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ABSTRACT

Electro-Spark Deposition (ESD) is a micro-welding process that uses short
duration, high-current electrical pulses to deposit or alloy a consumable electrode material
onto a metallic substrate. The ESD process was developed to produce coatings for use in
severe environments where most other coatings fail. Because of the exceptional damage
resistance of these coatings, and the versatility of the process to apply a wide variety of
alloys, intermetallics, and cermets to metal surfaces, the ESD process has been designated
as one of the enabling technologies for advanced energy systems. Protective coatings will be
critical to the life and economy of the advanced fossil energy systems as the higher
temperatures and corrosive environments exceed the limits of known structural materials to
accommodate the service conditions.

Developments include producing iron aluminide-based coatings with triple the
corrosion resistance of the best previous Fe;Al coatings, coatings with refractory metal
diffusion barriers and multi layer coatings for achieving functionally gradient properties
between the substrate and the surface. A new development is the demonstration of
advanced aluminide-based ESD coatings for erosion and wear applications. One of the
most significant breakthroughs to occur in the last dozen years is the discovery of a process
regime that yields an order of magnitude increase in deposition rates and achievable coating
thicknesses. Achieving this regime has required the development of advanced ESD
electronic capabilities. Development is now focused on further improvements in deposition
rates, system reliability when operating at process extremes, and economic competitiveness.

Technology transfer activities are a significant portion of the ESD program effort.
Notable successes now include the start-up of two new businesses to commercialize the
ESD technology, the incorporation of the process into the operations of two major gas
turbine manufacturers, major new applications in gas turbine and steam turbine protection
and repair, and in military, medical, metal-working, and recreational equipment applications.
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INTRODUCTION

The objective of this program is to develop an advanced coating process capable of
meeting the surface treatment requirements for the next and future generations of advanced
fossil energy systems. This includes the development and testing of new materials and
coatings with the ability to operate in severe environments beyond current materials limits,
and to provide improvements in performance, durability and cost effectiveness for both new
and existing power systems. Ultimately new materials performance limits can enable new
systems concepts.

A corollary objective is to further advance the Electro-Spark Deposition (ESD)
technology and equipment, and to develop broad commercial applications through
technology transfer activities.

Just as high performance jet engines would not be possible today without protective
metallurgical coatings, so also does the next generation of high efficiency energy systems
depend on protective coatings to survive the necessarily higher temperatures and more
corrosive environments. The ESD coating process has been designated as one of the
enabling technologies for such future systems. One of the reasons for this is that the
exceptional structure produced in these metallurgically-bonded coatings makes them
virtually immune to damage or spalling under severe service conditions and temperatures
that destroy most other coatings. Additional attractions are that the process is portable
(allowing coatings or surface treatments to be performed in the field), environmentally
benign (creates no noxious wastes, fumes or effluents), and highly cost-effective.

BACKGROUND

The ESD process was developed to provide exceptionally robust coatings for use in
nuclear reactor environments when all other commercially available coatings either failed to

survive the severe conditions or failed to meet the performance requirements. The Fossil
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Energy Program leveraged on that success to begin further developing the ESD proceés,
coatings and applications to meet the demands of advanced fossil energy systems.
Electro-spark deposition is a pulsed-arc micro-welding process that uses short-duration,
high-current electrical pulses to weld a consumable electrode material to a metallic
substrate. The short duration of the electrical pulse allows an extremely rapid solidification
of the depositéd material and results in an extremely fine-grained, homogeneous coating
that may be amorphous for some materials. The microstructures thus produced are believed
to be responsible for the superior corrosion and wear performance usually exhibited by the
ESD coatings when compared to similar coatings applied by other processes.

The ESD process is one of the few methods available by which a fused,
metallurgically-bonded coating can be applied with such a low total heat input that the bulk
substrate material remains at or near ambient temperatures. This eliminates thermal
distortions or changes in metallurgical structure of the substrate. Not only is the coating
metallurgically-bonded, but it exhibits a functional gradient in composition and properties
through the coating thickness. This eliminates the “metallurgical notch” associated with
coatings that have an abrupt property change at the coating/substrate interface. The
metallurgical bond and the elimination of this notch makes ESD coatings inherently more
resistant to damage and spalling than the mechanically-bonded coatings produced by most
other low-heat-input processes such as detonation gun, plasma spray, electro-chemical
plating, etc. Nearly any electrically-conductive metal, alloy, intermetallic, or cermet can be
applied by ESD to metal substrates.

Further background information on the ESD process is provided in Ref. 1 and 2.
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DISCUSSION OF PRIOR ACTIVITIES
Chromium Carbide Experiments

ESD coatings usually show lower corrosion rates in most environments than the same
material would in either bulk form or as a coating applied by other processes.” The superior
performance of the ESD deposit is attributed to the fine-grained, nearly amorphous nano-
structure inherent to the ESD coatings that is not normally achieved in other coating
technologies.

In tests at Argonne National Laboratory (ANL), a nano-structured ESD chromium
carbide-15% Ni coating showed (unexpectedly) four times better sulfidation resistance than
Type 310 stainless steel at 875 C.* Normally, this composition would not be expected to
perform that well because of the strong susceptibility of a nickel matrix to sulfidation attack.
Again, the near amorphous structure is believed to be a major factor in the corrosion
resistance. This observation is in agreement with other Fossil Energy Program work that
indicates one mechanism of improving lifetimes of protective oxide films and scales is to

maintain as fine a grain structure as possible.’

Iron Aluminide Coating Development

One of the most significant advances in ESD coatings for use in sulfidation
environments has been the successful development of Fe;Al as a coating material. Oak
Ridge National Laboratory (ORNL) has demonstrated the exceptional corrosion properties
of Fe;Al in bulk form, but alloying to achieve acceptable mechanical properties while
maintaining optimum corrosion resistance appears to be a challenge. One alternative is to
use the most corrosion-resistant compositions as coatings. These iron aluminide
compositions have proved to be nearly ideal for use in the ESD process. Consistent, defect-
free coatings over 100 xm can be applied rapidly, uniformly and economically.

Sulfidation corrosion tests showed that weld-dilution effects with the substrate
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material must be controlled to keep the aluminum content at the surface above the threshold
12% Al that appears to be necessary for good sulfidation resistance.*” Three methods for

increasing the aluminum content ultimately were tried. In the first, a simple process of
alloying of the surface by ESD using an aluminum electrode was successful in producing
aluminum enrichment, but the resulting structure was excessively cracked.® The second
technique involved a preliminary coating (by ESD) of the substrate with a refractory metal,
such as niobium or molybdenum. The higher melting material successfully served as a
barrier to diffusion of the substrate material into the coating during subsequent ESD
coating. This resulted in achieving a surface composition of good integrity undiluted with
substrate elements, and doubled the corrosion resistance.” The third method was to use an
electrode with a significantly higher Al content, such as FeAlL® This material also proved to
be well-suited to the ESD process and resulted in the best corrosion performance achieved

to date for coatings in coal combustion and coal gasification environments. "’

DISCUSSION OF CURRENT ACTIVITIES

Process and Equipment Development

The advantages of the Electro-Spark Deposition process, summarized earlier, make
it highly attractive for many advanced energy system applications, especially where it is
often the only practical surface modification with adequate robustness to survive in severe
service conditions. For applications involving limited areas of treatment, the ESD process
also can be among the least expensive surface treatments available. But one of the process
limitations is the relatively slow deposition rate for large areas compared to higher energy
processes, such as thermal spray, conventional welding, diffusion coating, etc. The ESD’s
lower energy input that produces the unique nano-structures, attractive properties and low
substrate effects also restricts the deposition rate.

A major thrust of current activities has been to identify methods of significantly

increasing deposition rates while maintaining the properties and structure typical of the ESD
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coatings. Achievement of higher rates will increase the number of fossil energy and other
applications where ESD can be considered economically attractive. '

Exploration of ESD welding parameters at and near the limits of our power supply
capabilities has revealed a distinctly different deposition regime for some materials. When
this regime is achieved, deposition rates increase by as much as an order of magnitude. The
coating thickness limitations usually inherent to most ESD deposits appear to be eliminated.
Whereas 100 microns (0.004 in) is normally considered a practical maximum under most
circumstances, we have achieved coatings as thick as 1 mm (0.04 in).

This discovery sparked an effort to develop a next generation power supply that can
consistently exploit this regime of deposition parameters without damage to the supply or
its reliability. An improved prototype ESD power supply was developed that so far has
improved deposition rates by 300 to 500% for most materials.

In addition to increased deposition rates, other improvements achieved include:

a) increased stability in the higher power regimes,

b) improved safety circuits for shock protection

¢) improved computer controls, including replacement of chips to give non-
volatile memory for key functions.

The power supply, of course, is only one element of the ESD system. Another
important part is the device used to control the electrode-to-substrate motion and geometry.
This is accomplished in the applicator head and controls, and typically has involved
mounting servo-controlled motors directly on the applicator. A new design for an
applicator that relocates the motor away from the head has been completed and fabrication
of the prototype is in progress. The benefits expected are reduced mass of applicator, less

operator fatigue for manual coating operations, and less stress on automated machine
components in computer-controlled coating applications.

These advances mark the greatest improvements in the ESD technology in the past
decade. Further improvements appear possible as more advanced and robust components
capable of meeting our particular current and pulse duration requirements become

commercially available.



347

Materials Development and Testing

Coatings of iron aluminides were successfully completed using a new, experimental
(and less expensive) electrode fabricated by Stoody Co. The new electrode is formed by
drawing or swaging an iron tube on to an almﬁinum core to produce an average cross
sectional composition equivalent to the alloy composition desired in the final deposit. This
avoids making a special heat of the alloy and then forming it into electrodes. Preliminary
evaluations of the deposits show that the coatings are of equivalent quality to those made
from pre-alloyed electrodes.

The first series of wear and erosion tests on candidate ESD coatings were
completed. The coatings included iron aluminides, nickel aluminides, and titanfum
aluminides containing 0 to 10 wt.% TiB,. The erosion tests (ASTM G-76) showed Ti;Al to
have the lowest erosion rate (0.13 mg/g of ALO, erodent) of the pure aluminide coatings,
Ni,Al to have the highest rate (0.40 mg/g), and Fe;Al an intermediate erosion rate (0.30
mg/g). As expected, TiB, additions were beneficial in improving both wear and erosion
resistance. The lowest erosion rate was achieved by an ESD coating of TiAl-10 wt.% TiB,
(0.095 mg/g). Low stress abrasion tests (ASTM 1044) resulted in a similar ranking of the
coatings. Further wear and erosion tests will be conducted on fron aluminide-base coatings

containing TiC and TiB, when suitable electrodes being developed become available.
Technology Transfer Highlights

ESﬁ coatings are seeing increasing use in fossil-fueled gas and steam turbine
applications. Two major gas turbine manufacturers have qualified ESD coatings for use in
several engine components and a steam turbine manufacturer has ESD coatings in long-term
qualification tests.

The most recent ESD qualification to be placed in production involves the

deposition of wear-resistant carbides to turbine blade tips for wear against abradable seals.
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Such seals are critical to improved performance and fuel efficiency. The ESD coatings not
only out-perform all previously used coatings, but they can be applied without affecting the
single crystal structure of the advanced turbine blades used. Other turbine power plant ESD
applications include:

a) build-up of high-value worn or mis-machined parts to acceptable tolerances,

b) Pt coating of blades on selected areas for subsequent incorporation into
alominide diffusion coatings, _

¢) repair of damaged aluminide diffusion coatings,

d) pre—;;lacement of braze alloys for precision assembly of complex components,

€) coating of high-wear contact points in turbine assemblies,

1) elimination of stress-corrosion-cracking problems by surface treatment of
critical high stress areas of components with special corrosion-resistant alloys.
Other successful applications, recently commercialized, where ESD coatings have out-
performed all other surface treatments evaluated in combined corrosion and wear
environments inchude: |

a) coating of dies and cutter plates used in the extrusion and cutting of processed
food products at 177 C (350 F) and 17.3 MPa (2500 psi),

b) pulp and paper mill plug screws and barrel extruders, where service lives have
been increased from six months to two years at last report, and are still in service.

¢) surface modifications to increase sparking resistance of components used in
potentially explosive atmospheres.
ESD coatings now in test for severe service applications include: a) digging tools to be used
by NASA’s Mars Lander, b) cutters for multi-material chipping operations in recycling
plants, ¢) tools user in the machining am'i‘metal working of titanium alloys, and d) seals and
bearings used on tri-clone bits in deep Wéll drilling for oil production. -



349

REFERENCES

1. R.N. Johnson, “Principals and Applications of Electro-Spark Deposition,” Surface
Modification Technologies, T.S. Sudarshan and D.G. Bhat, eds., The Metallurgical Society,
January 1988, p. 189-213.

2. R.N. Johnson, “Electro-Spark Deposited Coatings for High Temperature Wear and

Corrosion Applications,” Elevated Temperature Coatings: Science and Technology I, N. B.

Dahotre, J.M. Hampikian, and J.J. Stiglich, eds., The Metallurgical Society, October 1994,
p. 265-277.

3. R.N. Johnson, “Coatings for Fast Breeder Reactors,” in Metallurgical Coatings,
Elsevier Sequoia, S.A., New York, 1984, p. 31-47.

4, K Natesanand R.N. Johnson, “Corrosion Resistance of Chromium Carbide
Coatings in Oxygen-Sulfur Environments,” Surface and Coatings Technology, Vol. 33,
1987, p. 341-351.

5. 1.G. Wright and J.A. Colwell, “A Review of the Effects of Micro-Alloying
Constituents on the Formation and Breakdown of Protective Oxide Scales on High
Temperature Alloys at Temperatures Below 700 C,” ORNL/Sub/86-57444/01, September
1989.

6. K. Natesan and R.N. Johnson, “Corrosion Performance of Fe-Cr-Al and Fe
Aluminide Alloys in Complex Gas Environments,” Heat-Resistant Materials II - 2nd Int.
Conf., ASM Int., 1995, p.591-600.

7. K. Natesan and R.N. Johnson, “Development of Coatings with Improved Corrosion
Resistance in Sulfur-Containing Environments,” Surface and Coatings Technology, Vol
3/44, 1990, p. 821-835.

8. R.N. Johnson, “Electro-Spark Deposited Coatings for Fossil Energy Environments,”
in Proceedings of the Seventh Annual Conference on Fossil Energy Materials,

" ORNL/FMP-93/1, July 1993, p.289-295.

9. R.N. Johnson, “Electro-Spark Deposited Coatings for Protection of Materials,” in
Proceedings of the Ninth Annual Conference on Fossil Energy Materials, ORNL/FMP-95-
1, August 1995, p. 407-413.

10.  R.N. Johnson, “Electro-Spark Deposition Technology”, in Proceedings of the
Tenth Annual Conference on Fossil Energy Materials, ORNL/FMP-96/1, August 1996, p.
429-437.






351

INVESTIGATION OF AUSTENITIC ALLOYS FOR ADVANCED HEAT RECOVERY
AND HOT-GAS CLEANUP SYSTEMS

R. W. Swindeman

Oak Ridge National Laboratory

P.O. Box 2008
Oak Ridge, TN 37831

ABSTRACT

Materials properties were collected for the design and construction of structural components
for use in advanced heat recovery and hot gas cleanup systems. Alloys systems included
9Cr-1Mo-V steel, modified 316 stainless steel, modified type 310 stainless steel, modified
20Cr-25Ni-Nb stainless steel, and modified alloy 800. Experimental work was undertaken
to expand the databases for potentially useful alloys. Types of testing included creep,
stress-rupture, creep-crack growth, fatigue, and post-exposure short-time tensile tests.
Because of the interest in relatively inexpensive alloys for service at 700°C and higher,
" research emphasis was placed on a modified type 310 stainless steel and a modified 20Cr-
25Ni-Nb stainless steel. Both steels were found to have useful strength to 925°C with
good weldability and ductility.

INTRODUCTION

The objective of the research is to provide databases and design criteria to assist in the
selection of optimum alloys for construction of components needed to contain process

streams in advanced heat recovery and hot gas cleanup systems. Typical components
include: steam line piping and superheater tubing for low emission boilers (600 to 700°C),
heat exchanger tubing for advanced steam (650 to 800°C), foil materials for recuperators on
advanced turbine systems (700 to 750°C), and tubesheets, plenums, liners, and blowback
systems for hot gas cleanup vessels (850 to 1000°C).

STEELS FOR LOW EMISSION BOILERS

Alloys such as vanadium-modified 2 1/4 Cr-1 Mo, 2 1/4Cr-1.5W, 9Cr-1Mo, 9Cr-1.5W
and 12Cr-1.5W steels are candidates for the construction of piping, headers, and tubing in
the low emission boiler (LEB) project supported by the Pittsburgh Energy Technology
Center. However, these classes of steels exhibit a complex metallurgical constitutions that
are not fully understood, and concerns exist about long-term embrittlement due to Laves
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phase precipitation, degradation of weldments due to cavitation cracking, and susceptibility
to creep-fatigue damage. Methods for on-line damage assessment are needed as an
assurance against component failures. To assist the LEB project contractors in addressing
these issues, damage accumulation mechanisms in 9Cr-1Mo-V steel are being studied.
These studies involve the continuation of long-time creep testing on aged 9Cr-1Mo-V steel,
the examination of correlation methods to relate mechanical behavior time-temperature-
stress history, studies of thick-section weldment behavior, and the assessment of damage
in service-exposed materials. Damage studies are being undertaken on T91 tubing
removed from the superheater of a power boiler after sixteen years of service. The tubing
included dissimilar metal welds between T91, T22, and 321 stainless steel. Metallurgical
studies showed minor cracking at the joints in both the 321 stainless steel and T91. The
Gr91 tubing retained good strength and ductility. When compared on the basis of the
Larson Miller parameter, short-time stress-rupture data for T91 fell near the bottom of the
scatterband for unexposed material. Data are plotted in Fig. 1. Such behavior was judged
to be typical.
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Fig. 1. Comparison of stress-rupture data for service exposed 9Cr-1Mo-V steel
to the Larson-Miller scatterband for unexposed material.
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Additional studies are needed to examine the performance heavy section weldments in the
advanced ferritic alloys. Some welds in the T91 removed from the TV A boiler showed
sign of type-IV cracking, and service failures have already occurred in components that

were not properly fabricated. Exploratory fatigue and stress-rupture testing of weld in T91
piping has been completed at ORNL and the propensity for the acceleration of type IV
cracking under cyclic stresses has been confirmed. For additional studies, and a heavy-
section weld of T91 has been received from an industrial fabricator. Here section size
effects on creep ductility and creep crack growth will be examined.

In the LEB, austenitic stainless steels will be used for tubing in the hotter, more corrosive
sections of the superheater and reheater. Code-approved (ASME Sect. I) candidate steels
include fine-grained 347 stainless steel (347FG), niobium-modified 310 stainless steel
(310HCDHN SS), and alloy 800H. Commercially available stainless steels for which a
suitable database exists include a titanium-zirconium-modified 20Cr-25Ni-Nb stainless
steel (NF709), a copper-niobium 18Cr-8Ni stainless steel (ST3Cu), and 17-14CuMo
stainless steel (previously code-approved). Experimental alloys tested to long times in
mechanical and corrosion probes include the modified 316 stainless steels (HT-UPS
steels), modified alloy 800H, and Tantalum modified 310 stainless steel. The code-
approved several stabilized grades stainless steels have cracked near welds and cold-formed

regions, so Sect. I may impose requirements to re-anneal cold-worked tubing of the
347FG, 310HcbN, and alloy 800H. Further studies of these alloys are needed to establish
fabrication guidelines for use in boiler construction of the LRB components. Also, further
studies are needed to examine issues related to dissimilar metal welds between the advanced
stainless steels and new ferritic alloys such as T23, T92, and T92. Under a CRADA with
ABB-Combustion Engineering, work was begun to examine cold work effects in austenitic
stainless steels. It was observed that the understabilized grades of steels, such as the HT-
UPS alloys developed at ORNL, benefitted from cold work to levels of at least 10%. This
was partly due to the stability of the microstructure and the resistance of the HT-UPS steels
to grain-boundary creep cracking. A specimen examined after 60,000 h of creep at 700°C
and 100 MPa was found to have a stable microstructure and no cavitation. The testing of
the cold-worked stabilized grades has begun.
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Welds in the advanced austenitic stainless steels are being examined in long-time testing.
Both autogenous welds and filler metal welds are being investigated to further establish
whether stress reduction factors will be needed for some types of weldments. Testing of

some weldments has exceeded 30,000 hours. Filler metals include 308/CRE, 16-8-2/CRE,
alloy 556, and alloy 117. ’

Of the austenitic stainless steels advanced steels studied to date, the mod. 20Cr-25Ni-Nb
stainless steel appeared to have the best overall performance with respect to fabricability,
strength, and corrosion resistance. A comparison of the rupture strength of this steel to
347 stainless steel is shown in Fig. 2, and it may be seen that the steel is significantly
stronger than 347 stainless steel.
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Fig. 2. Comparison of stress-rupture strength for modified 20Cr-25Ni-Nb stainless
steel to 347 stainless steel on the basis of the Larson Miller parameter
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STEELS FOR ADVANCED HEAT RECOVERY SYSTEMS

Austenitic alloys of interest for advanced heat recovery systems include 347 stainless steel,
modified 316 stainless steels, modified 310 stainless steels, and modified 20Cr-25Ni-Nb
stainless steels. Current emphasis has been on use of these materials for recuperators.
Working on a CRADA with Solar Turbines, Inc., foil materials have been produced at
ORNL and are being evaluated in the temperature range of 650 to 730°C. The goal of the
development work is to define compositions and fabrication schedules that will produce
good creep strength and adequate oxidation resistance in a very fine-grained material for
times to beyond 20,000 h. The standard against which the alloy performance is compared
is 347 stainless steel now used for service to 600°C. The creep behavior of the materials
that have been produced are compared against 347 stainless steel in Fig. 3. Test conditions
correspond to 75.8 MPa at 704°C. It is clear that the modified 310 stainless steel and the
modified 20Cr-25Ni-Nb steels have significantly better strength for at least 1500 hours.
The modified 347 stainless steel has not produced strength equivalent to the standard
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Fig. 3. Comparison of creep curves for candidate recuperator materials at 75.8 MPa
and 704°C.
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ALLOYS FOR HOT-GAS CLEANUP

Components in several advanced fossil energy systems are expected to experience very
high temperatures, and the potential for creep damage, fatigue, thermal-fatigue, and creep-
fatigue crack growth are significant. For both “code” alloys and developmental alloys, data
for design at very high temperatures are often lacking. For these reasons, exploratory
research on creep, creep-fatigue, fatigue, and crack growth of several candidate alloys has
been in progress. Earlier work on alloy for hot-gas cleanup involved studies of alloy 333,
alloy 556, and alloy 160, which were candidates for use in pressurized fluidized bed
(PFBC) hot-gas cleanup systems at temperature above 815°C. More recently, evaluation
was completed the heat of alloy 120 that is the tubesheet material in the hot-gas cleanup
vessel installed at the Wilsonville PFBC facility. Testing of alloy 120 included creep,
creep-crack growth, fatigue, and fatigue-crack growth. Efforts continued to evaluate the
performance of modified 310 stainless steel and modified 20Cr-25Ni-Nb stainless steel.
Creep testing of the modified 310 stainless steel has exceeded 40,000 h at 871°C, and the
material has been found to exhibit good strength and ductility relative to standard 310
stainless steel and alloy 800HT. In Fig. 4. A creep curve is shown for a test at 17.5 MPa
and 871°C. Creep strain exceeds 10% at 40,000 h, and a diminishing of the creep rate was
observed. This diminishing creep rate is thought to be a manifestation of the influence of
the air environment which produces nitriding effects near the free surfaces of the specimen.
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Fig. 4. Long-time creep curve for modified 310 stainless steel at 17.5 MPa
and 871°C.
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FIRESIDE CORROSION TESTING OF CANDIDATE SUPERHEATER
TUBRE ALLOYS, COATINGS, AND CIADDINGS - PHASE 1

J. L. Blough
W.W. Seitz

Foster Wheeler Development Corporation
12 Peach Tree Hill Road
Livingston, NJ 07039

ABSTRACT

In Phase I a variety of developmental and commercial tubing alloys and claddings were exposed to labora-
tory fireside corrosion testing simmlating a superheater or reheater in a coal-fired boiler. Phase II (in situ testing)
has exposed samples of 347 RA-85H, HR3C, 253MA, Fe,Al + 5Cr, 310 Ta modified, NF 709, 690 clad, and
671 clad for approximately 4,000, 12,000, and 16,000 hours to the actual operating conditions of a 250-MW
coal-fired boiler. The samples were assembled on an air-cooled, retractable corrosion probe, the probe was
installed in the reheater cavity of the boiler and controlled to the operating metal temperatures of an existing and
advanced-cycle coal-fired boiler.

The results will be presented for the preliminary metallurgical examination of the corrosion probe samples
after 16,000 hours of exposure. Continued metallurgical and interpretive analysis is still on going.

INTRODUCTION

High-temperature, fireside metal wastage in conventional coal-fired steam generators can be caused by gas-
phase oxidation or liquid-phase coal-ash corrosion. Gas-phase oxidation is usually not a problem if tube and
support materials are selected for their oxidation resistance at operating temperatures and for spalling, flaking,
or other reactions to their environment. Coal-ash corrosion, on the other hand, usually results in accelerated
attack and rapid metal wastage—even of stainless steels. The cause of this type of corrosion is generally accepted
as the presence of liquid sulfates on the surface of the metal beneath an overlying ash deposit'™.

‘While substantial progress has been achieved through laboratory testing, actual utility service exposures are
evidently necessary to verify any conclusions drawn from laboratory testing. A number of important environmen-
tal parameters cannot be fully simulated in the laboratory™:

= The actual composition of the deposits formed on the tubes is more complex than the composition of the
simulated ash.

®m  The SO,, formed by heterogeneous reaction on cooled surfaces, is variable.
B Very large temperature gradients occur within the ash deposits.
8 The ash and flue gas move past tubes at high velocity; the rate varies with design.

®  The composition of the corrosive deposits changes with time.
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®m  Metal and flue-gas temperatures fluctuate.
®  Fly-ash erosion removes the protective oxides, exposing a clean surface to fresh ash.

Foster Wheeler Development Corporation (FWDC) has performed a mmber of literature reviews and recent
updates discussing the variables affecting the corrosion mechanism®®. Additionally, Foster Wheeler is conducting
two sizable research projects—one a laboratory and in situ field testing at three utilities of commercially available
alloys™™'* and this present project (ORNL-FW2)—combining laboratory and field testing to more completely

cover the controlling variables for a longer duration'.
PHASE I RESULTS

In Phase I of this ORNL program, "Fireside Corrosion Testing of Candidate Superheater Tube Alloys,
Coatings, and Claddings," 20 commercial and developmental alloys were evaluated™. The coupons of the metals
were exposed to synthetic coal ash and synthetic flue gases at 650 and 700°C (1202 and 1292°F) for up to

800 hours. The corrosion was evaluated as a function of alkali content in the ash, SO, concentration in the gas,

and alloy content.

PHASE II CORROSION PROBE TESTING

In this project, the field tests comprise corrosion probe testing, coal characterization, and deposit/corrosion
product analysis. The coals have been analyzed to provide fuel characterization, a deposit analysis data bank,
and possibly a corrosivity index for predicting corrosivity under various combustion conditions. The equipment
and the procedures for this phase have been previously used and perfected at three different utilities for over
3 years of in situ testing at each station.

The utility for test exposures should be burning an aggressive fuel to adequately evaluate the candidate
alloys. The coal being burned at Tennessee Valley Authority's (TVA's) Gallatin Station had been previously ana-
lyzed, and numerous corrosion indices predicted high corrosivity in addition to the fact that installed T22 and
Type 304SS tubing experienced about 7 years of life in the superheaters and reheaters of Units 1 and 2.

Selection of Materials for Corrosion Probes

FWDC tested 20 different materials™ in the laboratory. Because this quantity was impractical from both an
economic and a probe-length standpoint, fewer (the nine listed in Table 1) had to be selected for the field tests.
These materials provide a range of compositions and cost for both the commercially available and developmental
alloys and claddings.
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Field Corrosion Probe Design

The corrosion probes were designed to provide realistic exposures of metal samples to both actual boiler
environments and also at the higher anticipated metal temperatures of an advanced plant. The corrosion probes
are independent from the main boiler; can be removed without a boiler outage; and have a fail-safe design, one
that removes the probe from the boiler if there are any malfunctions. With these features, years of testing will
not be compromised with a sudden system overheating.

The probes were exposed for approximately 4000, 12,000, and 16,000 hours. This was accomplished by
utilizing two probe test locations. At one test location, the probe was exposed for 15,883 hours. At the other test
location, the probe was removed after 4483 hours and a new probe inserted for the remaining 11,348 hours.

Each probe was a 2.56-m (8.4-ft)-long, 60.20-mm (2.37-in.)-OD tube that extended into the furnace for
approximately 2.3 m (7.6 ft). Ring samples [38.1 mm (1.5 in.) wide] of the candidate alloys listed in Table 1
were installed at the end of the probe farthest from the furnace wall. The probe was cooled by air that flows in
the annular region between the probe tube ID and the tapered inner tube OD. The tapered inner tube was
designed to obtain two bands of temperature on the outer surface of the samples. The alloy samples were
duplicated in such a manner as to expose each alloy to a temperature in each of the temperature bands [619 to
682°C (1146 to 1260°F) and 682 to 727°C (1260 to 1341°F)].

Table 1. Chemical Composition of Candidate Alloys (wt %)

Alloy Cr Ni Others
Type 347 17-19 | 9-13 | (Nb + Ta) = 10 X C (min.)
85 H 18 15 Al=1,8i=309
NF 709 20 25 Mo = 1.5, Mn = 1.0, Si = 0.6
690 Clad 30 58
671 Clad 48 52
Fe,Al+5%Cr | S — Al = 17
HR3C 25 20 Nb = 0.4
253 MA 21 11 Si= 1.7
310 Ta modified | 25 20 1.5 Ta
800HT 21 32 Al+Ti=1

Each probe had a retraction mechanism, and three K-type thermocouples in duplicate to monitor the mean
tube wall at the beginning and end of each test section group. A 19.95-mm (3/4-in.)-OD thermowell with
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sheathed thermocouple was mounted between the corrosion probes to measure flue-gas temperature. Each probe
bad its own cooling-air control valve.

The control system monitored the selected control thermocouple and modulated the airflow to maintain an
average surface metal temperature for each temperature band. The probes retracted automatically if failure of
the cooling-air supply system or any other malfunction (instrument signal, power failure, or computer failure)
caused the probe temperature to exceed the set limit of 746°C (1375°F) for 2 minutes. FWDC personnel
accessed the field computer automatically for probe status and temperature data each morning at 6 a.m. or
manually through its modem.

The locations in this plant were chosen because of cavity access and because they best represent the lo-

cations for the reheater or superheater outlet on the "Advanced Cycle” unit.
The ideal coal-ash corrosion probe exposure is if only one coal is being burned at the plant. This practice

is not common at many utilities; in fact, many are buying coal on the spot market. Gallatin burns a number of
eastern high-sulfur coals, mainly Island Creek, Warrior, Dotiri, and Pattiki, which are known to be corrosive
and f)rone to alkali-iron-trisulfate formation. The Borio Index for these coals typically range from 2.0 to 4.1,
and the chloride level is 450 to 3000 ppm.

Post-Exposure Analysis

At 4000, 12,000, and 16,000 hours, the probes were removed and sent to FWDC for metallurgical evalua-
tion. The 4,000-hour probe was removed and the analysis reported previously'”. The 12,000- and 16,000-hour
corrosion probes were removed during February 1997 from the reheater cavity of the TVA Gallatin Station
Unit 2. The weighted average temperature was calculated for each test section in each of the two probes and is
shown in Table 2.

Table 2. Average Exposure Temperature

Test Section | 12,000-Hour Probe [°C (°F)] | 16,000-Hour Probe [°C (°F)]

1 719-681 (1325-1260) 726-682 (1341-1260)
2 681-623 (1260-1153) 682-619 (1260-1146)
M - Examinati

Both probes were received with a tan deposit on their outer surfaces. The deposits were removed and stored
separately for later examination. Two 1/4-in.-long, transverse ring sections were removed from each sample on
both probes. One of the ring sections was lightly grit blasted and used for thickness measurements, while the
other was mounted for microscopic and SEM/EDX analysis.
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Shallow pitting and some surface roughening are evident in some of the samples. The more prominent
pitting was noted on samples 1* (RA85H), 5 (HR3C), 11 (RA85H), and 12 (347) from the upper (16,000-hour)
probe, and 1 (RA85H) and 4 (RA253MA) in the lower (12,000-hour) probe. Post-exposure wall thickness
readings were performed at the 45-, 135-, and 270-degree locations, and wall loss calculated for each sample.
[Note: Further microexamination revealed that some of the wall loss in the clad samples 6, 7, 16, and 17 resulted
from the oxidation of the inside surface which was a modified LSS (lean 316 stainless steel) and not from
corrosion of the outside surface.] Further microscopic examination was performed to resolve these high wall

losses and determine the actual corrosion from the outside coal-ash environment.

Mictoscapic. Examination and EDX Anlsi

Short sections from the 45-, 135-, and 270-degree locations of the samples were prepared for microscopic
examination. [Note: After the evaluation it was noted that the samples from the upper probe (16,000 hours)
contained the worst internal attack. Therefore, the discussion given in this report is from the upper probe.] Both
probes were evaluated and detailed photomicrographs, SEM/EDX analysis, and interpretative discussions will
be presented in the final report. A summary of the examination follows.

RAS85H — The samples from both probes were very similar in terms of their intergranular penetration and
general internal attack on the outside surface to a depth of approximately 1.5 to 2.0 mils. The worst attack was
noted at the 135-degree location of sample 11, which operated at a higher temperature than sample 1. Along the
surface the sample exhibited a two-part scale which consisted of a lighter scale on top of a darker scale. The
lighter Iayer was mainly an iron-oxide scale with trace amounts of aluminum, silicon, calcium, and chromium.
The darker layer was more of a chromium-rich oxide with nickel present and trace amounts of iron, aluminum,
and silicon. Subsurface, the sample exhibited needle-like phases which consisted mainly of aluminum and iron
with trace amounts of oxygen, silicon, chromium, and nickel. The gray phase noted at the sites of intergranular
penetration were comprised of chromium, aluminum, and oxygen with small amounts of silicon, molybdenum,
sulfur, titanium, vanadium, iron, and nickel. Also, the alloy displayed a very light gray phase in the form of a
sphere, which was thought to be a penetrating sulfide. However, the EDX analysis revealed it was most likely
a chromium carbide with minute amounts of silicon, sulfur, vanadium, iron, and nickel. In addition, the ID of
samples 1 and 11 was examined and found to have suffered intergranular penetration to depths of 2.8 and
3.3 mils (upper probe) and 2.3 and 3.0 mils (Jower probe), respectively.

347 — Both sets of samples contained a layer of scale, which was basically chromium oxide, on top of the
corroded areas. The scale also displayed trace amounts of silicon, niobium, sulfur, calcium, iron and nickel. The
gray nonmetallic phase which penetrated the subsurface of the material was found to be relatively the same

“Sample numbers 1 through 10 are on the hotter end of the probe, while 11 through 20 are on the colder
end.
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material as the scale layer. Sulfide penetration to a depth of approximately 3.0 mils was also evident in each of
the sampl&s: The sulfides contained iron, nickel, manganese, chromium, and oxygen. In addition, the samples
of the upper probe suffered 2.3 and 4.0 mils of sulfur penetration along the ID surface.

NF 709 — All of the samples exhibited a thin scale layer along the outside surfaces. The scale was com-
prised of light and dark gray layers which gave the scale a striated appearance. The dark gray layers were
chromium oxide with trace amounts of aluminum, silicon, sulfur, iron, and nickel. The light gray layers were
comprised mainly of iron oxide and also contained traces of aluminum, sulfur, chromium, and nickel. The
subsurface of the alloy displayed various nonmetallic phases. The amorphously shaped ones consisted of
chromium, oxygen, iron, nickel, aluminum, silicon, and sulfur. The spherically shaped ones were revealed as
sulfides which contained oxygen, chromjum, manganpese, iron, and nickel.

RA253MA — The RA253MA sample that was in the hotter section revealed a more roughened and irregular
surface than its cooler counterpart. Both exhibited a two-layered scale along their outside surfaces; however,
the hotter sample had the thicker layers. Beneath the scale the sample displayed sulfide penetration to a depth
of approximately 4.5 mils. The outer layer of scale was basically an iron oxide with notable additions of alumi-
mm, silicon, sulfur, calcium, chromium, and nickel. The inner layer was noted as being a chromium oxide with
small amounts of silicon, sulfur, iron, and nickel present. The sulfide islands contained iron, nickel, chromium,
manganese, and oxygen.

HR3C — The sample from the cooler section of the probe displayed a thin scale layer along its surface and
a few localized areas of attack with subjacent internal oxidation and heavy penetration. The scale had remnant
fly-ash particles in it but was still recognizable as a chromium oxide with trace amounts of sulfur, silicon,
manganese, iron, and nickel. A white metallic phase was noted inside the scale. It was comprised mainly of
sulfur, oxygen, iron, and nickel with small amounts of chromium and manganese. The sulfide islands noted
subsurface of the scale were comprised of iron, chromium, nickel, manganese, and oxygen. The subsurface
oxidation was a basic chromium oxide with notable additions of aluminum, silicon, sulfur, iron, nickel, and
manganese. The depth of penetration was approxirpately 4 mils.

671 — Both samples from both probes displayed a broken, irregular scale along their outside surfaces. In
addition, the samples exhibited some shallow pitting and localized areas of subsurface attack. The scale along
the outside surface had two distinct layers—a light gray and dark gray one. The light gray was a chromium oxide
with some small quantities of sulfur, iron, and nickel in it. The dark gray layer was an iron oxide with traces
of alumimm, silicon, chromium, and nickel. The areas of localized attack had two distinguishable phases within
their boundaries. One was a chromium-oxide phase with additional components such as aluminum, titanium,
iron, and nickel also being observed. The other phase resembled a sulfide island; however, it was not a sulfur
phase. Rather, it was a titanfum-oxide phase with trace amounts of iron, nickel, and chromium. These internal
corrodents penetrated to a depth of approximately 4 mils. In addition, both samples on both probes exhibited a
scale along their inside surfaces (which consisted of 1SS stainless steel material). The hotter sample (sample 16)
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in the upper probe contained a 1.8-mil-thick scale while the cooler sample (sample 6) exhibited a 3-mil scale.
In the lower probe, the hotter sample (sample 16) contained a 5.8-mil scale and the cooler sample (sample 6)
had a 4.2-mil-thick scale.

690 — Some areas of scale exfoliaton were observed in each sample. Similar to the 671 samples, all of the
690 samples displayed a very thin, chromium-rich oxide layer on the outside surface. Internal oxidation and
sulfidation were also evident in all of the samples; however, the hotter samples exhibited a deeper penetration
(approximately 6 mils compared to 2 to 3 mils in the cooler sections). The inside surface (which also consisted
of LSS stainless steel material) contained a 2.2-mil-thick scale in the hotter section (sample 17) and a 3.3-mil-
thick scale in the cooler section (sample 7). The samples in the lower probe exhibited the same inside surface
scale formation; sample 17 (hotter) had a 2-mil-thick scale, and sample 7 (cooler) had a 1-mil-thick scale.

Fe,Al — Scale exfoliation was also observed at the ID surface. The outside surface of the samples exhibited
a dark gray scale with intermittent layers of a lighter gray scale. The lighter gray scale was revealed to be
chromium-rich oxide which had a substantial amount of iron mixed in as well. There were also traces of calcium,
potassium, silicon, and alumimmn found in the light gray scale. The dark gray scale was an aluminum-rich oxide
with small amounts of chromium, iron, and sulfur. Beneath the scale layer, the surface of the metal was rough-

“ened and irregular with some definite evidence of shallow pitting. A needle-like phase was noted subsurface of
the material throughout the entire thickness of all of the samples. The phases were high in iron, niobium,
oxygen, and aluminum, with a small amount of chromium.

310 —~ The 310 Ta modified alloy sample in both probes contained a thin, chromium-rich scale with embed-
ded fly-ash particles. Beneath the scale, the material suffered from internal oxidation and sulfidation which was
more pronounced on the cooler samples. The depth of penetration for the upper probé was approximately 1.5
to 2 mils for the cooler sample (sample 9) and 2.5 mils for the hotter sample (sample 19). In the lower probe,
the numbers were almost the same— 2 mils for the cooler (sample 9) and 2.2 mils for the hotter (sample 19).

800H — All of the 800H samples exhibited a two-layer scale/deposit along the outside surface with some
minor internal oxidation and sulfidation. The depth of the internal penetration was noted as being deeper in the
hotter sections of the upper and lower probes (sample 20: upper - 5.5 mils; lower - 5.3 mils). The cooler samples
displayed penetration depths of 2 mils (upper) and 3 mils (lower). The outer layer was comprised of embedded
fly-ash particles. The inner layer was predominantly chromium oxide. The sulfides contained manganese,

chromium, iron, and nickel.

W I -

Wastage is considered the sum total of wall loss and metal rendered ineffective because of internal pene-
tration of corrosive species (e.g., oxides, sulfides). Since only the wastage from the outside surface is of con-
cern, wall loss from oxidation of the inside surface must be discounted. On this basis, the wastage of the

specimens determined from the macroscopic and microscopic examinations is given in Figure 1.



364

25
20
g
E 5
&
< 10
B
2
B S
=
B~ 0
©
b=
-5
-10 I ! L 1 ! L z ! : 2
Fe3Al  85H 347  NF709 800HT 253MA 310Mod HR3C 690 671
ALLOYS BY INCREASING PERCENT CHROMIUM
mm Thickness Loss [ Penetration |
25
20 |
g
é 15 -
&
< 10 |
B
2
R
3
= 0
©
]
-5 |
-10 H 1 1 1 L 1 1 1 ! !

Fe3Al 85H 347  NF709 800HT 253MA 310 Mod HR3C 690 671
ALLOYS BY INCREASING PERCENT CHROMIUM

[ m Thickness Loss [ Penetration |

[I267- D341 Dz T

Figure 1

The upper graph lists the total wastage, including wall loss and penetration, for the samples on the 16,000-hour
probe that were exposed to 1146-1249 deg F. The lower graph is for the same probe where the samples were
exposed at 1267-1341 deg F.
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The negative thickness losses in Figure 1 are caused by a swelling which occurred in the Fe;Al specimens.
This may be due to a phase transformation in that alloy, and further testing will have to be performed. The
beneficial effect of Al and Si for the same chromium level can be observed when comparing RASSH to 347.
Also, as chromium levels in the different alloys increase, there is a decrease in the corrosion rate. This is
especially pronounced in the 1156 to 1249°F temperature range. Some alloys, notably RA85H, 347, and 310 Ta
modified have higher corrosion rates at the lower temperature. Alloys HR3C and 253MA have a higher corro-
sion rate at the higher temperature, and the remaining alloys—NF 709, 800HT, 690, and 671—did not show a
temperature relationship with total wastage.

These are the preliminary findings; more interpretative analysis is being performed.

CONCLUSIONS

The air-cooled, retractable corrosion probes worked successfully and provided 16,000-hour exposures of
each of the nine alloys to two different temperatures.

The Fe3Al + SCr samples had a volume increase which is being further evaluated. The total wastage of
the Fe3Al + 5Cr was 2 to 10 times lower than 347 stainless steel. The HR3C and 310 Ta modified alloy had
total wastage values 2 to 3 times lower than 347 stainless steel. The 690 and the 671 samples had about the same
total wastage, and the values were the same or slightly lower, respectively, than the HR3C and 310 Ta modified

samples. More detailed analysis and interpretative analysis is being performed for the final report.
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ABSTRACT

Molybdenum-silicon-boron intermetallics with the composition Mo-10.5 Si-1.1 B, wt%
(Mo-26.7 Si-7.3 B, at. %) were fabricated by several processing techniques. Powder
processing (PM) resulted in macrocrack-free material containing no or only few
microcracks. The PM materials contained quasi-equilibrium pores and large concentrations
of oxygen. Average room temperature flexure strengths of 270 MPa were obtained. At
1200°C in air, flexure strengths as high as 600 MPa were observed. These high values are
attributed to crack healing and incipient plasticity. Ingot metallurgy (IM) materials
contained much less oxygen than their PM counterparts. Depending on the cooling rate
during solidification, they developed either mostly macrocracks or mostly microcracks.
Due to the high flaw densities, the room temperature flexure strengths were only of the
order of 100 MPa. However, the flexure strengths at 1200°C were up to 3 times higher
than those at room temperature. Again, this is attributed to crack healing and incipient
plasticity. The IM materials will require secondary processing to develop their full
potential. A preliminary examination of secondary processing routes included isothermal

forging and hot extrusion.

INTRODUCTION

The objective of this task is to develop new-generation corrosion-resistant Mo-Si alloys
for use as hot components in advanced fossil energy combustion and conversion systems.

The successful development of Mo-Si alloys is expected to improve the thermal efficiency
and performance of fossil energy conversion systems through an increased operating
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temperature, and to increase the service life of hot components exposed to corrosive
environments at temperatures as high as 1600°C. While MoSij is highly oxidation resistant
at elevated temperatures, it is extremely brittle at ambient temperatures. Molybdenum
compounds with lower Si contents, such as MosSi3, which are potentially less brittle, do
however, not have the required oxidation resistance. As will be seen, boron additions are
the answer to the oxidation problem.

As early as 1957, Nowotny et al.! pointed out that boron-containing silicides possess
high oxidation resistance due to the formation of borosilicate glasses. Based on N owotny
et al's work, boron-containing molybdenum silicides based on MosSi3 were recently
developed at Ames Laboratory.24 These silicides consist of approximately 50 vol.%
MosSi3 (T1), 25 vol.% MosSiB; (T2), and 25 vol.% of Mo3Si. They provide an exciting
alternative to MoSiy for several reasons. First, they possess an oxidation resistance
comparable to that of MoSi», and do not show catastrophic oxidization ("pest reaction") at
intermediate temperatures such as 800°C.# Second, these three-phase materials may
possess a higher fracture resistance than other high-temperature materials such as MoSi».
Third, their creep strength is superior to that of MoSiy.

At present, the mechanical properties of the new Mo-Si-B alloys have not been fully
explored. One reason for this is simply the unavailability of sufficiently large test pieces.
Due to the high processing temperatures and the high reactivity of Si, processing of Mo-Si-
B alloys with good quality is a challenging task. Significant developmental work is,
therefore, needed to produce sound Mo-Si-B material with controlled microstructures. At
the same time the size of the material must be sufficient (e.g., 50 mm) to be able to
characterize the mechanical properties. An interaction between processing, microstructural
characterization, and mechanical property measurements is required in order to improve and
optimize this new class of materials.

RESULTS AND DISCUSSION

Processing via powder metallurgy

A previous annual report for this program> focused on powder metallurgical (PM)
processing. Some additional microstructural, mechanical property, and compositional
work is reported here. Based on the composition Mo-10.5 Si-1.1 B (wt%), four PM

alloys (see also Table I) were produced by hot-pressing. In several cases, carbon was
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added to reduce the oxygen content. For the same reason, additions of Zr were made. The
difference between the two approaches is that Zr removes oxygen in the form of internal
oxides, while carbon additions remove oxygen in the form of gaseous CO/COj.
Zirconium additions resulted in internal cracking, due to the formation of ZrO» particles and
the associated thermal expansion mismatch. The Zr-containing alloys were therefore not
further investigated.

" The oxygen contents of several PM as well as cast Mo-Si-B materials are summarized
in Table I. Several points are worth noting. First, the alloy MSB1, which was fabricated
from MoSi; powder and addition of elemental powders, has by far the highest oxygen
content. Second, as the carbon content is increased from 0.6 wt% (MSB2) to 1.0 wt%
(MSBS), the oxygen content tends to decrease. This indicates that the carbon was indeed
effective in deoxidizing the alloys. Third, as expected, the cast materials (MSB418 and
MSB424) have much lower oxygen contents than the PM materials.

Table I. Compositions and oxygen contents of Mo-Si-B alloys

Sample ID Processing™ Composition, wt% Oxygen,
wppm*
MSB1 PM/HP Mo-10.5 Si-1.1 B-0.2 C 7482
MSB2, analysis #1 PM/HP Mo-10.41 Si-1.09 B-0.60 C- 3195
020 Zr
MSB?2, analysis #2 PM/HP " 2275
MSB3 PM/HP Mo-10.4 Si-1.1B-1.0C
MSBS5 PM/HP Mo-10.4 Si-1.1B-1.0C
MSBS5 PM/HP Mo-10.4 Si-1.1 B-1.0 C 1938
MSB418 (center region) IM(Cu mold) Mo-10.5 Si-1.1 B 486
MSB418 (near surface) IM (Cu mold) " 222
MSB424 IM (C mold) " 217
MSB425 IM (sand mold) "
MSB465 IM (AlxO3/SiOy "
mold)
* processing by powder metallurgy (PM) and hot pressing (HP), or by ingot
metallurgy (IM).

*¥*The oxygen contents are courtesy M. J. Kramer, Ames Laboratory, Ames, lowa

Figure 1 illustrates the microstructure of a polished and etched specimen of alioy MSB1,
which contained 0.2 wt% C as deoxidizer. The scanning electron microscope (SEM)
image in Fig. 1 shows no microcracks, although a more detailed examination of the
specimen from which this micrograph was obtained, revealed occasional microcracks.

Numerous pores are seen at the grain and interphase boundaries. Their quasi-equilibrium
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Fig. 1. SEM micrograph of alloy MSB1 (Mo-10.5 Si-1.1 B-0.2 C, wt%) after polishing
and etching (Murakami's etch). Pores appear in black. The T2 phase (MosSiB») is
preferentially etched. In addition to Mo3Si and MosSi3 (T1), a Mo-rich phase is found,
which is either unreacted Mo or a boride of Mo.

shape suggests that they may have been stabilized by trapped CO/CO;. The different
phases were identified via energy dispersive spectroscopy (EDS) in the SEM. Since B was
difficult to detect, identification was performed on the basis of the Si to Mo ratio. The T2
phase (MosSiB») etched readily and was therefore easily recognized. Occasionally Mo-rich
particles were found. These are either elemental Mo or borides of Mo. The fact that the
three-phase Mo3Si-T1-T2 equilibrium expected from the nominal composition! has not
been reached is consistent with recent results by Perepezko et al.6 These authors found that
annealing of similar alloys for 150 h at 1600°%C did not establish complete phase

equilibrium. Since the hot-pressing in this work was carried out at 1600°C, it is not
surprising that full equilibrium was not reached.

Processing via ingot metallurgy
Alloys with the composition Mo-10.5 Si-1.1 B (wt%) were drop-cast into molds made

from materials with different thermal conductivities in order to examine the effect of the
cooling rate on the microstructures that developed during solidification and cool-down.

Casting into a 25 mm diam. Cu mold produced ingots which appeared to be uncracked as
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judged by visual examination of their outside. However, sectioning and polishing of these
ingots always revealed macroscopic cracking. The microstructure of a cast and annealed
specimen is shown in Fig. 2. Voids were not detected, but microcracks were occasionally
observed. As shown in Table I, the IM alloys contained much less oxygen than the PM
alloys.

Casting Mo-10.5 Si-1.1 B into a 25 mm diam. SiOj (sand) mold resulted in much
lower cooling rates and eliminated macroscopic cracking. An approximately 1 mm thick
reaction zone was observed on the outside of the ingot. A typical microstructure is
illustrated in Fig. 3. As compared to Fig. 2, more microcracking is seen. Although a
quantitative analysis has not been carried out, it appears that the lower cooling rate

enhances microcracking. Since MosSi3 exhibits anisotropic thermal expansion, slower
cooling and the associated larger grain/phase sizes are likely to enhance microcracking.

Casting Mo-10.5 Si-1.1 B into a 25 mm diam. porous AlpO3/SiO7 mold resulted in the
slowest cooling rate. Solidification occurred so slowly, that the melt reacted extensively
with the mold. After cool-down, the casting had a diameter of approximately 50 mm,
instead of the initial mold diameter of 25 mm. As verified by qualitative EDS analysis, this
alloy picked up significant amounts of oxygen. No macrocracks were observed, but many
microcracks. Figure 4 illustrates the microcracks found in this material. Interestingly, the
microcracks stopped often in the T2 phase. The microstructure is much coarser than that of
the other alloys (compare for example Figs. 4 and 2). Therefore, while macrocracking was
alleviated, microcracking was enhanced.

Isothermal forging
An attempt was made to isothermally forge a cylindrical section of an alloy cast into a

sand mold (MSB425). This experiment was carried out in a hot-pressing unit. An initial
pressure of 35 MPa was applied. Consistent with the excellent high temperature strength
of this material no deformation occurred at temperatures up to 1800°C. At 1850°C, the
specimen deformed by approximately 50% in 15 minutes . The external appearance of the
deformed specimen suggested that the material was partially liquid during deformation.
Microstructural analysis showed that some voids and cracks had formed during the

processing. Since the material was partially liquid, this is not surprising.
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Fig. 3. SEM micrograph of polished and etched section of Mo-10.5 Si-1.1 B cast into a 25

mm diam. sand mold (MSB425). Several microcracks are indicated by arrows.
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Fig. 4. SEM micrograph of polished and etched section of Mo-10.5 Si-1.1 B cast into a
25 mm diam. Al»03/SiO2 mold (MSB465).

Extrusion

A casting with the composition Mo-10.5 Si-1.1 B (MSB418) was encapsulated in an
evacuated Mo can and extruded at 1800°C. The extrusion exhibited severe cracking and
porosity and only small pieces were available for metallographic examination. Figure 5
shows an SEM of the extruded materials. According to EDS analysis, the microstructure
consisted of particles of Mo3Si (dark phase) in a multiphase matrix. In agreement with the
EDS finding, x-ray analysis indicated Mo3Si to be the majority phase. The x-ray analysis
revealed also Mo and the T2 phase. The multiphase matrix found between the Mo3Si
particles is depicted in Fig. 6. Due to the small scale, a reliable EDS analysis was not
possible. The x-ray analysis suggested that the matrix consists of Mo, Mo3Si, and T2.
Since the nominal composition of the extruded material should have resulted in a 3-phase
mixture of Mo3Si, T1, and T2, it appears that the Mo content of the extruded material
increased by a reaction with the Mo can. Since liquid phase formation was observed
during isothermal forging at 1850°C, and since the presence of Mo in the extrusion

experiment may have reduced the liquidus temperature, liquid phase formation is plausible.
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It is, however, encouraging that the extrusion resulted locally in a very fine structure.

Mechanical properties
In a previous report® the room temperature tensile strength of the PM alloy MSB1 was

determined to be 186 MPa. Since the silicides investigated in this work are flaw-sensitive,
it was decided to carry out a larger number of flexure tests in order to obtain statistical
information. The results are represented in the Weibull plot in Fig. 7. They indicate that
flexure strengths of up to 300 MPa may be obtained. Since this particular material
contained porosity (see Fig. 1) as well as a substantial concentration of oxygen (Table I),
significantly better properties are expected for optimized processing. Table II shows that
the flexure strength is substantially higher at 1200°C, where it reaches values as high as

cf/MPa
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Fig. 7. Weibull Plot of the 3-point flexure strength of MBS1 (Mo-10.5 Si-1.1 B-0.2 C,
wt%). Ps is the fracture probability, and o5 the maximum outer fiber stress.
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Table II. Three-point flexure strengths of Mo-10.5 Si-1.1 B (wt%)

Specimen Processing* Specimen Condition Test Fracture
Number Temperature, Strength,
T MPa
MSBI1 PM as-pressed, 20 270
average of 13 specimens
" PM as-pressed 1200 460
" PM as-pressed 1200 604
MSB425 ™M as-cast 20 119
" ™M as-cast 20 105
" ™M as-cast 20 114
" LY isothermal forging at 1850°C 20 95
" ™M isothermal forging at 1850°C 20 110
" M as-cast 1200 221
" M as-cast 1200 283

*PM:powder metallurgy, IM: ingot metallurgy

604 MPa. The high strength may be due to crack healing, borosilicate glass formation at
crack tips, or incipient plasticity. The two specimens tested at 1200°C showed quite
different strengths indicating that further processing improvements will be needed.
Whereas the PM processed silicides contain no or few microcracks, the cast silicides
do. The cast materials are therefore expected to have lower room temperature strengths

than the powder metallurgical ones. Table II shows this to be the case. Consistent with the
observation of microcracks, isothermal forging at 1850°C (which did cause incipient
melting) did not improve the room temperature strength. At elevated temperatures, the
microcracks may not be as detrimental to the strength than at room temperature. This could
be caused by crack healing, crack blunting, as well as borosilicate glass formation at crack
tips. Consistent with this, the 1200°C flexure strengths determined in air are 2 to 3 times
higher than those at room temperature, as demonstrated by the data in Table II. This result
points out the continuing importance of optimizing the processing of these materials in
order to achieve satisfactory mechanical properties. In the case of the IM materials,
secondary processing is definitely required in order to minimize the size and number

density of microcracks. Efforts are underway to improve the secondary processing.
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SUMMARY AND CONCLUSIONS

Molybdenum-silicon-boron intermetallics with the composition Mo-10.5 Si-1.1 B
(wt%) were fabricated by several processing techniques. Powder processing resulted in

macrocrack-free material containing no or few microcracks. PM materials exhibited
reasonably high room temperature strength and excellent strength at 1200°C in air.

However, they contained quasi-equilibrium pores, and large concentrations of oxygen.
Ingot metallurgy (IM) materials showed much lower oxygen concentrations. Depending on
the cooling rate during solidification, they developed either mostly macrocracks or mostly
microcracks. Due to the microcracks, the room temperature flexure strengths were low.
However, the flexure strengths at 1200°C were up to 3 times higher than those at room
temperature. This is attributed to processes such as crack healing, borosilicate glass
formation, and incipient plasticity. The IM materials require secondary processing to
develop their full potential. Preliminary examinations of secondary processing include
isothermal forging and hot extrusion, and further work is in progress to improve the
secondary processing.
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