposing at 916°C, and NaiSCL at 1355°C. Figure 12 presents this data where 

it can be seen that both magnesium and calcium sulfate begin to decompose to sulfur dioxide at 

or below the Type 1 corrosion temperature threshold of 825°C [Str 98]. Some of the 

decomposing MgStTi reacts with M0O3 to form MgMoCL, but most of it is assumed to form inert 

MgO that remains solid on the surface to later fall off when the sample is removed according to 

the reactions in equations 1 and 2. This low temperature decomposition causes these sulfates to 

leave the system, limiting the amount of corrosion they can cause. Sodium sulfate decomposes at 

far higher temperatures allowing it to remain a source of corrosion during the entirety of turbine 

operation. 
1 

MgSOt MgO +-02 + S02 

MgO + Mo03 -> MgMoOA 
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Figure 12 Temperature free energy relation of the decomposition of various sulfates 

Experimental procedure 
The effects of these salt systems on Mo-Si-B coatings were explored by producing a 

series of coated molybdenum coins that were exposed to hot corrosion environments. Pure 

molybdenum (99.95%) rods were cut into coins approximately 1.25 cm in diameter and .3 cm 

thick. A coating from a source of Si and B in the ratio of 35:1 silicon to boron was deposited via 

pack cementation in a powder mixture and heated in an argon filled tube furnace at 1000°C for 

50 hours. The powder mixture contained 2.5 wt% NaF salt as an activator, 35 wt% of a 35:1 

silicon to boron powder and 62.5 wt% of inert alumina. 

After the pack cementation, the coins were conditioned in laboratory air at 1300°C for 10 

hours. This conditioning served two functions. Primarily, it oxidized the surface forming the 

vitreous outer layer [Rio 09]. Secondly, it verified the integrity and completeness of the coating. 

If the coating was incomplete, the molybdenum substrate would rapidly oxidize to molybdenum 

trioxide (M0O3) and vaporize. This failure of the coating was visually apparent and caused a 

significant mass loss allowing for easy detection. 

The conditioned coins were coated in a salt solution as an analog to salt deposition in 

turbines. A slurry of magnesium sulfate or the composite salts was applied to the coins using an 

airbrush. The amount of salt applied was approximately 25 mg/cm2 for the magnesium system 

and 10 mg/cm2 for the composite system. This amount is several orders of magnitude beyond 

reported salt amounts to promote corrosive effects [Ash 69 j. The composite salt slurry was a 

mixture of salts found in existing jet engines, along with environmental salts, and elements 

related to fuel impurities [Bor 97,Bor 93], The final constituents are presented in Table 2. The 

coated specimens were dried in open air until the salt slurry densified. Vapor phase mass loss 

experiments using a salt reservoir were not attempted as it has been shown to have significantly 

lower mass losses [Tay 17]. 

The coated coins were loaded into a tube furnace. In the furnace the coins were exposed 

to repeated thermal cycling of 5-hour periods at either 900°C or 1000°C. During the cycles the air 
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Ion Na V so4 Mg Ca Cl K 

Approximate Molar 

Percent 

38 4.5 27 11 7.5 10 2 

Salt Species Na2S04 NaVOr MgSO 

4 

CaCl 

2 

KC1 

Approximate Molar 

Percent 

41 20 21 14 4 

Table 2 Molar percentages of'each ion present in composite salt slurry 

was either left static in the furnace or laboratory air was flowed over the coins at a rate of 

approximately 10 1/min. The large quantities of salt and relatively slow air speeds make the 

conditions tested far more favorable for hot corrosion attack than turbine operation. After each 

cycle the mass of the coin was measured, and x-ray diffraction was performed periodically. The 

salt coating was not reapplied during the cycles as Sumner et al. have shown that redeposition 

has little effect on corrosion for the time scales used here [Sum 17], Select coins were sectioned 

and polished for scanning electron microscopy. Before sectioning the coins were coated with a 

sputtered gold and an electroplated nickel layer to preserve the glassy silica coating during the 

polishing according to a procedure outlined by Richter [Ric 12], 

Results 
The mass loss of the coins after each cycle is presented in Figure 13. There is an initial 

gain in mass from the salt coating. After this gain the coating stabilizes and the total mass change 

plateaus to near the initial mass before the salt coating application. Coins that were in a flowing 

air environment showed a stable mass change closer to the zero, likely due to the air physically 

removing salt deposits on the surface. The 1000°C cycles in the static environment showed some 

mass loss similar to sodium environments, but to a lesser extent. This is at the temperature where 

the MgSCri decomposes which could contribute to the increased severity of the attack. The 900°C 

static salt environment did not have a net mass loss as some amount of salt remained on the 

surface throughout the experiment. These results show a clear difference with the sodium sulfate 

(Na2S04)/sodium vanadate (NaaVCri) mass loss as shown in Figure 14. In most cases there is 

significantly less mass loss in the MgSCri coated samples than those coated with NaiSOa/NaVCri. 

The mass loss for both magnesium and Na2S04/NaV03 was similar only for the 900°C flowing 

air environment, which was relatively inactive for both. 
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Figure 13 Mass loss of Mo-Si-B coins in different magnesium sulfate environments 

The consistent reduction in mass loss can be attributed to the lack of magnesium mobility in the 

silica. In static environments the mass loss during MgS04 exposure is consistently 1/10,h of the 

Na2S04-based mass loss. The mass change in flowing air environments were more temperature 

dependent. At 900°C the MgS04 corrosion was l/5th that due to Na2S04/NaV03, whereas at 

1000oC the corrosion was l/20’h a result of increased reactivity in the NaiSC^/NaVOs system at 

higher temperatures. Since the magnesium does not move through the silica advancing a 

crystallization front, large cristobalite regions do not form and subsequently spall off, as 

described in the NaiSCTt/NaVOs environments [Tay 17,Muk 02], Additionally, a sample was 

tested at 1300°C in a static environment. The mass loss of this sample stabilized at -3 mg/cm2, 

comparable to the mass loss in the 1000°C static environment. . 
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Figure 14 mass loss data of Mo-Si-B coated coins in both magnesium sulfate and sodium sulfate 
(NaaSOil/sodium vanadate (NaiVCb) environments. 

X-ray Diffraction was used to identify the composition and structure of the Mo-Si-B 

coatings after the conditioning and during the thermal cycles. The majority of the coating is the 

expected vitreous borosilica layer that appears as a broad amorphous region in x-ray diffraction. 
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In addition, multiple series of peaks associated with the molybdenum silicon structures of Ti and 

MoSh are clearly detected. Some regions of the coins showed peaks consistent with magnesium 

molybdate (MgMoO/i) as shown in Figure 15. 

Figure 15 X-ray diffraction of A) a typical region of Mo-Si-B coated coin surface after 

magnesium sulfate exposure and B) regions containing MgMo04 after 20 5 hour cycles 

The formation of MgMoCU is thermodynamically favored in the presence of MgO and 

MoCb as demonstrated in Figure 16 where there is a thermodynamically favored region above 

600°C where MgS04 decomposes to MgO which reacts with M0O3 or Mo and O2 to form 

MgMo04. The relative scarcity of MgMo04 and the lack of noticeable mass change implies that 

it is not the result of a breach in the coating but a reaction of molybdenum still present in the 

surface layers after the pack cementation process. 

Figure 16 Temperature related free energy of the decomposition of MgS04and the formation of MgMo04 
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The SEM image in Figure 17 shows cracks where silica has flowed into gaps in the 

coating. These gaps are a probable source of the molybdenum that oxidizes to M0O3 which 

reacts with MgO to form magnesium molybdate. In order to assess the self-healing capability of 

the coating system it is necessary to consider the flow velocity of silica. The works of Papko and 

Levitskii, and Saiz et al. provide the foundation to approximate the self-healing rate [Lev 1 l,Sai 

07]. Papko and Levitskii found the viscosity, p of a 70% silica glass at 900°CJ with other oxides 

including B2O3 accounting for no more than 10% each, to be 105 2 Pas-sec. Saiz et al. found the 

spreading velocity, v of a silica glass on molybdenum at 1200°C to be approximately 90 pm-sec'1 

and related to the Capillary number, Ca — pv/yw . Using their capillary number of 9-1 O'2 and an 

interfacial tension, yiv of ~1 J-m"1 an approximate viscosity of 10' Pas-sec can be calculated. 

From these values an overestimated spreading velocity of 90 pm-sec"1 can be used. Using this, 

cracks such as A and B in Figure 17 could be filled in less than 10 seconds at 1000°C. 

Figure 17 SE - SEM image of cracks in the surface coating that have been filled in by silica 

during thermal cycling 

Conclusion 

Magnesium, which appears in turbine engines via magnesium sulfate in isolation has 

little detrimental effect on Mo-Si-B coatings for refractory metals in normal operating 

conditions. Unlike sodium there is little crystallization of the outer vitreous silica layer except in 

extreme 1000°C static thermal cycling environments. Examinations of the mass changes during 

repeated thermal cycles and changes in the x-ray diffraction of the surface support this. It was 

noted that magnesium molybdate does form on the surface of some coatings as a reaction of the 

decomposing magnesium sulfate and molybdenum. 

Repeated thermal cycling the composite salt mixture of Na2S04, NaVOa, MgSCL, CaCL, 

KC1, demonstrated a consistent level of impact on the silica coating. Following an initial period 

of corrosion and mass loss the silica coating stabilizes. This mass loss remained at or less than 2 

mg/cm2 for all tested environments including a composite salt mixture. After investigating the 

composite salt mixture isolated sodium salts remain the most deleterious to the silica coatings but 

did not induce failures exposing the molybdenum core to oxygen. Against the range of salts and 
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impurities that occur in turbine engines under normal operations silica coatings derived from 

Mo-ShB systems demonstrate significant and reliable resilience. 

3.2 SEM and Raman spectroscopy studies on Si-B pack cementation followed by A1 
coatings and wet oxidation behavior 

For the examination of the constitution and structure of the MoSiB based coating three 

conditions were analyzed by SEM/EDS and Raman Spectroscopy. The treatments included the 

Si and B codeposition by pack cementation on a Mo substrate and the subsequent addition of Al 

to the pack cementation coating 

Experimental details 

The pack cementation treatment with a 35:1 Si and B mixture was done on Mo substrate 

at 1000 °C for 50 h in argon environment and then conditioning was carried out at 1300 °C for 2 

h in air. After finishing the coatings and conditionings, wet oxidation experiments were carried 

out at 1450 °C for 35, 40 and 75 h in air. For each treatment step, scanning electron microscopy 

(LEO-Inspect F) equipped with energy dispersive spectroscopy (EDS), and X-ray mapping were 

used to identify surface morphology and elemental distribution on top of the surfaces. The 

Raman spectroscopy (Model: Horiba Labram Aramis, He-Ne laser with 532 nm, laser spot size 

of 1 pm, acquisition time: 5min, grating 1800, with Dlfilter at 100 x) was done on the wet 

oxidized samples to identify the polymorphs of SiCEand oxide products. 

Results and Discussion 
SEM/EDS mapping of Si-B pack cementation 

SEM and EDS analysis of Si-B pack cementation sample at 1000 °C for 50 h in argon 

environment revealed froth light and dark regions on the top surface of the pack coating. The Na, 

O and Al elements are enriched in the dark regions and Si and Mo elements are richer in the light 

regions which represent the MosSb (Tl) and MoSB phases that form during pack cementation. 

Following Si-B pack cementation conditioning at 1300 °C for 2 h in air the analysis 

demonstrated that Al and Si elements are enriched in the light regions whereas Mo is enriched in 

the dark regions. It was also observed that oxygen is uniformly distributed throughout the 

surface. After conditioning, some amount of Na still appears on the coating surface, but a 

significant amount of Al was not detected on the conditioned sample. 

While these results are preliminary they do suggest some characteristics in the coating 

evolution. First, since the coating appears to be glassy macroscopically the detection of Mo 

probably comes from the T \ and MoSB phases under the glass due to penetration of the electron 

beam. However, the absence of Si in the Mo rich regions indicates that they are pure Mo which 

is a bit puzzling. Moreover, the absence of an Al signal is also unexpected. Clearly, further study 

including the analysis of the sample cross section is necessary to understand the observed 

changes in coating constitution.. 
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Raman spectroscopy ofSi-B pack cementation and then conditioning followed by Al-coating 

Raman Spectroscopy is a non-destructive chemical analysis technique which provides 

detailed infonnation about chemical structure, phase and polymorphy, crystallinity and 

molecular interactions. It is based upon the interaction of light with the chemical bonds within a 

material. Raman is a light scattering technique, whereby a molecule scatters incident light from a 

high intensity laser light source. Most of the scattered light is at the same wavelength (or color) 

as the laser source and does not provide useful information - this is called Rayleigh Scatter. 

However, a small amount of light (typically 0.0000001%) is scattered at different wavelengths 

(or colors), which depend on the chemical structure - this is called Raman Scatter. 

A Raman spectrum features a number of peaks, showing the intensity and wavelength position of 

the Raman scattered light. Each peak corresponds to a specific molecular bond vibration, 

including individual bonds and groups of bonds such as ring breathing modes, molecular chain 

vibrations and lattice modes. 

Figure 18 shows the Raman spectroscopy of Si-B pack cementation at 1000 °C for 50 h in 

argon environment on both white and black regions. In both the regions, Si-B pack cementation 

sample shows borosilica, coesite SiCh, and M0O3 phases at the wave numbers of 435 cm"1, 327 

and 519 cmf1, and 89 and 119 cm'1 respectively [Kon 76, Kin 94, Py 77] , The intensity of phases 

is much higher in white region rather black region that leads to phase fractions of those phases are 

very high in white region. 

Usually, as per polymorphism of SiCh at ambient pressure [Hea 94,Hig 94] (Fig. 19), either 

tridymite or quartz SiCk phase should form after completion of pack cementation process followed 

by cooling (1000 °C for 50 h followed by i 0 °C /min). But, interestingly, the coesite SiOi phase is 

accompanyed by the borosilica phase in Raman spectroscopy which indicates that boria 

(BaCbyBCft network influences the crystal structure of SiOj via formation of borosilica phase. An 

explanation of how the BO4 network effects the crystal structure of tridymite SiOi and formation 

of coesite can be proposed using the model proposed by Fair [Fai 95] which is shown in Fig. 20. 

According to the model proposed by Fair et al. [Fai 95], initially when B is doping into Si 

at 1000 °C through pack cementation, either boron forms BO4 network or boron diffuses into 

tridymite SiCH and forms a boron doped SiCft network (B-Si04). Subsequently, the unpaired 

electrons of oxygen atoms of the BO4 networks react with non-bridging oxygens (since the 

bonding between non-bridging oxygens and Si atoms is very weak as compared to bridging 

oxygens) of tridymite SiCft networks leads to form borosilicate networks (substitutional site) and 

peroxide defects. Consequently, the destabilized B-SiCH networks transform into a coesite SiCh 

ring structure rather quartz during cooling. The transition of BO4 and tridymite SiCft networks into 

coesite, at substitutional sites and peroxide defect formation are schematically shown in Fig. 21. 

Afterwards, these peroxide defects are aiding to Mo atoms to diffuse out from Si-B pack 

cementation and then react with oxygen atoms and form M0O3 phase that was also appeared in 

Raman spectroscopy (Fig. 18). 
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Raman spectroscopy of Si-B pack cementation conditioning at 1300 °C for 2 h in air is 

shown Fig. 22. In this condition, Raman spectroscopy was done on both shiny and dark regions 

and those regions were already shown in Fig.2. Si-B pack cementation conditioning sample shows 

quartz, cristobalitc and AI2O3 phases at the wave numbers of 128, 206, 354 and 464 cnT1, 230 and 

420 cm-1, and 568 and 734 cm-1 [Kin 94] along with borosilica, coesite and M0O3 phases in both 

the regions. 
During Si-B pack cementation conditioning at 1300 °C for 2 h in air, there is a sufficient 

time for oxygen atoms to diffuse into coesite SiCh rings and try to form cristobalite and then, 

cristobalite network transform into quartz while cooling to room temperature (10 °C /min) as 

shown in schematic diagram of Fig. 23. The transition of coesite into cristobalite and quartz 

networks are schematically shown in Fig. 24. Concurrently, Mo from substrate and A1 from pack 

are reacting with oxygen and then try to form M0O3 and AI2O3 phases. The Raman spectra of the 

coating surface after Si-B pack cementation at 1000 °C for 50 h in an argon environment are 

shown in figure 18 for the same light (white) and dark (black) regions in Fig.l. In both the 

regions, the Si-B pack cementation sample shows borosilica, coesite SiCh, and a trace of the 

M0O3 phases at the wave numbers of 449 cm'1, 327 and 519 cm and 89 and 119 cm !. The 

appearance of M0O3 probably originates from redeposition during sample cooling. The intensity 

of phases is much higher in white region than in the black region. Typically, based upon the 

polymorphism of SiOi at ambient pressure, either tridymite or quartz SiCh phases should form 

after completion of the pack cementation process followed by cooling. Interestingly, Coesite and 

borosilica phases appeared in the Raman spectra which indicates that boria (B2O3) or the BO4 

network may induce changes in the crystal structure of SiCh. For example, when B is added into 

Si at 1000 °C, initially it forms a BO4 network/ B2O3 along with SiCWSiOs- Subsequently, the 

lone pair electrons of oxygen atoms of the BO4 networks react with non-bridging oxygens of the 

Si04 networks. Consequently, the SKA) networks will be destabilized and form a borosilicate 

network. On the other hand, the oxygen atoms of the destabilized Si04 networks react with the 

surrounding Si atoms and form a coesite SiOz ring structure. The formation of coesite and 

borosilica network and peroxide defects are schematically shown in Fig.25. 

The Raman spectra of the coating following Si-B pack cementation and conditioning at 

1300 °C for 2 h in air is shown Fig.26. In this condition, the Raman spectra were taken on both 

the shiny (light) and dark regions. The sample surface shows quartz, cristobalite and AI2O3 along 

with borosilica, coesite and M0O3 phases in both the regions. Evidently, conditioning at 1300 °C 

for 2 h is sufficient time for oxygen atoms in the surrounding air to destabilize the coesite rings 

through non bridging oxygens to form a cristobalite network (Fig.27)and then while cooling to 

room temperature, the cristobalite network transforms into quartz as shown in the schematic 

diagram of Fig.28. Concurrently, Al reacts with oxygen atoms to form AI2O3. 

Lastly, the Raman spectra of the Al-coating after conditioning and wet oxidation 

exposure are shown in Fig.29. The sample exhibits the borosilica and coesite phases. The Raman 

spectra of the Al-Si-B coated samples for 35, 40, 75 h of wet oxidation exposure demonstrated 

that cristobalite, mullite and M0O3 phases are present but the borosilica and amorphous SiCh (a- 
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SiC>2) phases were not observed. During wet oxidation, initially OH' ions react with non-bridging 

oxygens of coesite ring and form (OH)2 free radicals. These free radicals pull out the Si atoms 

from ring structure and form Si (OH)2 that then evaporates. This is one of reasons for the weight 

loss of wet oxidized samples. Subsequently, unstable broken rings transform to stabilize Si04 

networks and form cristobalite. The cristobalite reacts with AI2O3 to form muliite. The Al-coating 

and conditioning as well as the wet oxidized samples should be repeated for Raman spectroscopy 

to confirm the phases and the tentative reaction sequences. 

Figure 18 Raman spectra of the Si-B pack cementation coating developed 1000 °C for 50 h in an 

argon environment 
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Figure 19 Schematic diagram of coesite ring and borosilica formation during pack cementation 
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Figure 20 Raman spectra of the Si-B pack cementation coating after conditioning at 1300 °C for 

2 h in air 
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Figure 21 Schematic diagram of quartz and cristobalite formation from coesite ring during pack 

cementation conditioning 
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Figure 22 Raman spectroscopy of Si-B pack cementation at 1000 °C for 50 h in argon 
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Figure 23 Polymorphs of SiC>2 at ambient pressure showing quartz or tridymite phase forms after 

pack cementation at 1000 °C for 50 h followed by 10 °C /min. 
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Figure 26 Raman spectroscopy of Si-B pack cementation conditioning at 1300 °C for 2 h in air 
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Figure 27 Polymorphs of SiCh at ambient pressure showing quartz or cristobalite phase forms 

after pack cementation conditioning at 1300 °C for 2 h followed by 10 °C /min. 
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Figure 29 Raman spectroscopy of Al-coating conditioning at 1450 °C for 2 h and wet oxidized 

samples at 1450 °C for 35, 40 and 75 h in air 
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Conclusions 

The following preliminary conclusions are drawn based on the SEM and Raman spectroscopy 

analysis on Si-B pack cementation followed by A1 coatings and wet oxidation on Mo substrate. 

• MoSB and Coesite phases are formed during Si-B pack cementation. 

■ After Si-B pack cementation conditioning, coesite, cristobaiite, quartz and borosilicate 

phases were observed. 

• The quartz phase formed during Al-coating. 

• Coesite, mullite and borosilica phases are formed after Al-coating conditioning. 

• During wet oxidation, OH' ions attack the non-bridging oxygens of coesite and form 

Si(OH)2 and the ring structure transforms into cristobaiite. 

While this initial study has yielded new insight on the evolution of the coating structure during 

synthesis, conditioning and oxidation exposure further study is necessary to elucidate the details 

of the structural transitions. 

3.3 Adapted Mo-Si-B + A1 Coating for Protection of SiC-Based Materials in Active 
Oxidation Environments 

SiC-based materials are being considered for several aerospace applications including 

exposure to very high temperatures (>1500°C) and low partial pressures of oxygen. In these 

environments, SiC is prone to a degrative oxidation mechanism known as active oxidation. At 

higher oxygen potentials, it is well established that SiC oxidizes to form the condensed phase 

SiOzts) in reaction (1) [Jac 11]: 

SiC (s) + 3/202 (g) -* Si02 (s) + CO (g) (1) 

This is termed “passive oxidation.” However, at lower oxygen potential and high temperatures, 

SiC may oxidize to form volatile SiO(g) as in reaction (2) [Jac 11]: 

SiC (s) + 02 (g) - SiO (g) + CO (g) (2) 

This is termed “active oxidation” and leads directly to the erosion of the SiC substrate. 

It is well known that there is a “hysteresis” between the active-to-passive transition and the 

passive-to-active transition. In a study by Myers and Jacobson [Jac 11] and a two-part study by 

Jacobson, Harder and Myers [Jac 13,Har 13], it was concluded that the active-to-passive and 

passive-to-active transition point is governed by the same interfacia! reaction at the SiC/Si02 

interface, but occur at different oxygen potentials. This interfacial reaction is shown in reaction 

(3): 
SiC (s) + 2Si02 (s) — 3SiO (g) + CO (g) (3) 

At high oxygen potentials, SiO(g) is unstable and is immediately oxidized to Si02, suppressing 

the interfacial reaction. As the oxygen potential is lowered, the interfacial reaction will proceed 

through the cracks in the Si02 scale [Har 13], The pressure build-up of SiO(g) and CO(g) at the 

SiC/Si02 interface, as well as the thinning of the Si02 scale due to reaction with SiC, will 

eventually cause the Si02 scale to rupture [Har 13 ]. The exposed SiC substrate will then oxidize 

according to reaction (2). 
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The passive-to-active transition is of more concern than the active-to-passive transition 

when looking at SiC to be used for hypersonic flight. During application, the substrate would 

experience low temperatures and high oxygen potentials (passive conditions) initially but would 

gradually reach high temperatures and low oxygen potentials (active conditions) during the 

duration of the flight, undergoing the passive-to-active transition. Traditionally, the analysis of 

the active/passive transition of SiC comes from Wagner’s Theory regarding the active/passive 

transition in Si [Wag 58], It is widely accepted that the passive-to-active transition should be 

similar for Si, SiC and Si3N4 fHeu 90], However, more recent studies show a high degree of 

discrepancy, suggesting that the theory is not all encompassing. 

A study by Jacobson [Jac 11] compiles the work of many, trying to discern the 

active/passive transition. Figure 30 show a very wide range of results when looking at 

temperature and oxygen potential alone. This suggests more information is needed and that other 

parameters should be considered. Some of the potentially most influential parameters include the 

effect of total pressure and the effect of impurities in passive silica. 
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Figure 30. Theoretical and experimental data for SiC active/passive transitions [Jac 11], 

Total pressure is an important parameter to consider, as it plays a major role in the 

disruption of the passive SiChfs) outer layer in the passive-to-active transition. The proposed 

mechanism for the passive-to-active transition is shown in Figure 31 [Mar 13], CO(g) and SiO(g) 

form at the interface of SiC and Si02(s). Some of the gas will escape through the cracks, leading 

to SiCh rod formation once SiO(g) reaches higher oxygen potentials. However, the developing 

pressure can become great enough to ablate the passive layer, and the pressure at which this 

occurs is depend on the total surrounding pressure. While some studies have used reduced total 

pressures to achieve low oxygen potentials, most use gas mixtures at atmospheric pressures. 
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Figure 31. Probable mechanism for the passive-to-active transition of SiC [Har 13], 

Even minor amounts of impurities in the passive SiC>2(s) can have a large effect on the 

diffusivity of oxygen and therefor on the passive-to-active transition in SiC. Being that the 

passive layer is amorphous, there are two main mechanisms of oxygen diffusion [Lam 93]: 

Mobility through the open space channels in the low-density areas of glass network or oxygen 

self-diffusion through the bonded oxygen in the glass network. Impurities can cause significant 

change in these diffusion mechanisms by either modifying the glass network or disrupting 

oxygen mobility through the channels. Dopants such as B, Ge, and As are describes as network 

formers, since they will form oxides that contribute to the glass structure. Network modifiers, 

such as Na, K, and Mg form oxides that disrupt the glass structure. Replacing a Si atom with one 

of these will cause an increase in the number of non-bridging oxides, or oxides that connect one 

Si04 tetrahedra with another. Monovalent ions will form one non-bridging oxygen per cation, 

and divalent ions will form two non-bridging oxygens. This leaves larger channels in the 

network, increasing oxygen mobility. Elements such as Al, Ti, and Zr form what is known as 

intermediate oxides.. These oxides would normally not be glass forming however can enter the 

network by replacing a Si atom. When this occurs, an additional cation will have to occupy 

nearby channel spaces in order to maintain charge neutrality. This in turn blocks oxygen mobility 

in the channels, as well as increases the activation energy to replace an oxygen in the glass 

network due to attraction between the cation and bonded oxygen [Lam 92,Wan 06]. 

Mo-Si-B based alloy multilayer coatings have been proven to be robust in oxidative 

environments at extreme temperatures. They show promise as a solution to preventing active 

oxidation of SiC, as they show good compatibility. This coating is applied to SiC by a multi-step 

process. Mo is first deposited on SiC, which can be done via slurry sintering, yielding a 

continuous layer of well bonded Mo on SiC over 100 pm thick. Next, Si and B are incorporated 

into the Mo coating by pack cementation in an alumina filler. During the application, an outer 

layer of MoSL develops followed by a Mo-rich silicide layer of MosSb (Tl) phase with 

dispersoids of the MoB phase. Finally, during a conditioning treatment that involves exposure to 

air at high temperature, the coating structure evolves into layers: an outer layer of borosilica 

glass which provides self-healing capabilities, an underlying layer of B-saturated MosSL (Tl) 

which functions as the oxidation resistant layer and the borosilicide MosSiB2 (T2) phase which 
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forms in situ in contact with the substrate and serves as a diffusion barrier for both silicon and 

boron [Sak 08,Nun 00]. 

Thermo gravimetric analysis was conducted on oxidized CVD SiC, Mo-Si-B coated CVD 

SiC and Mo-Si-B + 5 wt% A1 coated CVD SiC at 1400CIC in flowing 100 ppm Ch/balance Ar 

gas. The results are plotted in Figure 32. It is clear that the Mo-Si-B + 5 wt% A1 sample has 

superior resistance to mass loss in active oxidation conditions, in terms of steady state mass loss 

(~9xl0"6 mg/mm2-min) as well as total mass change. Post-test plan view SEM micrographs 

showed large grains of alumina and regions of aluminoborosilica glass. The cross-sectional view 

in Figure 33 shows a layer of alumina on the surface of the sample, with intermixed MoSii and 

Mo5Si3 and aluminoborosilica underneath. The aluminum content in the aluminoborosilica layer 

was -5-10 at%, as determined by EDS. While this preliminary result is encouraging and appears 

to support our working hypothesis, a more complete systematic study is necessary to define and 

confirm the beneficial effect of A1 and other additions to the MoSiB based coating performance. 

Mo-Si-B-5 wt% Al 

CVD SiC 

Mo-Si-B 

Figure 32. In situ mass change results from exposure of oxidized CVD SiC (“CVD SiC”), Mo-Si-B 
coated CVD SiC (“Mo-Si-B”) and Mo-Si-B + 5 wt% Al coated CVD SiC (“Mo-Si-B-5 wt% Al”) to 100 
ppm Ck/balance Ar flowing at 100 mL/min at 1400°C for 4 hours each. 

Figure 33. Cross-sectional backscattered SEM image of Mo-Si-B + 5 wt% Al coated CVD SiC 

after exposure to 100 ppm 02/balance Ar flowing at 100 mL/min at 1400°C 
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3.4 Creep of an Oxidation Resistant Coated Mo-9Si-8B Alloy 
Numerous studies on high temperature oxidation behavior in Mo-Si-B alloys reveal that 

the alloy compositions with the best performance do not have satisfactory mechanical properties 

(notably low temperature ductility and fracture toughness) due to the high volume fraction of 

silicide phases needed for the oxidation resistance [4], Similarly, alloy compositions with 

satisfactory mechanical properties usually exhibit poor oxidation resistance due to the continuous 

Moss phase [5]. One strategy to address this dilemma is to apply an oxidation resistant coating. A 

successful coating has been developed based upon a co-deposition of B and Si by pack cementation 

that exhibits thermodynamic and mechanical compatibility and self-healing [6], The coating has 

been demonstrated to provide a robust environmental resistance to attack by oxidation, CMAS, 

hot corrosion by molten salt and water vapor [3], Besides the environmental resistance it is 

important to assess the influence of the coating on the mechanical behavior. In this work it is 

demonstrated that the high temperature creep performance of a Mo-9Si-8B alloy is essentially 

unaffected by the coating, proofing the protective capability of the coating under application 

relevant conditions with superimposed plastic deformation. 

Experimental Procedures 
The Mo-9Si-8B alloy (in at.%) was manufactured from elemental powders Mo, Si and B 

with purities of 99.95%, 99.9% and 98% respectively. Mechanical alloying was carried out using 

a planetary ball mill (Retsch PM 400) with WC balls, a powder to ball ratio of 1:12 and a speed of 

200 rpm [5]. Compaction was carried out using the field assisted sintering technique (FAST) at 

1600 °C and 50 MPa for hold times of 15 min. As a result, buttons with a diameter of 50 mm and 

a height of 10 mm and a residual porosity of < 2 % were produced [7]. 

After homogenization treatment at 1600 °C for 100 h, dogbone shaped tensile samples with 

a total length of 35 mm, a gage length of 15 mm and a square cross-section of 3 x 4 mm2 were 

manufactured from above buttons by EDM (see insert in fig. 3). Prior to pack cementation the gage 

section of these samples was ground to a 2500 grit finish. The tensile samples were then embedded 

in a powder mixture consisting of 62.5 wt.% AI2O3, 35 wt.% Si and B mixture (Si/B = 35/1) and 

2.5 wt.% NaF for pack cementation in an Ar atmosphere at 1000 °C for 40 h to co-deposit the Si 

and B. A detailed description of the pack cementation process can be found elsewhere [8,9], 

Tensile creep tests were on the one hand carried out under constant true stresses at 1200 °C 

in a Zwick universal testing device equipped with a Maytec vacuum furnace (<10‘4 Pa), in order 

to use the continuously monitored creep strain by inductive displacement transducers attached to 

the gage section as a proof that the coating does not affect the creep behavior. For further details 

see [lOj. On the other hand, further creep tests were performed in air in order to amplify the 

adhesion and self-healing capability of the coating. 

Results 
The initial coating structure after pack cementation is displayed in fig. 34a) where (from left to 

right) an outer amorphous borosilica layer is in contact with a MoSh layer which in turn is in 

contact with a mixed MoB and MosSiBiffi) layer before reaching the three phase MoSs + MosSi 
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Fig.35 a) In plan view of coated sample surface after 6 % plastic strain, b) cross section of coated 
sample after 6 % plastic strain illustrating the flow of borosilica to fill cracks (TD refers to 
tensile direction) 

+ T2 substrate. After conditioning at 1400 °C for 10 h in air the coating structure evolves into the 

structure shown in fig.34b) where the top and bottom portion of the MoSi2 layer converts to MosSij 

which is followed by a M0B/T2 layer before reaching the substrate. Exposure of samples with this 

coating at 1300 °C for extended periods of 500 hours (without mechanical loading) indicated a 

small mass change of less than 0.3 mg/cm2 [8x]. 

Fig. 34 a) BSE-micrograph of the as-packed sample [3], b) BSE-micrograph left and SE- 
micrograph right of the conditioned coated Mo-9Si-8B sample 

Following exposure at 1200 °C in air and under an applied stress of 50 MPa the sample 

exhibited a full retention of the coating after 6 % plastic strain as shown in plan view in fig. 35a) 

and in cross section in fig. 35b). There was no evidence for coating spallation or oxidation of the 

substrate. Some crack development was detected normal to the tensile direction (fig.35b) but it is 

evident that the borosilica was able to form and flow into the cracks as a self-healing process 

(errors in fig. 35b II). In essence the same observations were made for creep tested samples at 

1200 °C under a stress of 100 MPa. 
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Fig. 36) Double logarithmic plot of the minimum strain rate vs. applied stress at 1200 °C for Mo- 
9Si-8B alloys with different grain sizes. The grain size for the uncoated FAST sample is 0.75 pm 
[7] and that for the uncoated HIP sample is 1.5 pm [11] while that for the coated sample has an 
intermediate value of about 1,3 pm. 

The minimum creep rates for the coated samples were compiled with literature results 

obtained on uncoated material plotted in fig. 36) versus the applied creep stress. Two conclusions 

can be drawn from this comparison: (i) as discussed in [7] for a series of Mo-9Si-8B alloys with 

different Zr additions, a clear tendency for increased creep rates with decreasing grain size is noted. 

This was explained in [7] by the increased contribution of grain boundary sliding processes and 

our coated samples fit very well into this trend; (ii) no obvious impact of the additional coating on 

the course of the minimum creep rates is found which expresses itself in the very similar stress 

exponents ranging between 2.3 and 3.7. This supports the above observations in that the coating 

is well adherent and obviously able to protect the underlying substrate well. 

Conclusions 
The effect of an oxidation resistant Mo-Si-B based coating on the deformation of a Mo- 

9Si-8B alloy was evaluated during tensile creep experiments at 1200 °C. The observed creep rates 

for coated samples at stresses between 50 and 100 MPa are consistent with the reported values for 

uncoated samples demonstrating that the coating had a negligible effect on the creep behavior. At 

a plastic strain of 6 % some cracking was observed normal to the tensile direction, but the cracks 
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were filled by flowing borosilica glass indicating a self-healing capability. The coating structure 

was maintained during creep deformation. 

References 
[1] J. H. Perepezko, The Hotter The Engine, The Better: Science 326 (2009), 5956-5957. 
[2] A.P. Alur, N. Chollacoop, K.S. Kumar: High-temperature compression behavior of Mo- 

Si-B alloys, Acta Materialia,52(19) (2004), 5571-5587. 
[3] J. H. Perepezko, R. Sakidja: Extended Functionality of Environmentally-Resistant Mo- 

Si-B-Based Coatings, JOM, 65 (2013) 307-317. 
[4] J.H. Schneibel, R.O. Ritchie, J.J. Kruzic, P.F. Tortorelli: Optimization of Mo-Si-B 

intermetallic alloys, Metall. Mater. Trans. A36 (2005), 525-531. 
[5] M. Kruger, S. Franz, H. Saage, M. Heilmaier, J.H. Schneibel, P. Jehanno, M. Boning, H. 

Kestler: Mechanically alloyed Mo-Si-B alloys with a continuous a-Mo matrix and 
improved mechanical properties, Intermetallics 16 (2008), 933-941. 

[6] J.H. Perepezko: Surface Engineering of Mo-Base Alloys for Elevated-Temperature 
Environmental Resistance. Ann. Rev. Mater. Res., 45 (2015) 519-542. 

[7] C. Hochmuth, D. Schliephake, R. Volkl, M. Heilmaier, U. Glatzel: Influence of 
zirconium content on microstructure and creep properties of Mo-9Si-8B alloys, 
Intermetallics 48 (2014), 3-9. 

[8] A. Lange, M. Heilmaier, T.A. Sossaman, J.H. Perepezko, Oxidation behavior of pack- 
cemented Si-B oxidation protection coatings for Mo-Si-B alloys at 1300°C, Surf. Coat. 
Tech. 266 (2015), 57-63. 

[9] D. Schliephake, C. Gombola, A. Kauffmann, M. Heilmaier, J.-H. Perepezko, Enhanced 
Oxidation resistance of Mo-Si-B-Ti Alloys by Pack Cementation, Oxid. Met. 88 (2017), 
267-277. 

[10] D. Schliephake, M. A. Azim, K. v. Klinski-Wetzel, B. Gorr, H.-J. Christ, H. Bei, E. P. 
George, M. Heilmaier: High-Temperature Creep and Oxidation Behavior of Mo-Si-B 
Alloys with High Ti Contents, Metall. Mater. Trans. 45A (2014), 1102-1111. 

[11] M. Kruger, D. Schliephake, P Jain, K,S, Kumar, G, Schumacher, M, Heilmaier, Effects 
of Zr Additions on the Microstructure and the Mechanical Behavior of PM Mo-Si-B 
Alloys, JOM 65 (2013), 301-306. 

3.5 Coating of Vanadium and Chromium Alloys 

Recently, creating a more effective means of Mo addition onto the substrate of other 

materials has been restrictive. Alloys that contain Mo or do not have much of a mismatch in their 

atom arrangement and size have shown considerable progress for using a Mo pack. A recent 

vanadium alloy was successfully coating with Mo using a Mo pack and finishing up with a Si-B 

pack. Successfully conditioning these samples has been difficult. 

Multiple vanadium samples with Mo packs instead of slurry coats were produced with 

only one sample passing conditioning. With the many failures that Mo packs have presented it is 

likely that a different avenue of addition onto the coating is necessary. A new approach based 

upon the use of a Mo slurry with Hydroxypropyl Cellulose(HCP) has shown results that far 

exceed previous surface coating attempts by other means as shown in fig. 37. 
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Figure 37: SEM image of Mo slurry coating using HPC on a V substrate. 

As figure 37 shows, a single coating that is about 30 microns thick and can be varied by 

changing the temperature and time of the heating cycle. This process takes 4 hours for 

completion. Furthermore, this process has been successfully implemented on a number of 

substrates. Figure 38 shows successful adhesion onto a Cr 9 a/o Si alloy. 

Figure 38: SEM imaging of Mo slurry coating using HCP on a Cr-9 a/oSi alloy. 

Using this new method will allow for a fine tuning the amount of Mo that is deposited. 

Currently multiple slurry coatings using HCP and 35:1 pack cementation have been completed 

and are awaiting analysis. With this new Mo application, it is likely that a host of many new 

substrates that previously failed may now be accomplished successfully. 
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