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ABSTRACT 

Multiphase composite alloys based on the Mo-Si-B system are candidate materials for ultra-high 
temperature applications. In non Ioad-bearing applications such as thema1 barrier coatings or heat 
exchangers in fossil fuel burners, these materials may be ideally suited. Alloys based on the MoSSi$, 
phase (T1 phase) possess excellent oxidation resistance to at least 1600°C in synthetic air atmospheres. 
However, the ability of T1-based alloys to resist aggressive combustion environments has not yet been 
determined. The present work seeks to investigate the resistance of these Mo-Si-B alloys to simuiated 
cornbustion atmospheres. Material was pre-alloyed by combustion synthesis, and samples for testing 
were prepared by classic powder metallurgical processing techniques. Precursor material synthesized by 
self-heating-synthesis was sintered to densities exceeding 98% in an argon atmosphere at 1800°C. The 
approximate phase assemblage of the material was 57% T1,29% MOB, 14% MoSiz (wfh). The alloy 
was oxidized from 1000"-1 100°C in flowing air containing water vapor at 18 Torr. At 1000°C the 
material achieved a steady state mass loss, and at 1100°C the material undergoes a steady state mass gain. 
The oxidation rate of these alloys in this temperature regime was accelerated by the presence of water 
vapor compared to oxidation in dry air. The results of microstructural analysis of the tested alloys will be 
discussed. Techniques and preliminary results for fabricating near-net-shaped parts will also be 
presented. 
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PUFWOSE OF THIS PROJECT 

The Mo-Si-B system offers a variety of in-situ composite microstructures that possess excellent oxidation 
resistance, superior creep resistance, and semi-metallic electrical conductivity. Work at Ames Laboratory 
has shown that components based on the Mo-Si-B system offer the potential for operating temperatures to 
at least 1600°C in air. The proposed work will concentrate on novel processing and characterization 
methods to develop dloys for components in heat exchangers and non-load bearing components in gas 
turbines that can withstand operating temperatures in excess of 1600°C under normal operating conditions 
for 1000 hours or more. 

DISCUSSION OF CURRENT ACTIVITIES 

SELECTION OF ALLOYS 

Based upon previous work, two oxidatively stable alloys around the MosSisB, (Tl) compound were 
selected for further study'. This included AlIoy 1 (TI, MoSiz, MOB) and AIloy 2 (TI, MosBaSi, MOSS). 
Alloy 3 (Mo, MoSSi, Mo&Si) was also selected because it contains a tough metal phase and thus has 
promising mechanical properties2. Figure 1 shows the Mo-rich portion of the Mo-Si-B phase diagram and 
the three alloys under consideration. 

M O  TI 

Figure 1: Mo-Si-B phase diagram (- 1600"-1800°C) showing alloys selected for the project. 

Powders for each of these three alloys were procured fiom a commercial supplier. Three different size 
fractions were purchased for each composition: (1) 45-75 pm, (2) 15-45 pm, and (3) < 15 krn. The first 
two size classes were selected based on processing considerations for both plasma spraying and binder- 
based extrusion. The third size class was selected for use in sintering studies and to prepare samples for 
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oxidation studies. Table I gives the results for chemical analysis for the two comer size fractions. A 
combustion synthesis process was used to prepare the commercially supplied powders, and chemical 
segregation is known to occur during solidification3. Alloys 1 and 2 show reasonable agreement with the 
batched composition. However, Alloy 3 deviates fiom the batched composition, with the 15-45 pm size 
fraction being Si-rich and the 45-75 pm size fraction being Sideficient. The high Mo content of Alloy 3 
leads to a low adiabatic temperature, and this may contribute to difficulty in achieving stoichiometry in 
the alloy during the combustion process. 

Size 

< 15 
15-45 

( C L d  

Table I: Comparison of batched and analyzed composition of Alloys 1,2, and 3 

TI MoSiz MOB Mo Si B 
(Wf??) (d?) (WE?) (wt"!) (Wr?!) (Wr?!4) 
56.9(2) 13.9(2) 29.3(3) 83.4 13.6 3.1 I 
65.4(2) 12.4(1) 20.3(2) 81.6 14.3 2.23 

To quantitatively assess the extent of non-equilibrium phase formation in the synthesized alloys, the nine 
different powder samples were analyzed for phase assemblage in their as-received state by X-ray 
diffraction and RietveId refinement (XRD/GSAS analysis). Table Ii shows these results for the three size 
hctions of Alloy 1. Also given is the elemental content for each size fraction based on the refined phase 
assemblage. These refinements yielded a residual error &) of less than 11%. The Mo:Si ratios are in 
reasonable agreement with the chemical analysis results in Table I. 

45-75 66.2(1) 10.1(2) 23.7(2) 83.9 13.6 2.57 

Phase analysis of Alloy 2 indicated much broader difiaction peaks and the presence of non-equilibrium 
phases, suggesting a greater extent of chemical inhomogeneity and possible residual strain. Much poorer 
refinement fits were obtained, with a typical composition (wt??) of: 60%T1- 17%Mo - 10%T2 - 
5%MoSi2. There was also a trace level of MOB as well as an unidentified phase. Mo$i phase, which 
was expected in the alloy, was absent from the as-received powder. Alloy 3 showed a gross departure 
from equilibrium, with nearly 90 wto/o Mo with some TI, T2, and an unidentified phase. 

Because of the inhomogeneity and non-equilibrium in the as-received powder of Alloys 2 and 3, material 
was sinter annealed at 1800°C in argon. Qualitative XRD analysis indicates chemical homogeneity 
improves for all samples on annealing. Quantitative GSAS refinements will be performed to determine 
the proportions of phases formed and if the elemental compositions agree with the chemical analysis in 
Table I. The overall phase assemblage for Alloy 1 is not expected to significantly change after sinter 
annealing. Alloy 2 is expected to form Mo&, but it is unclear if it will achieve the desired overall phase 
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proportions. It is anticipated that the equilibrium achieved for Alloy 3 is likely to be far from the intended 
composition of 48% Mo - 26% T2 - 26% Mo3Si. This may necessitate blending powders of Alloy 1 or 
Alloy 2 to shift the overall composition of Alloy 3 in the desired direction. 

Because of the differences seen in the chemistry of both Alloys 2 and 3, initial efforts to consolidate and 
oxidize material concentrated on Alloy 1. Pellets of Alloy 1 were prepared fiom the < 15 pm size 
fraction. The powder was milled in a WC impact mill, sieved to - 635 mesh (< 20 pm), uniaxially 
pressed into pellets, and sintered at I8OO"C for 2 hours in argon. The Archimedes density of the sintered 
material was about 7.60'g/cm3, which is greater than 98% of theoretical density based on the as-received 
phase assemblage. Figure 2 shows a representative cross-sectional view of the sintered material. 

Figure 2: Scanning electron image (secondary elecbon f backscattered electron) of the < 15 pm size 
fraction of sintered Alloy 1. Grains of MOB (raised above surfhce) and MoSiz (slightly darker) 
are seen dispersed in a matrix of the T1 phase. Small pores and fractured grains of MOB are 
also visible. Bar length = 10 pm, 

ALLOY COUPON OXIDATION TESTING 

A horizontal tube f inace was configured for conducting oxidation testing to 1 100°C to determine the 
effect of H20 on the oxidative behavior of the alloys. Flowing compressed air was used as the carrier gas, 
and the H20 content was controlled by bubbling the carrier gas through a ternperature-controlled water 
bath. The experiment was conducted in a sealed quarlz tube with sample coupons (- 1 cm') placed in 
alumina combustion boats. A mass flow controller was used to precisely control the delivery rate of the 
carrier gas at 75 rnlhinute with the gas stream vented through an oil bubbler. The samples were cooled 
to room temperature for interrupted mass measurements after 20,40,60, 80,148,192, and 304 hours of 
cumulative exposure at the respective test temperature. 
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To date, Alloy 1 has been tested at 1000" and 1100°C in wet air containing 18 Torr HzO, shown in Figure 
3. At 1000°C, the material achieved a steady state linear mass loss of - 4.3 x mg/cm2/hr, and this rate 
is about two orders of magnitude larger than that of material of similar phase assemblage oxidized in dry 
air. 
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Figure 3: Mass change of Alloy 1 in wet air containing 18 Torr HzO. Two separate samples were tested at 
each temperature. The inlaid table gives the kinetics for an Alloy 1-like composition tested in 
dry air. 

Coupons of Alloy 1 were also oxidized at 1 100°C in wet air (1 8 Torr) and compared to that in dry air. A 
change in oxidation mechanism is observed from the steady state mass loss seen at 1000°C to a near zero 
steady state mass change at 1100°C. Areas of macroscopic porosity are visible on the scale surface at 
1000°C for short exposures (20 hours), but due to slow viscous flow of the borosilicate scale, the porosity 
disappears by the conclusion of the exposure (304 hours). The continued mass loss in the absence of 
macroporosity suggests a different loss mechanism, and since the mass loss rate appears to be accelerated 
in the moisture-bearing air (1 8 Torr) compared to dry air, the formation of a volatile hydrated species is 
suspected. At 1100°C the alloy quickly achieved a near zero steady state mass change. The change in 
mass of the material is within the level of experimental noise for the measurement, and so no kinetic rates 
can be determined. The scale at 1 100°C lacks macroporosity, but areas of the scale appear to contain a 
crystalline form of silica. Alloy 1 will be tested at both 1000" and 1 100°C in higher levels of moisture. 
Kinetic behavior of the alloy will also be assessed in an isothermal oxidation test. Based on the results of 
these tests, a long term test for IO00 hours (- 42 days) will be conducted. 
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PLASMA SPRAY PROCESSING 

Initial spray conditions were based on previous work that showed the tendency for a high Si loss and large 
increase in 0 for spraying in an air environmen?. The formation of silica during spraying in the ambient 
atmosphere contributed to significant plasticity of the monoIithic sprayed material, and to reduce this 
problem, thermal spraying for the present work was pedormed in a sealed chamber filled with Ar at a 
reduced pressure. Alloy 1 was sprayed onto stainless steel substrates at standoff distances of 3,5,7,9, 
and 1 1 inches. Two different size classes were used for the spray experiments: 1 5 4 5  pm and 45-75 pm. 
Both powder sizes produced coatings that were adherent and conformal to the substrate. Thicknesses of 
coatings produced from both powder sizes were fairly constant with standoff distance. However, the 
quality of the coatings was significantly different between the two powder sizes. As shown in Figure 4, 
the finer particle size produced a denser coating with a splat structure that was more lamellar and uniform. 
X-ray diffraction of the as-sprayed coatings indicated substantial chemical inhomogeneity. Initial 
annealing experiments on the as-received (ie- unsprayed) powders of Alloy 1 suggested that the near 
equilibrium phase assemblage could be achieved by annealing for 2 hours at 1800°C in argon. The 
sprayed coatings were separated fiom the substrate and then annealed accordingly. Recrystalhation of 
the sprayed coatings was indicated by the XRD patterns, and it appears the equilibrium phase assemblage 
is more nearly attained by the post-spray anneal. Initial spray experiments were also conducted using a 
Mach 1 gun configuration. Increased particle velocities are expected to reduce potential probIems of 
oxidation and volatilization by reducing transit times to the substrate. 

Detailed XRD/GSAS analysis and microstructural characterization of the sprayed coatings are planned. 
The results of these analyses will then dictate the next round of spray experiments with the goal to 
determine the optimum thermal spray conditions for Alloy 1. Sprayed coatings will also be oxidized in 
wet air at 1100°C in a long term exposure experiment. This wilI establish any detrimental effects of 
thermal spraying on oxidative stability of Alloy 1. 

A 

Figure 4: BrighfieId view of cross-section of plasma sprayed coatings. (A) 1545 pm size fiaction, 
(B) 45-75 pm size fraction. 
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