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Chapter 1 

INTRODUCTION 

Erosion, corrosion, and erosion/corrosion• interactions 
are widely recognized as critical problem areas in the 
operation of energy generation and conversion plants. This 
report enumerates the range of erosion conditions which are 
inherent in the various energy systems under development. 
The following restrictions were imposed on the material 
presented: 

• erosion as used here involves impingement by 
particulate matter in a fluid medium, including 
cavitation erosion; and 

• since the fluid medium can be either reactive 
liquids or hot gases containing a variety of 
corrosive constituents, both wet and dry corrosive 
attack must be considered in conjunction with 
particle impingement. 

Examination of the range of coupled phenomena 
associated with energy systems and the development of 
approaches to overcome outstanding erosion/corrosion 
problems were the major concerns of the committee. The 
areas of consideration were restricted to erosion (when the 
carrier fluid is nonreactive) and to the effects of 
erosion/corrosion interactions on materials, but did not 
include corrosion effects per se. 

The National Academy of Sciences had been asked by the 
Energy Research and Development Administration to convene a 
Committee to: 

• consider erosion problems in energy systems which 
will be significant in the near term; 

• catalog expected problems; 

• The expressron-"erosion/corrosion," which appears 
frequently throughout the report, denotes the surface 
destruction of a material through combined action of the two 
processes. While the relative contribution to material loss 
of the two processes is often not apparent, the situations 
discussed in this report are typically those in which 
erosion is paramount. 

1 
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2 

• outline the science of erosion, and the present 
technology for coping with these phenomena; and 

• recommend new approaches for minimizing the impact 
of erosion in energy systems. 

The energy systems considered included coal conversion 
(gasification, liquefaction, magnetohydrodynamics) , high­
temperature gas turbines, power recovery systems, solar 
energy, geothermal energy conversion, wind machines, and 
slurry piping. Topics such as drill bit development for oil 
exploration and liquid jet mining procedures were not 
investigated even though they involve erosion phenomena, 
because proper consideration of such areas could not be 
achieved within the time frame and funding level stipulated 
for the Committee's activities. The current developments in 
these areas and the timely benefits to be gained would 
certainly warrant further consideration. SOlutions to the 
erosion problems associated with other energy-related areas 
such as biomass preparation for utilization in energy 
systems, oil shale processing, and energy derived from ocean 
currents are, in some cases, within the near-term state of 
the art. For others, the progress made in combatting the 
erosion problems for the systems considered by the Committee 
will be within the state of the art when such advanced 
concepts finally reach fruition. Erosion has not been 
identified as a serious consideration in nuclear power 
reactors so this area and has not been included explicitly 
in the Committee's review. The erosion problems associated 
with the peripheral equipment for conversion of energy from 
a nuclear source to electricity fall within the range of 
erosion conditions represented in the Committee's selection. 

The primary characteristics of the erosive conditions 
inherent in the energy system components selected for 
consideration are identified in Chapter 3. These erosion 
conditions are categorized at the end of Chapter 3 with 
respect to temperature and particulate velocities. An 
assessment is provided regarding the severity of the erosion 
problem for a specific system or component. 

Combatting erosion problems in steam turbines and the 
redesign of a small gas turbine using ceramic materials to 
overcome erosion caused by sand ingestion are presented in 
Chapter 4 as examples of the magnitude of the erosion 
problem and the interplay between design and materials 
selection required to reduce the erosion effects to 
tolerable levels. Since the lono-term erosion/corrosion 
effects in several energy system-components will be more 
severe than these examples, a broadly-based approach to 
understanding and overcoming erosion/corrosion material 
degradation processes is certainly warranted. The 

Copyright © National Academy of Sciences. All rights reserved.

Erosion Control in Energy Systems: 
http://www.nap.edu/catalog.php?record_id=21316

http://www.nap.edu/catalog.php?record_id=21316


3 

multidisciplinary nature of the information required is 
described. 

The prevailing state of knowledge pertaining to 
particulate erosion and corrosion is summarized in Chapters 
5 and 6. These comparisons are incomplete but are 
introduced to provide perspectives on the general character 
of the work which has been pursued. A significant 
deficiency is noted both in the type of information required 
to guide material improvement and also in information to 
provide data for design considerations. The critical 
problem areas are related to coupled erosion/corrosion 
effects which occur in a variety of contexts involving both 
aqueous and hot corrosion. Chapter 7 is an attempt to 
provide an overview of the approaches which may be used to 
begin to attack the erosion-corrosion interaction problem. 
Negligible information is currently available on 
erosion/corrosion interactions; however, more information 
should become available in the next few years, because 
programs are either underway or are being formulated to 
better understand the erosion/corrosion interactions. 

Chapter 8 describes screening, bench, component and 
life prediction and verification tests, along with the 
status of standardization. In addition, the importance and 
difficulties of accelerated life testing are explored. 

Due to the complexity of the erosion/corrosion 
environments in energy and energy-related systems and the 
general lack of understanding of material response to the 
imposed conditions, testing procedures will be an integral 
part of any investigation whether it be a fundamental 
mechanism study or an in situ evaluation of a particular 
component. It is important to recognize early in the 
evaluation process that appropriate test procedures should 
be established to insure that: 

• the test results are relevant to the conditions 
under investigation; 

• that they are reported in a form and specificity 
which is useful to other investigators; and 

• that the tests be conducted in a manner which will 
avoid duplication and thereby be cost effective. 

There is little doubt that testing at all levels will be an 
important consideration in the development of near-term and 
longer-term solutions to the pacing problems. This report 
presents several significant recommendations and a general 
testing philosophy which, if assimilated into the program 
structure before a sizable data base is established, can 
avoid repetition of the wasted effort which has taken place 
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already in the erosion field. Very little of the tabulated 
particulate erosion data is valuable for making life 
predictions. Based on this past experiencew it would be 
advantageous to formulate standardized reporting and test 
procedures before committing a significant level of funding 
designated for this problem area over the next decade. 

Design considerations for coping with erosion/corrosion 
degradation of structural components are described in 
Chapter 9. It goes without saying that the need for 
construction of advanced energy conversion and generation 
facilities may outpace material improvements technology. 
Therefore, it is necessary to develop design alternatives. 
At present the structural designers must attempt the design 
of cost effective and efficiently operating systems without 
very well-established design criteria. The establishment of 
procedures for rapid communication of results from the 
materials community is essential. Howeverw it is equally 
important that the conclusions drawn from any test program 
be substantiated and that they be translated to the designer 
in a familiar form. This would suggest that testing 
facilities be established which can be used to generate 
handbook data once a material advance has been made. The 
discussion presented concentrates on problems related to 
coal gasification; however, the indicated expansion of the 
usual design considerations to include erosion and coupled 
erosion/corrosion effects would follow along similar lines 
in any system involving erosion. 

The Appendix summarizes currently funded programs 
pertaining to erosion/corrosion. The reader can obtain an 
overview of the magnitude and direction of work currently 
underway. 

The recommendations which resulted from the Committee's 
deliberations are presented in Chapter 2. The Committee's 
work was undertaken during a period when several laboratory 
and pilot plant investigations of the subject area were 
getting under way and the results of these investigations 
are beginning to appear. For example, it now is evident 
that deposition of fine particulates in coal gasification 
systems and the subsequent build-up of (adverse) layers may 
be more dominant than the removal of material. The 
conditions for deposition as opposed to erosion of materials 
are just beginning to be investigated. Procedures for 
inhibiting the formation of these layers or for the 
controlled growth of these build-ups as a protective layer 
are potential areas for innovation which were not considered 
in this report. It is anticipated that findings of this 
nature will be forthcoming in the next few years. 
Recognition of this fact motivated the Committee to make 
recommendations more of a procedural naturew rather than 
specifying certain materials or processes. Recommendations 
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on specific systems would be subject to change much more 
rapidly than the development of meaningful approaches 
applicable to a diverse range of erosion/corrosion 
environments in whatever system they may occur. 

The Commdttee acknowledges that work and actions are 
under way which are contributing to improvements in the 
current state of affairs, so the Committee's assessment may 
only reinforce much of what has already been recognized. In 
this report, the Committee presented the type of programs 
required to achieve a modus operandi to minimize erosion 
problems in significant energy systems independent of 
whether or not the programs have already been initiated; the 
committee elected not to refer to specific on-going 
technical programs to preclude interpretations of 
endorsement or criticism of the work in progress. 

The most important concern in the Committee's appraisal 
is how to transfer the results from a multidisciplinary 
approach, which is required for application in the most 
severe erosion/corrosion environments, to a useful form for 
the system and component designer. This is a consideration 
since a significant amount of basic research is required 
before the material degradation processes which take place 
in erosion/corrosion interactions can be understood. This 
understanding is necessary for materials selection and 
improvement; therefore, means must be established for 
utilizing the accomplishments of a materials science program 
to provide a well-rounded view of the problem area. This 
same consideration applies to the general field of erosion 
for less severe environments, where an effective means still 
has not been developed for translating the available body of 
knowledge to useful design data. 

The Energy Research and Development Administration 
(ERDA) and the Electric Power Research Institute (EPRI) are 
in a unique position as primary funding sources to provide 
the means for significant advances in erosion/corrosion 
technology to meet the developmental objectives associated 
with energy systems. This research would have a valuable 
spin-off in other applications involving erosion and 
corrosion. The resulting contribution to conservation of 
materials, especially critical material resources, is 
obvious. A realization of the magnitude of the problems and 
what must be done to provide effective solutions, 
establishment of phased priorities, coordination of diverse 
activities, generation of results on a timely and integrated 
basis, and the need for assimilation of results from many 
fields into a design data base cannot be overemphasized. 

In reviewing the state of the art in erosion and 
corrosion technology, the number of unanswered questions 
which could be raised far outnumbered those which the 
committee could consider in some depth. It became apparent 
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that the development of a design data base for the spectrum 
of erosion/corrosion problems likely to be encountered in 
energy systems is a critical issue. The bulk of the 
available erosion test data applicable to temperatures below 
3900F (2000C) still has not been properly developed for 
design purposes. There is a sparsity of erosion data at 
temperatures above 3900F (2000C) and there are virtually no 
data available on erosion/corrosion effects for any 
temperature regime. After reviewing the available 
information and assessing the complexity of many of the 
potential erosion/corrosion interactions and operational 
life-times required, the Committee concluded that 
engineering a structure for long-term exposures to hostile 
environments requires a multi-disciplinary approach. 

A general strategy is outlined in the recommendations 
which follow to generate the requisite information on a 
timely basis in an organized and cost effective manner. Due 
to the complexity of the possible erosion/corrosion 
interactions, basic research approaches are required to gain 
understanding of the dominant mechanisms of material 
degradation so that either alternative materials can be 
selected, or directions for improvements in existing 
materials can be indicated; a comprehensive test program and 
establishment of testing procedures are necessary to supply 
meaningful data on material behavior. Testing is also 
needed for component life predictions; effective means must 
be devised for compiling the information obtained in the 
various phases of the overall program into a useful fotm for 
designers; and communication of problems in operating 
systems and potential solutions evolving at many levels of 
investigation must be established between groups of 
individuals with diverse backgrounds and viewpoints. 

This report will have served a very useful purpose if 
it can stimulate: 

• the creation of carefully developed multi­
disciplinary approaches to erosion/corrosion 
problems wherever they occur; 

• the development of meaningful test procedures and 
usable data; and 

• the rapid transfer of the results from basic 
materials science programs to erosion/corrosion 
design criteria. 
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Chapter 2 

CONCLUSIONS AND RECOMMENDATIONS 

The useful operating life of many components in 
advanced enerqy systems will be restricted by the 
erosion/corrosion conditions associated with the desire for 
higher efficiencies of energy conversion. The design 
decisions which must be made to have an energy conversion 
plant operate for more than 20,000 hours without a major and 
costly shutdown due to the failure of a critical component 
are not possible at the present time. Obviously progress 
will be made, but can the means by which the near-term 
objectives be met be made more efficient? It should also be 
kept in mind that successfully meeting one operating 
objective leads to the desire to establish more lofty 
objectives. Thus, while compromises in operating conditions 
and in the desired efficiencies must be made for the near­
term, the desire to push back these restrictions will arise 
in the long run. It is certain that erosion/corrosion 
related failures will be inherent in the development of most 
of the near- to long-term energy systems. 

The Committee's deliberation covered many specific 
aspects of erosion phenomena in energy systems; however, the 
recurring issues which emerged were: 

• 

• 

• 

Note: 

the general sparcity of available design 
information; 

the lack of understanding of long-term 
erosion/corrosion processes in materials; and 

the inability to identify the material properties 
which would lead to improved resistance to 
erosion/corrosion attack. 

In the following paragraphs, higher priority 
recommendations are printed in capital letters. 

A. LONG-RANGE PROGRAM STRATEGY 

Problems related to erosion or corrosion and to a 
coupled effect, such as particulate erosion of helicopter 

7 

Copyright © National Academy of Sciences. All rights reserved.

Erosion Control in Energy Systems: 
http://www.nap.edu/catalog.php?record_id=21316

http://www.nap.edu/catalog.php?record_id=21316


8 

rotor blades, erosion-ablation coupling for re-entry 
vehicles, and rain erosion degradation of electromagnetic 
window materials, have demonstTated that the magnitude of 
the problem is usually more severe than anticipated in the 
preliminary design phase. Erosion aspects ultimately become 
a primary limitation on the desired operation of the system. 
This prior experience should provide motivation for 
anticipating the need for an erosion/corrosion design base 
which is required now and will continue to be required over 
the next few decades. 

RecommendatiQD 

LONG-RANGE CONSIDERATION OF EROSION/CORROSION PROBLEMS 
AND THEIR IMPLICATIONS SHOULD BE ADOPTED BY AGENCIES 
CONCERNED WITH MAJOR ENERGY SYSTEMS. A COMPREHENSrvE 
STRATEGY FOR UTILIZING THE RESULTS FROM BROADLY BASED 
APPROACHES SHOULD BE ESTABLISHED NOW. 

B. UNDERSTANDING MATERIAL RESPONSE IN EROSIVE ENVIRONMENTS 

ConclY§ion I 

An understanding of erosion/corrosion processes is 
important since it provides a rational basis for material 
improvement, provides the physical basis for modeling 
studies, and provides a unifying basis for stipulating when 
different materials are likely to display similar behavior. 
Characterization of erosion/corrosion phenomena in metals, 
ceramics, composites and coatings requires an 
interdisciplinary, broadly based, coordinated effort to 
effectively keep the potential contribution from the 
materials science community abreast of the design 
requirements. 

An all-encompassing program of this nature on 
erosion/corrosion appears timely. It is not advisable that 
the entire program be confined to a single laboratory, since 
insufficient expertise exists at any one institution. 
Progress relies on the involvement of individuals with the 
appropriate expertise. The motivation for new ideas and 
rapid advancement of worthwhile observations is greatest in 
a competitive environment. Serious consideration should be 
given to industrial laboratories for the primary 
coordination function, since there may be a greater 
consciousness among industrial research managers of the need 
for solving problems, for reporting research accomplishments 
on a regular basis, and for interfacing more effectively 
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with the application areas. The following general subject 
areas are representative of the expertise required: 
materials, including metals, ceramics, composites, and 
coatings; fluid dynamics; numerical analysis; projectile 
impact phenomena; dynamic properties of materials testing; 
elevated temperature evaluations of materials, deformation 
and fracture mechanics; statistical analysis; corrosion 
(various aspects); surface analysis; microscopy (electron 
and optical); phase equilibria; and thermodynamics. 

An undertaking of this nature could rapidly become 
overwhelming. Task groups should be organized for short 
durations to study various aspects of the proposed program 
in more depth than presented here. For example, on a near­
term basis, conditions can be identified for which the 
procedures to control erosion/corrosion interactions are 
apparent. First of all, there are combinations of particle 
sizes, velocities, and temperature for which the erosive 
component is so severe that it can only be decreased through 
design to avoid particulate impact or by particulate removal 
from the gas stream. In the case of metallic alloys, 
particle sizes greater than 20 ~m at gas velocities above 
100 fps (30 mps) represent conditions which are highly 
erosive at 16oooc (8700C) regardless of the corrosive 
conditions. secondly, when the erosive conditions are 
sufficient to provide metal removal in alloy systems, a 
corrosive process that results in the development of a 
dense, adherent reaction product on the surface may decrease 
the erosion rate. Finally, in cases where the corrosion 
reactions enhance the effectiveness of the erosive media to 
remove material, steps taken to change the nature of the 
corrosion process are a meaningful way to combat the 
erosion/corrosion interactions. 

Recommendation I 

THERE IS A HIGH PRIORITY FOR GETTING AN 
EROSION/CORROSION STUDY UNDER WAY AS SOON AS POSSIBLE. A 
COORDINATED BASIC RESEARCH PFOGRAM IS NEEDED TO UNDERSTAND 
AND CHARACTERIZE EROSION/CORROSION INTERACTIONS IN A VARIETY 
OF MATERIAL CLASSES. THE APPROPRIATE AND BEST EXPERTISE 
FROM MANY ORGANIZATIONS SHOULD BE UTILIZED. 

Conclusion II 

Computer analyses will be helpful in modeling the 
eorsion/corrosion interaction in mechanism studies. 
Materials-oriented investigations will provide the physical 
basis for the events leading to material removal. Computer 
programs can be developed at different levels of 
sophistication to model the material removal process. 

Copyright © National Academy of Sciences. All rights reserved.

Erosion Control in Energy Systems: 
http://www.nap.edu/catalog.php?record_id=21316

http://www.nap.edu/catalog.php?record_id=21316


10 

Sensitivity analysis, which can be compared with 
experimental results, will permit the determination of the 
effect that changes in material properties or the corrosion 
rates will have on material degradation. This effort should 
be undertaken in conjunction with materials-based programs 
and should have a modest level of support. 

Conclusion III 

Modeling studies are required to characterize the 
erosive environments. computer analyses are required to 
characterize the flow of particle-laden fluids in order to 
estimate the influence of particle concentration effects 
(such as the particle-particle interactions within a 
boundary layer, the flow conditions for particle shielding 
of the surface, and the statistics of the actual particle 
impact angles due to these effects) on the number of 
successful particle collisions, the influence of the flow 
geometry, and the distortion of soft or liquid particles 
prior to impact. Continuum and discrete models for 
particulate flow are available, but will have to be re­
derived for intermediate- to high-particle concentrations in 
both liquids and gases. The governing equations will have 
to be incorporated into computer codes in order to 
investigate realistic flow conditions and geometries. This 
is an important aspect of computer modeling and should be 
well-supported in the near term. 

Concly§ion IV 

Computer modeling of critical system components should 
be undertaken to establish the sensitivity of these 
components to damage through bombardment by various particle 
distributions. Both the size of the component and its 
design can be varied to establish quantitatively the 
component life/particle concentration data required by the 
component and system designer. Turbines, fans, slurry 
pumps, valves, tapered constrictions, tees and elbows are 
some of the components for which these studies should be 
undertaken. These calculations are essential for design 
decisions but are equally important in relation to the 
construction and utilization of erosion/corrosion test 
facilities. 

It should be recognized that the number of parameters 
involved in the compilation of engineering data on 
erosion/corrosion effects on a single material is 
considerable. Typical parameters independent of those 
defining the response of the target material are the 
particle size, particle shape, particle material properties, 
impact velocity, angle of attack, temperature, nature of the 
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corrosive environment, and length of exposure to the 
corrosive environment. several of these parameters are more 
complex than simply stating a sinole representative 
quantity, such as, the temperature variation of the particle 
properties and the characterization of the corrosive 
environment which may include several different corrosive 
agents. The complete description of the erosion/corrosion 
response of a single material would thus involve an 
elaborate and intractable testing program. 

computer models can be used to extend limited and more 
costly experimental results to a wider range of conditions. 
This approach can be successful if at least first generation 
models are developed early and the test conditions are 
carefully selected to supply the needed data and to check 
the extrapolation. The significance of this function gives 
it a high priority and it should be well-funded; however, 
the programs undertaken should be coordinated with the other 
areas described here as well as with existing and future 
test facilities. 

Recomme~ion II 

Computer modeling studies should be initiated in the 
following areas: 

• description of the material's response to particle 
collisions including the events leading to 
material removal; 

• characterization of the erosive environment 
related to a particular system component; and 

• ESTIMATICN FOR PRELIMINARY DESIGN PURPOSES OF 
MATERIAL REMOVAL RATES AS A FUNCTION OF THE 
OPERATING AND ENVIRONMENTAL PARAMETERS. 

C. MATERIALS DEVELOPMENT 

The problems of component erosion/corrosion in power 
generation systems will continue to increase as system 
temperatures are raised and as more high-impurity content 
fuels are burned. Metallic alloys, ceramics, composites and 
coatings must be tailored to resist the specific 
environments in particular systems and components. It is 
our assessment that at the present time there are no 
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materials of proven durability (in terms of component 
replacement or refurbishment costs) for constructing many of 
the critical components in large plants already in the 
planning phase. However, development of even simple alloy 
modifications can take five years to reach production 
readiness, a new alloy can take ten years. The time scales 
for new material concepts are difficult to specify. 

Significant improvements in erosion/corrosion 
resistance and cost reductions can be achieved through 
better understanding and control of compositional 
specifications in materials. For example, better definition 
of a metallic alloy's structure and form is required in 
relation to the manufacturing process and intended 
application. Obviously, compositional variations directed 
toward improved erosion/corrosion resistance must be 
balanced against modification of the significant 
thermostructural properties which may be related to these 
compositional variations. 

Rec~ndation I 

some work should be supported on a near-term basis for 
optimization of the erosion/corrosion properties of 
currently available classes of materials. 

~~ndation II 

Some energy systems contemplated, such as coal 
gasification plants, will require enormous quantities of 
materials. Therefore, for reasons of availability and cost, 
studies should be initiated to determine the feasibility of 
substituting lower cost, more readily available alloying 
elements for costly, difficult to obtain strategic elements 
(e.g., chromium) in erosion/corrosion resistant materials. 

~~ndation III 

MANY COMPONENTS FOR ADVANCED SYSTEMS WILL BE MADE FROM 
CERAMICS RATHER THAN METALS. THE TECHNOLOGY FOR DESIGNING, 
FABRICATING, AND INSPECTING CERAMICS IS MUCH LESS WELL­
DEVELOPED THAN FOR M~ALS. HENCE, A MAJOR EFFORT IS NEEDED 
IN ~HIS AREA. 
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D. TESTING 

conclusion 

A broad range of erosion and erosion/corrosion testing 
will be required. Experience in solid particle erosion 
testing shows that a minimal amount of useful design data 
has been generated over the last twenty years. Due to the 
complex nature of the erosion/corrosion interactions and the 
lonq-t~rm nature of the research required for modeling and 
understanding the complete phenomena, it is not surprising 
that an accepted screening test has not been developed for 
comparison and selection of materials. Past experience in 
development of rain erosion resistant materials for aircraft 
radomes has been based upon empirical tests utilizing 
rotating arm facilities which have become accepted as a 
standard method for ranking materials. one of the key 
features of this technique is that it provides excellent 
simulation of the environment with multiple impingement of 
calitrated rain drops at carefully controlled velocities. 

This same philosophy could be adopted for development 
of an accepted test methodology for screening materials for 
solid particle erosion/corrosion-elevated temperature 
conditions, since reliance upon very simple laboratory 
techniques or single impact tests (useful for mechanisms 
studies) have been unsuccessful in the past for translating 
results to the complex operating environments. 

No matter what form of testing is employed it is 
essential that the erosive enviroment is accurately 
characterized. The particle size distribution, impact 
velocity, angle of attack, and other test parameters can be 
determined experimentally supplemented by computer analyses 
of particulate-laden flows. If the data is to be used for 
design purposes it is important that the actual test 
conditions correspond to the conditions the investigator 
specifies in reporting the test data. Consideration must be 
qiven to the statistical nature of the process; reasonably 
accurate characterization of the size, shape, and material 
properties of the particulate; monitoring of gas 
compositions; and the flow conditions in the vicinity of the 
target. Proper characterization of the test environment has 
generally been overlooked in solid particle erosion testing. 

Well-planned tests should be conducted to confirm the 
predictions from laboratory erosion/corrosion data in 
conjunction with computer modeling studies. Instrumentation 
should be designed to provide nearly continuous measurements 
of the characteristics of the fluid and particle enviroment 
and it appears possible to simultaneously monitor 
erosion/corrosion rates. Limited testing under very well­
instrumented conditions would certainly provide confidence 
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as well as point up deficiencies in the various approaches 
developed under the general program strategy. 

Recommendation I 
--~-

Procedures for laboratory, screening, and pilot plant 
testing should be established now. The other 
recommendations in this report will be difficult and 
inefficient to implement unless this is done. 

Recommendation II 

A MAJOR INITIATIVE MUST BE UNDERTAKEN IN THE AREA OF 
ACCELERATED LIFE TESTING. THE EFFORT MUST FOCUS ON HOW TO 
MEANINGFULLY ACCELERATE THE COUPLED EROSION/CO~ROSION 
EFFECTS, OR IF THEY ARE NOT SEPARABLE, THE MOST DOMINANT 
FEATURE OF THE PROCESS (SCALE REMOVAL, SCALE FORMATION, 
PARTICULATE IMPINGEMENT, ETC.) 

All testing cannot be in the accelerated mode; 
accelerated tests will have to be carefully verified so as 
to assure that the corrosion/erosion phenomena involved by 
the accelerated techniques are not modified to the point 
that they no lonqer pertain to the actual conditions of 
interest. 

Recommendation III 
""'' 

The American Society for ~estinq and Materials G2 
Committee on Erosion and Wear is actively engaged in 
formalizing the reportinq procedures for solid particle 
erosion testing and in establishing an erosion testing 
methodology. This group could also play an active role as 
the focal point for much of the required erosion/corrosion 
testinq methodology described here. 

E. DESIGN P~OCEDURES 

conclusion 

The compilation of a design data manual covering 
principles and practices related to erosion and corrosion in 
energy conversion plants should be carried out on a 
continuing basis. This manual, or series of manuals, would 
serve to collect, analyze, and condense the information 
obtained from diverse sources into a form useful to 
desiqners. 
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A collection of engineering data useful for the design 
of components should be assembled. Test data should be 
taken so that it can be used with computer modeling studies 
which predict the particle impact angles and velocities, 
number and distribution of particle sizes passinq through a 
component. Data must be available for materials in the 
state in which they will be when subjected to the operating 
environment of the system. The behavior of engineering 
materials in the actual environments in operating equipment 
must be defined and the analysis of material degradation for 
commercial materials should be further developed. An effort 
should be made to avoid extensive studies of erosion 
situations that are too oversimplified. 

careful consideration should be given to the 
preparation of design manuals for erosion/corrosion effects 
and the type of information required should be reflected in 
the overall program strategy. 

F. FAILURE ANALYSIS DATA CEN~ER 

~onclusion 

The failures due to erosion/corrosion effects occurring 
under operational conditions are the final assessment of how 
well the information generated in all of the suggested 
phases of the proqram strategy outlined here is assimilated 
into the actual design. It is anticipated that failures 
will not be completely eliminated. However, the careful 
analysis of the failures occurring in pilot plants can be 
used effectively to avoid occurrences of the same failure in 
scaled-up versions of the system. It is necessary that an 
accurate appraisal is made of the cause of the failure and 
that this information is brought to the attention of both 
the materials and engineering community so that the emphasis 
in the on-going programs can be directed toward actual 
problems and not simply anticipated problems of academic 
interest. 

A system should be established for having on-site 
experts who can evaluate the seriousness of the situation, 
make judgments as to the appropriate corrective measures, 
determine whether the failure is an isolated event or 
involves a fundamental issue, and can obtain the data 
necessary for further analysis of the failure. The on-site 
inspection capability supplemented by reasonable monitoring 
of operating conditions in critical areas of the system 
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using diagnostic instrumentation would greatly enhance the 
value of the failure analysis tabulations. 

The rapid communication of both operating experiences 
which resulted in erosion/corrosion failures to the 
erosion/corrosion community and the translation of new 
developments in materials to design criteria would certainly 
be desirable. To accomplish this it is necessary to bring 
together the best talent to meet the challenges in this 
complex area. At timely intervals. workshops should be 
organized to exchange and clarify information or to develop 
an approach for particular problems on a broader basis than 
has been done in the past. Of course. meetings on topics of 
a more specific nature would continue. 

Recommendation ------
Collection. classification. dissemination of failure 

analyses for failed components in operating systems (pilot 
plants. prototype demonstration units. and on-line units) 
should be supported. 

G. EROSION/CORROSION ADVISORY PANEL 

conclusiQD 

several positive steps have been made with regard to 
establishment of cooperative effort between plant designers 
and operators. research engineers, and material scientists. 
The recently constituted Committee T12A of the National 
Association of Corrosion Engineers is providing a forum for 
interchanqes on the problems in coal gasification systems. 
several workshops sponsored by ERDA and other organizations 
have focused on the rr1aterials aspects of erosion/corrosion 
in coal gasification and the establishment of a 
design/materials interface. The G2 committee of the 
American Society for Testing and Materials is reviewing 
erosion testing procedures. In addition. sessions on 
erosion are becoming popular at professional society 
meetings. ~hese functions should be supported; however. 
realizing that erosion/corrosion will be a prevalent problem 
area for some time. it would be advisable to organize an 
integrated approach on a more formal basis. It is timely to 
do so before a sizable body of data is generated. 

An advisory panel should be formed to span the basic 
and practical aspects of erosion and corrosion. computer 
modeling. commercial material production procedures. plant 
design, and plant operation. Since the panel members would 
be actively engaged in erosion/corrosion related problems. 
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they would be able to repre~ent.the needs and 
accomplishments within their respective areas. The panel 
would be the nucleus for the creation of interchanges among 
a greater number of individuals. They would be concerned 
with the proper balance in an integrated program of research 
which would be responsive to engineering requirements. The 
panel would also encourage the distribution and updating of 
erosion/corrosion design data. Essentially the panel's 
function would be to step back periodically from the day-to­
day developments and assess near- to long-term situations in 
a broader context than is generally possible. 

Recommendation 

A permanent technical advisory panel concerned with 
erosion/corrosion related activities should be established 
by ERDA. 

The above conclusions have been stated in general 
terms; supporting details and specific data are in the 
chapters which follow. 
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Chapter 3 

EROSION CONDITIONS IN ENERGY SYSTEMS 

The main features of various energy systems are 
described with respect to their potential for erosion 
damage. An assessment of the range of erosion conditions 
which must be investigated are presented in this chapter 
based on these descriptions. It was the consensus of the 
Committee that the erosion problems associated with solar 
energy conversion and wind machines were within the 
prevailing state of the art and do not require extensive 
developmental programs to overcome the problems which may 
arise. on the other hand, long-term operation of MHD 
systems presents erosion problems of such a magnitude that 
considerable emphasis must be placed on materials · 
development and design considerations. Although the most 
extensive discussions pertain to coal conversion systems, 
the range of erosion problems, the approaches suggested for 
their resolution, and the particular environmental 
conditions are generally applicable to the erosion problems 
which are of primary concern for other systems as well. An 
effort is made here to display the commonality of erosive 
conditions for several energy systems and to point out the 
relative distribution of conditions which should be 
investigated within the complete range of variables: 
temperature, particle velocity, particle type, and corrosive 
environment. 

A. COAL CONVEFSION 

Considerable practical experience is being gained from 
the operation of pilot plants with regard to the magnitude 
and source of the erosion problems which subsequently may be 
encountered in the operation of demonstration plants. 
several types of coal gasification and liquefaction 
processes are under development. The overall features of 
these systems are described in References 1-3. For the 
discussion of coal gasification systems, the prevailing 
erosive environments are summarized in Table 3-1 in terms of 
representative gas compositions, the operating temperatures, 
and pressures in the gasifiers. The operating variables 
associated with coal liquefaction systems are summarized in 
Table 3-2. These summaries are intended only to provide 
some perspective on the nature of the erosive environments 
which may be encountered. In Chapters 4 to 6, this 
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TARLE 3-1 Gasification Process Conditions 

Product Gas Anal\'sis !Design \"nlues) Gasifier Conditions 

Per- Per- Per- Per- Per- P(·r- P('r- p,.,._ Pe1·- Temperature Pressure 
Gasification Process cent cent cent cent cent cent cent cent oent "F pslg 
1 Location) ll20 H2 CH4 H2S co C02 K 

2 C2H6 Other rC> (MPa) 

BI-GAS 
b. 1 - .. 0.3 

1700-2700 1000 
4~.0 I:!. 7 11.7 22.9 .... - -rHo mer Cit.v, Pa. \ (920-1480) 16. 89) 

CO? ACCEPTOR 
17.1 17,3 0.03 14. 1 3 .. :) 0.2 0,37 NH3 1500 150-300 

1Rapid City, S. U.) 
H.h 

0.8 (810) (1. 03-2. 07) 

HYORA!'\E 
73. 2 3.9 

1700 1000 - :!2.9 - - - - -1lVIorgantown, W. Va.) 1920) (6. 89) 

HYGAS 
14.1 

1~00 1000 
1Chicago. Ill.) 

24.-t ~~.H 0.9 1~.0 111.5 - 0.5 - 1810) (6. 89) 

KOPPERS TOTZEK 
0.3 :1.6 1,0 1700-2700 1:1 

!Commercial) ~·. f) 3:~. J - 50.4 - - (9211-1-tt-0) (0. 0103) 

"" 0 
LrHGI 

.=)11.'2 :!11.1 4.7 0.6 !i ., 14. 'j 0.5 
700-1100 4.')0 

!Commf'rrial\ - -
(:;70-~90) (:l.l) 

SY:\THA!':E 
37. I 1:1.4 0.3 1 ... 2 0.5 

1500-1HOO 500-1000 
IRrue!'ton. Pa.) 17.5 10 .. 5 0.:1 - (810-9!10) (3. 5:1-6. ~9) 

WI!'\KLER 
2:1 . I 2. 4 

2500 
l.~.k O.R 

400 oos 1500-1850 15 
!Commercial) 

~., ') 25.7 
(810-1010) (0. 0103) ppm ppm 

!'\OTI:: : Adapted from ·· clean Fut- 1 ~ rmm Coal s,·mposium II Papers, ·· sponsored t"· the Institute of Gas Technology, liT Center. Chicago, Illinois, 
.June 23-27. 197.). p, !1114. 
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TABlE 3-2 1 iquefadinn Process Characteristics 

Process 
(Location) 

SOLVENT REFrNI::D ISRC) 
(Pittsburgh & Midwar Coal 
Mining Co .• Merriam, Kansas 

SYNTHO!l 
!Pittsburgh Fnergv Research 
Center. Pa. ) 

H COAl PROCESS 
(Hydrocarbon Research, Inc . , 

Trenton, N.J.) 

CRESAP 
!Fluor Engineers, l.os A•1gPles, 
Calif.) 

DIRECT HYDROGE:-;ATIO:'\ 
IRocketdvne, Canoga Park, 
Calif.) 

Process Tvpe 

Hvdrocracking of 
slurr\· mixed with 
h~·drogen 

H.\·drodesulfurization 
Fixed-bed catah·tic reactor 

Catah·tic hydroliquefaction, 
ebullient bed reactor 

llvdrogen cracking of 
extracted coal 

Direct rapid mi,dng of 
heated hydrogl'n and 
pulverized coal 

Coal T'·pe 

High sulfur. 
hi~~;h ash 

High sulfur 

High sulfur 

High sulfur 

TPmperature 
"F 

f"C) 

o,?;fl 

1455 .. 

R40 
(450) 

850 
1455) 

"50 
.~'>51 

lAOO 
(91'12) 

Pressure 
psig 
(MPa) 

noo 
110.31 

3000 
(20. G) 

3000 
(20.6) 

3700 
(25.5) 

970 
(6 . 7) 

I iquid Product 

low sulfur, low ash 
soh·ent refined eoal 
:\1 P. = 350'F 

(} i:>' C ; 

I ow sulfur. lo~' ash 
fuel oil 

low sulfur. low ash. 
hea\'\' and light 
distillates and boiler 
fuel oil 

Fuel oil 

Heavy oil 

r.J 
1-' 
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information is coupled with the current understanding of 
erosion and erosion/corrosion phenomena and provides a 
foundation for developing a rational basis for coping with 
the anticipated problem areas. 

A system for gathering, evaluating, and disseminating 
information about operating experiences and component 
failure experiences in coal conversion pilot plants has been 
put into operation by ERDA and the National Bureau of 
Standards (NB~). ~he objectives of this program are to 
assist plant operating personnel in preventing plant 
shutdowns and in extending the useful life and reliability 
of plant components. The program has been developed to 
obtain information on the reliability of materials and 
components in coal conversion pilot plants. It consists of 
a system to report all significant operating incidents and 
component failures to NBS so that material and component 
reliability data can be evaluated and disseminated to coal 
conversion plant operating personnel and others. 

All reports of operating discrepancies aqd component 
failures received from the coal conversion pl!nts are 
reviewed and evaluated at the Failure Prevention Information 
Center for completeness and accuracy. A detailed technical 
summary is prepared from the information about each incident 
and these records are classified according to process, 
material, failure mode, subsystem category, and information 
source. This information is analyzed to identify 
significant problem areas, to determine corrective actions 
to solve component problems, and to conduct failure mode 
analyses for coal conversion plants. Centralized 
coordination of the failure prevention activities ensures 
that adequate and accurate diagnostic failure analysis is 
conducted and will enable the identification of significant 
and recurring problem areas common to many coal conversion 
pilot plants. This provides a means for sharing and 
exchanging information between pilot plants about component 
failure problems and successful corrective measures to 
prevent future problems. Table 3-3 and 3-q indicate the 
failure information available at the Center as of March 2q, 
1977. The high number (16 percent of the total) of erosion­
related failures establishes the fact that erosion is 
becoming a serious design consideration. Erosion and 
corrosion are responsible for qg percent of all failures, 
according to the information available at the center. The 
erosion failures are further elaborated upon in Table 3-q 
and show that piping, pumps and valves account for the bulk 
of the erosion failures. 
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TABLE 3-3 Failure Mode Analysis 

Failure Mode No. of Items 

Corrosion 129 
Carburization 12 
Metal Dusting 5 
Oxidation 8 
Pitting )~ 

Sttlfidation :w 
Creep 4 
Design 42 
Equipment Malfunction 36 

Overheating 30 
Overstressing 2 

Erosion 64 
Fabrication 14 

Welding 10 
Fatigue 10 
Quality Control 18 
sec 6 
SCC-CL 31 
Thermal Cycling 3 
Thermal Shock 2 
Thermal Stress 5 
Unknown 31 

395 TOTAL 

NOTE: Data from NBS/ERDA Failure Prevention Information Center 
March 24. 1977 
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TABLE 3-4 Failures by Components 

Erosion Corrosion All 
No. of* No. of No. of 

Component Items Items Items 

Auxlllary Process Equipment 6 7 43 
Instrumentation 0 1 7 
Material Evaluation 9 32 42 
Piping 24 67 163 

Bellows 3 9 
Thermowells 4 12 

Pressure Vessel 3 8 23 
Gasifier 1 2 
Regenerator 1 2 
Boiler 0 3 

Pumps 19 5 27 
Rotating Equipment 0 0 6 
Thermocouple 2 18 22 
Unknown 0 0 0 
Valves 21 10 38 

TOTAL 84 148 371 

* Total items do not compare with Table 3-3 as a result of multiple 
item reports. 

NOTE: Data from NBS/ERDA Failure Prevention Information Center 
March 24, 1977 

32 
15 

5 
5 
4 
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1. QQal Gasifica~ion Syste~§ 

Erosion of coal gasification units has been mentioned 
in a number of publications<3-s>, but relatively little has 
been said about the details of the erosion conditions which 
are apt to arise. An attempt is made here to consider in 
more specific terms the nature of the erosion conditions, to 
classify the range of environments in a manner which removes 
the dependence of our assessments on a particular system, 
and to discuss the erosion problems associated with defined 
operating regimes. 

A schematic diagram of a typical coal gasification 
process is shown in Figure 3-1. Details on the types of 
components and equipment involved at various steps in the 
process are listed in Figure 3-2. The methods used and 
problems experienced in coal preparation and handling are 
somewhat similar to those experienced by current solids­
handling processes. However, the scale of operation 
intended in gasification production is larger. Other 
process areas such as the gasifier, the ash handling area 
and the quench areas are fairly unique. The anticipated 
problems are discussed in detail in the following sections. 

a. Gasifier Vessels.<•> Gasifiers fall into 
four general categories=--~-fixed bed, (2) fluidized· bed, 
(3) entrained process, and (4) molten bath systems. 

The fixed-bed design is an old and reliable method 
whereby coal is supported on a grate and maintained at a 
fixed depth. Air or oxygen-steam mixtures flow through the 
grate from the bottom. The fuel bed is characterized by 
zones, including an ash zone at the grate surface, an 
oxidizing zone, a reducing zone, and a preheat zone. The 
Lurgi gasifier is one of the best known fixed-bed gasifiers. 

In the fluidized bed, pulverized coal is levitated 
on a rising column of gas; the combustion process takes 
place with hiqh particle mobility, high heat transfer, and 
high gasification rates. A hiqh steady-state ash content is 
required to attain complete carbon conversion. The HYGAS 
process uses a fluidized bed gasifier. 

In the entrained process, pulverized coal is 
carried into the reaction chamber by the reacting gas. The 
particles are separate and discrete as they react in the 
gasifier. About 50 percent of the ash leaves as slag, 
quenched and granulated, and the rest leaves as fly ash with 
the product qas stream. The Koppers-Totzek process uses the 
entrained coal system. 

In the molten bath system, molten iron and slaq or 
molten salt are contained in a qasifier and coal/limeston~ 
is injec~ed into the bath while air or oxyqen is injected 
with a s•~parate lance. The resulting reaction produces a 
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FIGURE 3-1 Coal Gasification Operations 
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TYPICAL EQUIPMENT 

CONVEYORS • BINS • HOPPERS • CHUTES • 

CRUSHERS • GRINDERS • FEEDERS • SLURRY MIXERS • 

SLURRY PUMPS . 

PRETREATER • QUENCH SYSTEM • 

HOT SOLIDS HANDLING • HEAT EXCHANGE . 

MULTISTAGE PRESSURIZED REACTOR • CYCLONES. 

PNEUMATIC AND &RAVITY SOLIDS CONVEYING 

SOLIDS EDUCTORS • GRIDS AND DISTRIBUTORS • VALVES . 

LOCK HOPPERS • PUMPS • EXCHANGERS • 

PRESSURE CHOKE OR ORIFICE . 

VENTURI SCRUBBERS • TOWERS • ACCUMULATORS • 

PUMPS • HEAT EXCHAN&ERS . 

POWER RECOVERY TURBINES . 

FIGURE 3-2 Equipment Used in Coal Gasification 
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sulfur and ash free, low BTU gas. The Atomics International 
molten salt process is an example of a molten bed gasifier. 

The internals of most gasifiers are limited to a 
refractory lining and various inlet and outlet parts. The 
fixed-bed gasifiers also contain a grate (with moving parts) 
and a rotatinq coal distributor. Mechanical wear is the 
most prevalent failure mode for these parts of the fixed bed 
gasifier. considerable experience has been gained on the 
severity of the wear of mechanical parts in the Lurgi 
gasifier. The design of new plants takes this experience 
into consideration. 

In advanced gasification concepts (as listed in 
Table 3-1) operational experience is limited to pilot plant 
operation with operation periods of not more than 200 hours. 
This is insufficient experience to uncover erosion problems 
which may be serious enough in full-scale commercial 
operation to cause shutdown of the system. At the present 
time, potential erosion problems in the gasifiers for 
advanced gasification systems are essentially a matter of 
conjecture. For those systems in which pulverized coal is 
injected into the gasifier (BI-GAS, Roppers-Totzek), there 
is a distinct possibility that nozzle or restrictor erosion 
will be a serious problem and that impingement on a 
refractory lining can result in localized erosion­
penetration of the lining requiring shutdown and lining 
repair or replacement. 

In the agglomerated-ash concept, transfer lines 
between the combuster and the gasifier must handle 20 kg 
(44 lbs.) of hot ash per kilogram of coal gasified. High 
temperature erosion problems can be expected in these 
transfer lines. 

Injection systems for introducing a gas-coal 
mixture into molten salt or iron bath are possible sources 
for erosion problems. The high temperature, corrosive 
environment presents potential erosion/corrosion problems 
which have not yet been encountered. 

b. Lockhoppers. Important steps in the coal 
conversion process include the introduction of reactants and 
the discharge of materials after reaction in the gasifier. 
The most widely-used system to accomplish these functions is 
the lockhopper. (Figure 3-3 depicts a simple lockhopper 
system.) Solids such as coal, char, or other materials are 
transported to the top of the system and fed through the 
first valve into the loading hopper. The valve is closed 
and the loading hopper is then pressurized. The second 
valve is opened and the solids fall into the reactor. The 
second valve is then closed and the loadhopper 
depressurized. The process is repeated as necessary. The 
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FIGURE 3-3 Simple lockhopper System 
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discharqing of spent materials follows a similar schedule in 
reverse order. 

The major problem with lockhopper valves is 
failure to seal. These failures can be traced to various 
mechanisms. The most damaging mechanism is erosion. In 
some cases, critical sealinq components become eroded due to 
impingement of solids passing through these components when 
the valve is open. Further, erosion can result from leakage 
across the sealing elements when the valve has been closed 
and a pressure differential created. Another failure 
mechanism is component wear and abrasion. This involves 
direct contact between the valve components. Abrasion is 
the result of migration and deposition of process 
particulate matter on the critical bearing and sealing 
surfaces of the valve. Unfortunately, there is a lack of 
well-documented information pertinent to the failure of 
lockhopper valves. 

c. ~umps. The transfer of liquid-solid slurries 
or gas-particle mixtures through various sectors of 
gasification systems at different pressures is dependent on 
the operation of pumps and compressors. A slurry could, in 
one example, consist of 50 percent coal particle solids in 
light oil at temperatures up to 1500F (660C). Delivery 
pressure could be 1,000 psi (7 MPa) (HYGAS process). Both 
centrifugal and reciprocating pump designs are being used. 
Typically the pump portions wetted by the slurry mixture are 
coated with a hard metal overlay to increase their erosion 
resistance. Failures in adequacy of the overlay and in 
overlay adherence to the cast or wrought component have been 
reported. The base metal erosion resistance is usually very 
low and failure follows quickly after loss of the overlay 
protection. Pilot plant operation in one case required 
improved weld overlay materials and pump velocity derating 
after serious erosion problems had been experienced(?). 

Information on pump service life in these 
applications is becoming available. Experience with char 
slurry pumps (SYNTHANE process) having Ni-Hard casings and 
28 percent chromium-iron impellers indicates in-service 
lives of from 600 to 1,200 hours. In another exampleCe) a 
slurry pump developed an erosion failure after 13 days 
operation due to a perforation in the steel casing caused by 
an eddy in the slurry flow at that location. The pump 
operating temperature was 7500F (4000C) and the flow 60 gpm 
(203 lpm). About 1/4 inch (6.4 mm) of steel was eroded away 
in service. Geometric irregularities in the pump caused 
erosion in several other locations. The pump was repaired 
using a hard metal facing approach. Concern over the design 
of the original pump was also expressed. Problems reported 
involve pumps used at relatively low solids concentrations. 
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Cast steel circulation centrifugal pumps in the SYNTHANE gas 
quench system have experienced erosion/corrosion problems 
resulting from acidic environments and coal/ash 
particulates. overlaying critical regions with more 
corrosion resistant stainless steel was effective in 
extending the part life in this instance. 

Other pump designs are used in various pilot 
systems. A nine•stage auger pump (steel rotor, viton 
stator) failed in slurry operation in a solid-liquid 
separation unit in one system(•J. Erosion of the rotor 
caused clearance enlargement and loss of discharge pressure. 
In another screw-type pump application involving 
diatomacious slurry feeding at 7000F (3700C), excessive 
erosion and wear were experienced on the shafts, the pump 
bodies, and the shaft seals(toJ. Pump shaft seal problems 
have been identified in other applications. At the Fort 
Lewis, washington plant, which utilizes the solvent~refined 
coal process, some 30 pumps having rotating carbon washer 
seals and Teflon parts experienced failures. It was 
necessary to change materials (tungsten carbide washers, 
asbestos-containing parts) and to lower particulate 
concentrations (using 5 micrometer filters and cyclone 
separators) in order to achieve satisfactory performance. 

d. Valves. Shut-off and pressure letdown 
operations at valves of various desi~ns (ball, butterfly, 
etc.) are required at many stages in coal conversion 
systems. Erosion in valves leads in most cases to gradual 
deterioration, principally loss of seal within the system. 
Hence, failures are not usually spectacular but satisfactory 
erosion resistance of valves in such applications is clearly 
desired. Improved design, as well as the use of more 
erosion-resistant materials, is indicated. Operations such 
as pressure reduction are clearly more suitable for an 
orifice or choke approach design rather than the use of 
conventional valve components. 

Reciprocating pump problems may on occasion 
involve check valves in the pump (HYGAS experience). Metal­
elastomer designs may not withstand the erosion and 
temperature conditions that are present. Hard-facing alloys 
may need to be incorporated into the valve seal designs. 
Gate valve failures have been reported to result from 
erosion. In one instance, dolomite particulates moving at 
55 to 100 fps (16·33 ms-1) at 14500F (7880C) caused severe 
erosion in a gate valve liner, probably as a result of 
misalignment. Ball valve designs used in lockhoppers at 
ERDA's Morgantown facility have suffered from erosion 
problems. Leaks developed that prevented adequate sealing 
at the valves (probably due to erosion and contamination 
build-up on the valve surface). Valve seat replacement 
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materials that led to more acceptable experience included 
hard, proprietary alloys as well as 25 percent cr-white iron 
materials. 

Pressure letdown at valves may cause severe 
erosion problems. Originally the hot, product gas line at 
Morgantown contained butterfly valves faced with wear 
resistance metals. However, service at 1300°F (7000C) in 
some cases reached only 30 hours. A design change that 
substituted tungsten carbide fixed orifices for the letdown 
feature of the valve produced much more acceptable service. 
It appears that design as well as proper material selection 
is crucial in such applications. 

e. ~~£12~· Particle removal from the off•gas 
is a necessary feature of all gasifiers, hence, the erosion 
effects on cyclone separators are of concern. Proper 
design, including lining with replaceable, hard metal 
liners, can significantly extend component life. OUtlet 
nozzles are often designed to be replaceable and wear-plate 
inserts are recommended where possible. Piping and joints 
near cyclones also benefit from proper design for extended 
erosion-resistant life. Misalignment of only a few degrees 
at joints can drastically increase erosion rates. The use 
of internal weld-rings or other protrusions can cause 
turbulent flow and hiqh, local erosion. Pipe liners or 
inserts that disturb the smooth gas flow conditions can also 
lead to serious erosion problems. 

f. Piping Alignment and Joining. The external 
p1p1ng connecting the various stages in the gasification 
section of each plant is subject to the same considerations 
as the gasifier reactors. In addition, there are special 
considerations relating to erosion and expansion. In 
general, an outer steel pipe will be used as the pressure 
container. This will be internally insulated to optimize 
the design temperature. The steel selected must have 
strength and ductility and resistance to hydrogen attack. 
If condensation is expected at the wall, it will require 
corrosion protection. Early hydrogen piping systems 
employed water jackets, but unjacketed lines have been used 
successfully. In general, piping designs used in ammonia 
plants or in hydrogen units are the minimum requirement for 
gasification service. 

2. £gal Liquefaction Syst~m~· 

a. General featu~§· A number of liquefaction 
systems are under development at present. They are not as 
diverse as the various gasification systems and generally 
use the principle of hydrogen cracking at hiah pressure. 
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The operational conditions for several systems are 
summarized in Table 3-2. Process streams of liquefaction 
systems and operations which do not contain solid coal 
particles are similar to petroleum process streams. 
Operating temperatures, however, are generally much lower 
than in gasification systems and fluid flow within the 
reactors is not in a velocity range where erosion would be 
of concern. Much of the coal handling, crushing and 
transport to liquefaction systems are analogous to those for 
the coal gasification systems already discussed in this 
chapter. Introduction of the coal into most liquefaction 
systems, except for direct hydrogenation processes, involves 
a slurry mixture of crushed coal and solvent or liquid 
product. 

Depending upon the particular plant and portion of 
the system, pressures can range upward from 1500 psi (10.5 
MPa) (see Table 3-2). Temperatures also vary with process 
from about 8500F (4550C) to 18000F (9600C) (see Table 3-2). 
Solvents and liquid products often laden with coal or wastes 
complicate the operation of these systems. 

b. Eroblem Areas in liguefactign_§ystems 

agitation Eau!pment. Agitation equipment to 
maintain the fluid hy rocarbon-coal slurries at high 
temperatures and relatively high velocities have proven to 
be particularly troublesome from a mechanical point. Shafts 
and vanes become worn and eroded from abrasion by the 
suspended particles, resulting in excessive vibration. 

gymps. Packings in slurry pumps have been a 
center of difficulty because of the abrasive nature of the 
coal slurry in the hydrocabon solvents operating frequently 
above 6000F (3160C). 

Another problem area has been pump housings. cast 
irons cannot be used in conjuction with the flammable 
solvents (API Standards 610); therefore, abrasive-resistant 
materials for housings have to be found or developed. 

Valves. Valves in liquefaction plants are 
particularly troublesome because of solvents, tars, particle 
concentrations, high temperatures and high differential 
pressures which result in high velocities. Tars collect on 
valve facings causing degradation and corrosion which permit 
accelerated erosive attack. 

· Aside from serious valve erosion protlems, the 
most severe problems encountered in coal liquefaction 
involve corrosion. Large quantities of acidic solutions are 
produced in the liquefaction process. Pumps, fillers, 
condensers and piping handling these sour waters are major 
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problems. Austenitic stainless steel components have been 
reported failing in one to two weeks. 

B. POWER GENERA~ION 

There are a number of power generation systems which 
can be expected to exhibit significant erosion/corrosion 
problems. Some of these systems will burn coal directly 
(conventional steam, pressurized fluidized bed (PFB), 
magnetohydrodynamic generators (MHO), the helical expander, 
etc.). Others will burn high impurity content, less costly 
grades of petroleum fuels (residual oil) or coal-derived 
liquids. 

1. Steam Systems 

There are two potential erosion/corrosion problem areas 
in steam power systems: heat exchanger tubes, and the steam 
turbine itself. 

a. Heat Exchanger Tube§. Steam heat exchanger 
surfaces can be of three kinds: boiling tubes, which form 
the toiler walls; superheater tubes, which are usually in 
the combustion chamber; and reheater tubes, which are 
located above the combustion chamber. It is convenient to 
consider the attack of surfaces exposed to the fireside and 
the water/steam side of these heat exchanger tubes 
separately. 

(1) Fireside. The environments developed on the 
fireside of heat exchanger tubes depend upon the combustion 
process. In conventional steam boilers, there will be a 
combustor where pulverized coal (or oil) is burned directly. 
In PFB systems, pulverized coal mixed with crushed limestone 
or dolomite for sulfur control is burned in a continuously 
movinq or fluidized bed. In direct fired boilers, high­
temperature combustion releases fuel-bound impurities such 
as sulfur compounds, halogen salts, and other non­
combustibles. These oxidize, combine, and condense on the 
boiler tubes, often as liquid slags which cause hot 
corrosion. 

The gas velocity to maintain fluidization in the 
PFB is in the range of 2 to 10 fps (0.6 to 3 ms-l). The 
particle velocities in the bed are probably within this same 
range. Gas velocities may be higher between the heat 
exchanger tubes and local particle velocities may be higher 
in regions of bubble collapse. Model studies suqgest that 
local particle velocities do not exceed the fluidizing 
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velocity by more than a factor of two. The nature of the 
ash in the combustor depends upon the bed temperature. At 
temperatures of 14700F (8000C) to 16500F (9000C) the ash is 
fine and soft and the principal erosive species is the 
acceptor or possibly mineral fragments from the coal. At 
higher temperatures, up to 20100F (llOOOC) as may be 
experienced in carbon burn-up cells, there may be fusion of 
the ash to produce a harder erosive ash species. At the 
present time it does not appear as though erosion of heat 
exchanger tubes in the bed is a problem. 

The ~as composition in the bed is always oxygen­
rich, although the oxygen potential can vary with position 
and with time. The deposition of ash or char could lead to 
corrosion of the tubes. Particulate erosion could become 
more significant by removing the corrosion products. 

Fine particles will be carried into the freeboard 
above the bed by the ascending gas. Gas velocities in the 
freeboard will be higher than in the bed and will be in the 
range of from 30 to 100 fps (9 to 31 ms-1). The ash 
particles should be soft and friable so that if erosion 
takes place, it would be due to the elutriated limestone or 
dolomite and rock particle inclusions in the coal. The gas 
composition in the freeboard would be slightly less 
oxidizing than in the bed since some combustion occurs in 
the freeboard. As a result of this combustion, the 
temperature of the freeboard is usually greater than that of 
the bed. As in the case of tubing in the bed, corrosion may 
be a problem in the freeboard and this could be aggravated 
by erosion. 

In both the bed and the freeboard, deposition of 
ash principally as sulfates of sodium and potassium may 
occur. such deposits will cause hot corrosion attack of the 
tut:inq. 

(2) ~ater-Steam Side. corrosion of feed-water 
pipework, pumps, and heater tubes, sometimes serious in its 
local effects, can result in the transfer of material to the 
boiler water which could initiate corrosion of the internal 
boiler surfaces. Accelerated oxidation of the metal at 
steam-generating tube surfaces, usually in positions of high 
heat-transfer rate, can cause failures. This is a very 
serious problem in that the corrosion might be initiated by 
several factors and its incidence is unpredictable at 
present; "rusting," caused by access of oxygen dissolved in 
the water during idle periods, is one of the probable 
contributory causes. Other serious "on-load" water-side 
corrosion phenomena are stress corrosion of expanded tube­
ends, and "caustic cracking" of steel in fissures where 
alkaline boiler salts can concentrate. 
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Significant corrosion of metal in contact with 
superheated steam occurs only when entrainment of boiler 
water, with its dissolved salts, has taken place. It is 
probable that at supercritical pressures some salts are 
appreciably volatile, but no corrosion from this cause has 
been experienced. Corrosion-fatigue cracking of super­
heated steam piping and manifolds has been initiated by the 
impingement of water, condensed on "cold," unlagged 
surfaces, in a stagnant steam space above the site of 
corrosion. 

b. Steam Turbines. Concern for liquid 
impingement erosion arises in connection with steam 
turbines. The last turbine stages operate in the moist 
vapor region; some of the small condensation droplets are 
deposited onto the stationary blades where they can coalesce 
and then be spun off in the form of larger droplets. These 
accelerate only slowly and, therefore, do not follow the 
streamlines of the main steam flow through the rotating 
blades. Instead, these slow-moving droplets are hit by the 
rotating blades at a relative speed which can be almost 
equal to the peripheral speed of the rotating blades 
themselves<aa,a2>. Direct observation of these events has 
been accomplished<t3>. Steam turbine blade erosion first 
became a concern in the 1920s, and some of the early 
research into liquid impingement damage are still 
enlightening<a•,as>. As a result of increasinq turbine 
rotor diameters and, correspondingly, blade tip velocities, 
the erosion problem has generally increased over the years. 
In spite of improvements in turbine clade materials, most 
manufacturers fi~d it necessary to use protective measures 
such as stellite Alloy 6B strips or flame-hardened regions 
in those blades most susceptible to erosion. 

With the high [up to 2000 fps (610 ms-&)] blade 
tip velocities in new designs and the increased moisture 
levels generated in current nuclear power plants (where the 
steam entering the turbine is not superheated) , control of 
erosion damage is no longer possible through improved 
materials alone. Moisture removal techniques and control of 
the moisture dynamics within the turbine must be included so 
that damaging impacts with large slowly moving droplets will 
not occur. A better understanding of the turbine erosion 
problem resulted from comprehensive studies sponsored by 
NASA ( 1 6- 1 9 >. 

While low-pressure blade erosion by moisture has 
been a fact of life in turbine experience for many decades, 
the problem of high and intermediate pressure stage erosion 
by solid particles first emerged in the early 1960s, when 
service inspections were made on relatively new high­
pressure, high-temperature fossil-fuel machines. 
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Specificallyr the problem occurs in the control staqe and/or 
in the first intermediate pressure stages following reheat. 
It takes the form of thinning or scalloping of nozzle 
trailing edges, of wear on the nose and grooving of the 
pressure surface of rotating blades, of cutting away of the 
shroud and tenon rivets and sometimes of other areas. It 
has required replacement or repair of many blade rows and is 
considered a major service problem by many utilities. 

Investigations both in this country and in the 
USSR have concluded that the damage is produced by hard 
oxide particles carried over from the boiler where they 
originate from scale formation in the superheater and/or 
reheater tubes. These studies are described in a number of 
references<zo-z7>. 

The general conclusion is that scale is formed in 
superheater and/or reheater tubes of pearlitic (i.e.r low 
alloy) steels, subjected to excessively high temperaturer 
{over 10900F (58SOC) ]. The problem is worsened by increased 
flow velocities during part-load operation. some of the 
suggested remedies are: 

• using austenitic or other scale­
resistant materials for superheater and 
reheater tubes; 

• rigorously limiting internal wall 
temperatures of tubes to acceptable 
levels for controlling scale formation: 

• chemically cleaning the tuces 
periodically to remove scale; 

• using variable-pressure (full-admission) 
mode of turbine start-up to limit steam 
flow velocities (and hence particle 
impact velocities) in the control stage; 
and 

• using more erosion-resistant blade 
materials. 

Some studies directly related to this problem 
include the ASME-sponsored high-temperature scaling tests on 
superheater tube materials reported by Ecerle and 
Andersoncz•>, a mathematical analysis of the motion of 
particles within blade passages by Shkolnik and Ushakovczs>r 
a relatively optimistic report on the practicability of 
chemical cleaning of tubes and pipes by LuxC26) and changing 
the start-up procedures by ReinhardC27). 
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The solid particle erosion problem in steam 
turbines must be viewed and solved on a systems basis, with 
the emphasis on eliminating the cause -- the scale 
particles. 

2. Ga~rbines 

Gas turbines are used for generating electric power and 
for propulsion systems. In the area of power generation, 
the turbine can either serve as the topping portion of a 
combined cycle system, as a direct drive for a convertor, or 
as a power recovery component of a pressurized fluidized bed 
or other system. Such gas turbines are expected to be life 
limited primarily by the combined effects of corrosion and 
erosion produced by fuel/air contaminants and impurities. 
These effects result from high velocity particles impinging 
on the airfoils of the turbine as well as combustion product 
corrosion. The exact mechanisms of corrosion/erosion 
interactions are poorly understood but the effects are known 
to be serious. Many industrial turbines are designed for 
lives in excess of 20,000 hours but corrosion/erosion damage 
can reduce these lives to times as short as 1000 hours. 

There are two major sources of the erosive particles: 
the air and the fuel. Oust particles entering with the 
combustion air can result in direct erosion of turbine 
components. Incomplete combustion of the fuels can form 
hard carbon deposits in the combustor which break off 
sporadically to produce turbine airfoil erosion. Similarly, 
oxidation of fuel/air impurities can result in hard oxide 
particle formation in the combustor. Also, decreasing gas 
temperatures and pressures, as energy is extracted by each 
turbine stage, can result in condensation of specific salts 
at predictable locations in the turbine. Significant 
condensation can lead to rapid losses in turbine efficiency 
due to qas path blockage and aerodynamically adverse 
buildups on critical airfoil surfaces. The breaking loose 
of such massive deposits can be a further source of turbine 
erosion. And finally, the accompanying hot corrosion attack 
of turbine airfoils surfaces in such "dirty" combustion 
gases can enhance erosive loss. Corrosion can even cause 
varying-sized metallic fragments to be totally undercut and 
lost to the gas stream so they can also contribute to 
particle impact damage. 

Erosion alters optimal airfoil contours and so lowers 
engine aerodynamic efficiency. Erosion can locally reduce 
the load bearing cross section of an airfoil so that aas 
bending and rotational stresses can exceed design limits and 
produce early fatigue or creep rupture failures. 

There is wide industrial experience with erosion/ 
corrosion damage. In the petrochemical industry, turbines 
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serve to recover enerqy from the process gases as well as to 
qenerate compressed air. Similar applications have been 
found in blast furnace operations. And, on oil and gas 
pipelines, especially in desert regions, gas turtines 
providinq power for remote pumping stations can suffer 
corrosive and erosive degradation. 

Simple cycle qas turbines are presently used to provide 
peakinq power for electric utilities. Combined cycle 
systems (gas turbines topping steam toilers) offer 
attractive conversion efficiencies (approaching 40 percent 
or more from coal pile to bus bar) for intermediate and 
base-load utility service. such turbines currently operate 
on a variety of relatively "clean" distillate fuels and thus 
seldom experience serious erosion. If these turbines could 
be modified to resist erosion and corrosion caused by 
burning residual oils and from coal-derived liquids which 
have much higher ash and impurity levels, this country's 
energy options would be greatly expanded. 

In PFB systems, the coal is combusted at relatively low 
temperatures {1600-18000F (870-9800C)) which are below 
normal ash fusion temperaures. Thus, the amount of hard ash 
particles going through the turbine, even without hot gas 
clean-up, can be expected to be small. However, char and 
bed particulate matter carry-over are potential sources for 
turbine erosion. This type of attack may also be expected 
in turbines operating in combination with coal gasification 
systems. 

Thus, consideration of the erosion problem in turbines 
must deal with the combustion air and fuel impurities; the 
turbine operating temperatures, pressures and velocities; 
the turbine airfoil alloys; the size and criticality of 
airfoil radii and contours; and the required turbine cost 
effective life, as well as the implications of an erosion 
producted outage. 

a. Erosion: The ·source and The Problem. The 
first source of-potential erosion-producing-particles comes 
from the atmosphere -- the turbine intake air which can 
carry a variety of dust particles. Representative 
concentration of dusts in the air and dust particle size 
ranges by source are presented in Ref. 28. Here Nordberg 
shows residential environments to contain particle 
concentrations of 0.001-0.003 mg/ft3; industrial 
environments of 0.003-0.055 mq/ft3; agricultural 
environments from 0.05-0.5 mg/ft3; and very dusty military 
and road construction environments to range from about 0.5-
10 mg/ft3. The ranges of mean particle diameters of such 
dust were also presented. Atmospheric dusts were shown 
having 1.0-20 ~m mean particle diameters; fine sand from 20-
200 ~; pulverized coal from 30 to 500 ~m; and coarse sand 
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from 200-1000 ~m (25.4 ~m/0.001 in.). such airborne dusts 
are amenable to removal by low-temperature inertial cyclone 
type separators (80-90 percent efficient for fine (50 
percent < 8 ~m) and coarse dusts (50 percent < 20 ~m) ]. 
Cyclones can be combined with secondary impingement filters 
to reach 99 percent removal efficiency. According to 
Nordberg<zeJ, air filtration can extend turbine life by a 
factor of several hundred over an unprotected engine. Thus, 
filtration is especially effective in construction and 
military turbine powered vehicles, as well as in power units 
operating in industrial and other high-dust environments. 
Without filtration, erosion limits engine life to as low as 
a few hundred hours. 

The potential magnitude of the fuel-impurity• 
produced erosion problem caused by fuel ash has been 
graphically demonstrated in past attempts to operate gas 
turbines directly on pulverized coal. The results shown in 
Table 3-5 provide representative erosion rates. Nearly 20 
years of Australian effort in this area have been 
reported<29J. The turbine inlet temperature goal for their 
system was approximately 13000F (7000C). Much rig and 
engine test data were generated which can provide valuable 
insight into the more general problems of gas turbine 
erosion. The formation of hard deposits (rich in iron, 
calcium, magnesium, aluminum, silica, alkali metals and 
sulfur) in rig tests was primarily related to the 
temperature of the substrate with about 5 percent of the ash 
fed into the flame forming hard deposits and 0.8 percent 
soft deposits at 13000F (7000C) vs. about 2 percent soft at 
750°F (4000C). In another rig test, Table 3-5, coal ash 
erosion was measured for a number of potential airfoil 
materials. In addition, velocity effects on erosion were 
evaluated by injecting silica into a modified Bover turbine, 
as shown in Table 3-6. There was a marked increase in 
erosion with increasing velocities, and these data indicate 
a less rapid increase in erosion for larger particle sizes 
at all velocities. 

The Bureau of Mines<30) and the Australian studies 
showed that si~nificant levels of ash buildup could occur in 
a turbine. In the Bureau of Mines studies, the composition 
(and thus the expected hardness) of the deposits varied with 
location in the turbine as shown in Table 3-7. Thus, along 
with fuel composition, combustion gas temperature/pressure/ 
velocity and time at temperature influence deposit formation 
and deposition in gas turbines. 

Similar results can be implied from the Australian 
studies since the deposit rates on the first and second 
stage stators were 0.161 and 0.064 g/hr, respectively, 
without an ash separator but the rates reversed to material 
removal 0.071 and 0.146 g/hr, respectively, with an ash 
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TABLE 3-5 Rig Erosion of Some Airfoil Alloys 

T Gas Stream= 670°C 
T Specimen = 540°C 

Callide Coal Ash 
6t.trn Mean Particle Diameter 

Maximum 
Material Loss 

Alloy rng/gm Ash Fed 

18-8 Stainless Steel 0. 18 

CM 0. 12 

C242 0.09 

HS-31 (.K-40) 0.07 

Incidence 
Angle at Maxi­
mum Erosion 

Alloy Hardness 
at 540°C 

V. P. N.30 gr 

95 

105 

148 

174 

When allov hardness increased by a factor of about 1. 8 times, erosion losses 
decreased by about 2. 5 times. 

Note: Data from Ref. 29. 

TABLE 3-6 Erosion by Silica of Rover lS/60 Turbine 
(rng alloy per kg silica injected) 

Erosion Rate at Indicated Particle Size (Urn) 

Velocity (fps) 6 8 10 12 14 

600 0 225 390 430 460 

900 0 400 650 770 820 

1200 0 650 900 1040 1130 

Combustion conditions. gas temperature and blade alloy not specified. 

Note: Data extrapolated from Ref. 29. 
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TABLE 3-7 Analysis of Ash at Various Turbine I ocations 

Percent in Turbine 
Percent 

Percent from 1 Inlet On First-Stage Loose Exhaust 
Constituent in Coal Separator Gas 1 Blades 

2 
Stators Ash3 Gas1 

--
Si02 39.2 30. 1 44.8 27.3 28.3 41.0 40.3 

Al2o 3 23.1 19.5 31.6 21.9 23.1 27.1 29.5 

Fe2o 3 17.8 34.0 5.2 6.2 5.9 7.5 7. 7 

Ti02 1.7 0.7 1.3 1.6 1.9 2. 1 1.3 

P205 0.8 0.7 0.8 3.7 3.6 1.0 1.4 

CaO 5.9 7.9 6.2 5.6 6.7 5.5 6.3 

MgO 1.8 1. 4 1.9 1.9 1.8 0.9 1.3 

Na2o 1.6 2.3 2.0 3.3 2.6 2.3 2. 2 

K20 1.2 0.8 1.7 4:.6 4.3 1.6 1.8 

so3 6.9 2.4 4.5 19. 8 19.6 6.8 8.2 

1 
Contained 12 to 25 percent unburned carbon, depending on condition of combustors. Does not include concen-
tration of constituents other than those shown. Concentration of the solid particles in the gases entering the 
turbine averaged 10 to 12 grains per 100 scf of gas (60•F, 30 in. Hg). 

2 Average analysis of deposits on first- and fifth-stage stator and rotor blades. 

3 
Loose ash in turbine, not hard deposits on blades. 

NOTE: Data from Ref. 30. 

~ 

"' 
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separator. Also, with no ash separation, Nimonic 80A 
airfoil erosion was greater on the second stage downstream 
of the heavy deposits. Thus, the greater deposits upstream 
can contribute to erosion loss of downstream components. In 
some cases, however, such deposits might also protect 
components from erosion. 

The pressurized fluidized bed concept for electric 
power generation is another example of an application where 
the primary source of erodant enters in the intake gases. 
The intake gases are the combustion gases from the bed and 
normally range from 1470-18300F (800-10000C) at 
approximately 1500 psi (10.3 MPa). Those from the carbon 
burnup cell (a high-temperature combustion bed to insure 
total combustion of recycled, partially combusted coal) will 
be around 2010oF (11000C). similar dust laden gases must be 
dealt with if attempts are made to combust hot, low BTU gas 
from a gasifier directly as a turbine fuel. westinghouse 
examined the latter problem in the Energy Conversion 
Alternatives Stugy for NASA(3t) at an ash concentration of 
.65 mg/ft3 -- in the range of a dusty road environment. 
Erosion losses for a 60-blade first stage of a typical 
industrial turbine were estimated. The test conditions 
involved: 

• an ash with average density of 2.5 gm/cm3; 

• a coal gas combustion qas flow 294.8 kg/s; 

• a gas temperature of 16000F (8700C) ; 

• a gas pressure of 150 psi (1.0 MPa); and 

• the factors shown in Table 3-8. 

"Catch efficiency" is defined as the "estimated fractions of 
available gas-borne particles in the size range 1 to 10 ~m 
that strike the surface of a blade in a gas stream." 

Thus, in Table 3-8, the dust level resulted in an 
unacceptably hiqh calculated erosion rate of 10 mils/year at 
the higher velocity to 1000 fps (300 ms-t). Potential 
solutions primarily involve the use of high-temperature 
cyclones but the state of the art is not well developed for 
long time trouble-free particulate removal at high 
temperatures. Larger turbines in which gas path velocities 
are lower are an alternative but potentially less cost 
effective solution. 

These same types of problems can be expected to 
arise in coal gasification systems that incorporate gas 
turbines and in most other types of power recovery systems. 
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TABLE 3-8 Particle Size Distribution of Ash and Estimated Erosion losses 

BiacreToss 

Vol. Ash Flow Catch Efficiency (Percent) -9 3 
{10 em /~ 

Size Fract. Rate 500 fps _1 1000 fp~1 500 fps _1 1000 fps _1 
(Jtm) (Pet"-oent) (mg/s) ---50 ms -~300 ms ··~150 ms ...... 300 ms 

0 - 1 80 70 0 0.05 0 9.4 

1 - 2 12.5 11 0.1 0.3 0.6 8.7 

2- 5 6.25 5.5 5.5 14 20 202 

5 - 10 1. 25 1.1 33 55 23.1 156 
~ 

TOTAL 100 87.6 0.8 1.7 -!3.7 376.1 ~ 

* .-1. 2 mils ·~10 mils -
yr. yr. 

* Calculated 

NOTE: Data from Ref. 31 
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b. £oatings: A Po~ntiaL§QlutiQn. To minimize 
erosion (and erosion/corrosion) in power recovery turbines, 
the particle concentrations, particle sizes, particle 
hardness, and gas velocities must be kept down. Also, the 
harder the airfoil alloys, the lower the erosion. In 
addition, surface coatings offer another way to extend 
component life. The Australian tests included evaluation of 
five coatings on HS-31 (X-40) stators in a Ruston turbine 
(Table 3-9). 

The sprayed coatings generally proved 
unsatisfactory (at that time the art was not well 
developed). However, the diffused cr coating showed the 
best erosion resistance -- about one sixth that of the 
HS-31 -- one of the better alloys evaluated in that program. 
More oxidation/corrosion- resistant coatings now exist and 
these should be evaluated for corrosion/erosion behavior. 

The hot-erosion resistance potential of the state­
of-the-art aircraft utility turbine airfoil coatings -­
primarily NiCrAl and COCrAl overlay systems and a wide 
variety of modified diffusion aluminide systems which were 
developed to provide oxidation/corrosion resistance only -­
is not well known. Little test data on this subject is 
available in the open literature. As shown by Levine<3z), 
the bulk hot hardnesses of NiCrAl compositions similar to 
those found in such coatings can vary greatly with 
composition (see Figures 3-4 and 3~5). Figure 3-4 shows hot 
hardness data for nickel aluminide and some NiCrAl 
compositions. The bulk coatinq materials were either 
somewhat harder or softer than IN-100, a cast, high-strength 
nickel-based aircraft turbine blade alloy. Also note that 
these various temperature vs. hardness curves all exhibit a 
"knee" where the hardness drops off more rapidly with 
temperature. Figure 3-5 shows how elevated temperature 
hardness can vary greatly with the composition of bulk 
coating materials. This dropoff in hardness in the 
temperature range where uncooled or cooled airfoils must 
operate to achieve long life based on mechanical strength 
raises some concern. It may be that good corrosion­
resistant coating compositions will need to be significantly 
modified to resist erosion. Thus, the compositions of 
coatings to resist hot erosion (or hot erosion/corrosion) 
will require careful tailoring to optimize resistance to all 
potential attack modes in the hot environment. Tradeoffs to 
achieve the best combination of corrosion and erosion 
resistance will be required. 

c. ceramics: A Potential Solution. The 
objective of a program at westinghouse was to-demonstrate 
the use of uncooled ceramic first-stage stator vanes for an 
industrial qas turbine. The operating goal was a peak inlet 
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TABLE 3-9 Test Coatings on HS-31 

Coating 

Alumina (lA2) 

we + 9% Co (l. w. 1) 

25% we + 5% Ni + 
mixed W & Cr Carbides 
(I. W. 5) 

Diffused Cr 

Hard Cr Plate 

NOTE: Data from Ref. 29 

Hardness 

1100 VPN 

1300 VPN 

1075 VPN 

Application Method 

Plasma Spray 

Plasma Spray 

Flame Plating 

Pack 

Electroplate 
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Effect of Alloy Constitution on 
1150 K Rockwell A Hardness for 
S Containing Alloys (Data from 
Ref. 32.) 
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temperature of 25000F (1370°C) for potential use in a 
combined cycle system. Energy conservation and fuel cost 
problems have produced a renewed interest in such combined 
cycle systems for electrical power generation since higher 
therrral efficiencies can be achieved by increasing turbine 
inlet temperatures. Part of the program was to test the 
erosion/corrosion resistance of silicon nitride and silicon 
carbide vanes under simulated operating conditions. A test 
passage which reproduces the operational environment of a 
large stationary gas turbine was used. Temperatures of 
2010oF (11000C) and 25000F (13700C) were used for the 
erosion/corrosion experiments with flow rates of 490 fps 
(150 ms-1). Barium-free No.2 diesel fuel manufactured by 
Exxon was used as the base fuel. Erosion/corrosion 
experiments were conducted using the base fuel and various 
additions of Na, V, and s to the base fuel. 

In clean fuel experiments, hot pressed Si 3 N4 and 
SiC specimens were exposed to combustion gases for 250 hours 
at 2010°F (11000C) and 45 psi (0.31 MPa) pressure at 
approximately 150 ms-1 velocity. Both Si 3 N4 and SiC form 
thin layers of silica and various silicates on the surfaces 
in the turbine environments. The impingement of high 
velocity combustor gases causes this surface layer to partly 
erode away as it is formed. However, at 2010°F (11000C), 
the erosion/corrosion attack is small and the average depth 
of surface removal after 250 hours exposure at 20100F 
(11QOOC) for both materials was only 2 to 3 microns. 

After 100 hours exposure at 25000F (13700C), under 
similar pressure and velocity conditions as for 20100F 
(11000C) testing, specimen surfaces were found to be covered 
by cristobalite and enstatite on Si 3 N4 and mullite on SiC 
(alumina used as an additive in the SiC). After removing 
the surface deposits, weight losses of 5-15 mg/cmz were 
observed. 

Further experiments were carried out with 
additions of 5 ppm Na, 2 ppm V, 0.6 ppm Mg and 0.5 w/o S 
added to the diesel fuel. The magnitude of 
erosion/corrosion attack found after 250 hours exposure at 
20100F (1100°C) on Si3 N4 and sic was essentially the same as 
that for the cleaner fuel. 

A similar test involved exposure to hot combustion 
gases at 2010°F (11000C) at 45 ~si (0.31 MFa) pressure usinq 
Exxon GT-2 diesel fuel to which 100 ppm V and 0.5 w/o s were 
added to simulate heavy residual fuels. Again, the 
erosion/corrosion behavior was similar to that observed 
usinq the clear fuel. 

The effect of erosion/corrosion on flexural 
strength of hot pressed Si 3 N4 and SiC was determined using 
clean Exxon fuel at 2010°F (11000C) and 25000F (13700C). It 
appeared that flexural strength remained almost unaffected 
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by erosion/corrosion at 20100F (11000C) for up to 250 hours 
while appreciable degradation in the strength is caused by 
exposure at 25000 (13700C). 

High-temperature particulate filtration systems 
require considerably more development and long-time 
demonstration. Specifically, the spall resistance of 
castable ceramic linings and of high-temperature metallic 
components must be established. Fail-safe designs which 
prevent unfiltered hot gases from entering a recovery 
turbine in case of a filtration failure must also receive 
more attention. 

d. Areas for con§ideration. The actual 
interactions between erosion and high temperature corrosion 
require much better definition. such info~ation must be 
incorporated into life prediction models which can serve to 
guide the system designers in making life tradeoffs. It 
will also lead to more focused development of improved 
turbine alloys and coatings. 

In the area of ceramics, redesign and substitution 
of ceramic components will be needed as another approach 
toward raising the operating temperature of gas turbines to 
increase thermal efficiency and/or toward developing 
multifuel capability. The ceramics used must have high 
resistance to thermal shock, high-temperature strength and 
creep resistance along with suitable erosion/corrosion 
properties. Major problems associated with the use of 
ceramics in gas turbine applications are difficulty of 
fabrication and designing with brittle materials. 
Generally, ·si3 N4 or SiC components are fabricated by slip 
casting, injection molding, hot pressing or chemical vapor 
deposition. These ceramics are considered as experimental 
materials and further development of properties, on a highly 
reproducible basis, is required. Also, machining of these 
materials is difficult and fabriction of components to 
approximate net shape is desirable. 

Dense silicon nitride usually requires an additive 
to promote the densification process. Additives or residual 
impurities may diffuse to the material surface and affect 
oxidation and strength properties. some surface silicates 
formed may react with the Si3 N4 at the surface layer 
interface to produce pitting and reduce strength. some 
additives may form silicates which have inferior oxidation 
resistance. Phase behavior studies, with particular 
emphasis on oxidation behavior, are required for improved 
Si3 N4 materials application in high-temperature engine 
environm@nts. 
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3. ~gnetohydrodynamic Systems (MHOl 

MHO systems are included here since they would most 
likely be coal-fired. Information on the severity of 
erosion in MHO systems is not readily available. Few 
studies involving exposure of materials under representative 
conditions have been conducted and reported. However, 
potential coal-fired MHO service conditions are considered 
severe and will pose serious erosion/corrosion problems for 
materials. The combination of high temperatures [to 4400°F 
(2SOOOC) ], high~velocity reactive combustion gases 
containing "seed" (K2 C03 , etc.) and particulates, and 
electromagnetic effects all combine to produce a harsh 
environment within MHD systems. 

MHO studies, so far, have been devoted to the solution 
of system-operating problems and to the testing of 
relatively small scale combustors, generators and other 
components. In the soviet Union, the u-02 and U-25 
facilities have been used to study system performance and to 
develop electrode desiqns with emphasis on the use of clean 
fuels. In the United States, work at Avco Corp., University 
of Tennessee Space Institute (UTSI), and westinghouse has 
concentrated on generator development. some materials 
research is underway at the National Bureau of Standards, 
Fluidyne Engineering Corp., Montana State University, 
Westinghouse, Battelle Northwest, Massachusetts Institute of 
Technology, and in Japan, France and the soviet Union. The 
efforts in the United States are modest in size and 
relatively little materials data suitable for component 
design use are available. Indeed, there is no long-term 
performance data obtained under actual operational 
conditions. In those cases where short time tests have been 
conducted, the information applies to smaller scale 
applications than are finally planned for base-load MHD 
systems. Hence scale-up difficulties are expected. Data 
acquired in clean fuel experiments will not be completely 
applicable to problems expected when coal is utilized as a 
fuel. 

The MHO system is a complex array of components that 
serve specific functions and interact with each other. The 
qenerator (channel or duct) is the heart of the system. 
Designs vary from continuous electrode or segmented 
electrode Faraday generators to various cross-connected 
electrode qenerators. The high plasma temperature of 43500F 
(2450°C) within the duct poses a serious materials problem. 
Wall protection options include liquid phase (slag) coating 
and possibly gas phase cooling. In coal-fired systems, coal 
slag is used to protect the inner construction of the 
generator (a slaq thickness of several milimeters would be 
expected). In addition to control of the coal ash 
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composition and thus fusion temperature, proper temperature 
control is important; too hiqh a temperature produces a low 
slaq viscosity and hence a very thin coatinq, while too low 
a temperature can lead to slaq solidification and subsequent 
erosion by coal or ash particles. 

Electrode desiqns for MHO systems vary considerably in 
present systems. The electric current paths at electrodes 
qenerally involve several dissimilar materials (includinq 
slag coatings). Hence, electrical arcing and erosion at 
various electrode interfaces has been reported. This 
erosion occurs in the presence of strong electric fields, 
steep temperature qradients, and reactive chemical 
environments. Attack and dissolution of electrode materials 
has been observed. Electrodes of zro2 -ceo2 mixtures have 
shown poor erosion resistance. Improved electrode design 
may be in the direction of a gradient of materials 
consisting of regions of high density inert materials for 
corrosion/erosion resistance blended with regions of more 
porous texture for resistance to thermal stresses. 
Combinations of metals and ceramics (and cermets) are 
possible designs. 

Boilers, heat exchangers and other downstream metallic 
components may be expected to suffer erosion/corrosion 
losses. Much will depend on the details of the 
temperatures, deposits that develop, and gas/particulate 
flow conditions. Little is known in detail about expected 
metal loss rates. Materials test programs are needed under 
representative operating conditions. Hot corrosion attack 
due to the potassium seed can be expected. Operating 
characteristics of the presently available MHD systems are 
summarized in Table 3-10. Note that only one system can use 
coal as a fuel. 

C. SLURRY TRANSPORTATION 

Solids (coal, ash, dolomite, etc.) must be transported 
in some enerqy systems such as coal-fed toilers, coal 
liquefaction, and coal gasification. The methods of 
transport are varied but one method which shows considerable 
promise is the transport of solids suspended in high 
concentration in a liquid. Slurry transportation is used 
both within the plant and between the mine and the plant. 

Erosion and erosion/corrosion problems in slurry 
transportation systems can seriously affect the economics of 
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• TABLE 3-10 Basic Characteristics of Ooe~Cvcle MHD Generators 

AVCO Westing- Vegas ETL Poznan 
U-25 U-02 Mark VI UTSI bouse Stanford (German) (Jap.) (Poland) 

Duatlon 
-100 -100 10-20 o. 2-1.0 -10 1-3 

(Continuous) (Hours) -so ~0 3 (total) 

Fuel 
natural natural toluene coal or benzene alcohol propane oil kerosene 
gas gas benzene +char propane 

Mass flow (kg/s) 40-55 0.7 3 0.7 -1.5 0.136 --- 0.5 

Electric Power (MW} 
up to <0.2 up to <0.1 -o.04 8 (thermal) 1. 3-2.0 <<1 4 (thermal) 
20.4 0.57 (thermal) 

Seed(%) -1 -1 1-1.5 -1 -o.s -1.0 1. 0 0.7 

Slag {%) --- --- -1 -10 0. 5-1.0 up to 1. 5 
V1 

Gas Velocity 850-1000 700-800 900-1500 -1400 600 -400 650 (max) 580 700 ~ 

(m/sec) 

Heat Flux (W/cm2) 40-120 20-25 200-400 270 35-45 -100 -100 80 127 

Electrode Wall 1800-2200 2000 1700 (slag) -1300 (slag) -2000 1000 -1220 1100-1700 <1800 

Temperature (K) 1200 (metal) .... 800 (metal) (max.) (metal) (est.) 

Magnetic Field (T} 0.8-2 1.5-1. 8 2.5 2 3 2.5 1. 7 1.9 2.5 

Dimensions (cm2) 420 -100 180 107 100 46 25 88 50 

77 X 38 6. 2 X 30 20 X 15 5 X 20 7 X 12 3.8x7.6 5x5 2x8 3 X 10 

• from ·•Joint US-USSR Status Report on Open-Cvcle MHD," M. Petrick and V. Y. Shumlatsky . To be published by Argonne National 
Laboratory (ERDA), 1977. 
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such systems. The following components are susceptible to 
erosion in slurry transport systems: 

• piping 

• pumps 

• valves 

• centrifuges. 

There are other components involved but the ones listed 
represent potential costly replacement and maintenance 
problems. A diagram showing the locations of these 
components in an existing western coal slurry delivery 
system is presented in Figure 3-6. 

1. Pipelin! 

The pipeline used to transport coal from the mine site 
to the plant site is under serious consideration as an 
economically and environmentally sound transport system. It 
appears that projected coal delivery requirements for future 
conversion plants make a continuous flow single product 
delivery system essential. The growing interest prompted 
covering of two International Conferences<••,••) on slurry 
transport -· one at Battelle's Columbus Laboratories in 
February 1976, the other in washington, o.c. (hosted by the 
University of Pennsylvania) in December 1976. Experience in 
transporting coal by slurry pipeline for long distances is 
quite limited. The Ohio coal slurry line of about 150 miles 
(240 km) length is best known. Corrosion from chemical 
agents associated with coal proved to be a problem until it 
was controlled by chromate inhibitors<•s). Erosion or 
erosion/corrosion of a coal slurry pipeline is critical 
because it is known that even a pinhole can enlarge to a 
substantial leak in a matter of minutes by the release of 
high-pressure abrasive slurry<••). 

Experience with the Ohio coal slurry line and the more 
recent 273-mile (505 km) Black Mesa pipeline supplying the 
1580 MW Mohave Generating Station<3?) has been quite 
encouraging with respect to erosion of the pipeline itself. 
This is the result of many years of slurry transport 
engineering in which it has been found that keeping the flow 
rate below a given level (abQut 5 fps (1.5 ms-1)] prevents 
serious erosion in the pipe. Experience with the Black Mesa 
pipeline since 1970, 5 million tons (4.5 x 10• metric tons) 
of coal per year, has been good<3?). Slurry pipelines are 
designed to transport solids by keeping them suspended in a 

Copyright © National Academy of Sciences. All rights reserved.

Erosion Control in Energy Systems: 
http://www.nap.edu/catalog.php?record_id=21316

http://www.nap.edu/catalog.php?record_id=21316


~ 
~ 
~ 

~ ~ ;, I 
! . I 

I ~ , I 
I I 
• ~ ! 
I 

54 

r----
' I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

Copyright © National Academy of Sciences. All rights reserved.

Erosion Control in Energy Systems: 
http://www.nap.edu/catalog.php?record_id=21316

http://www.nap.edu/catalog.php?record_id=21316


55 

liquid flowing under turbulent conditions [(about 4 fps (1.2 
ms-1) ]. Flow velocity must be maintained above this level 
to prevent solids settling out and eroding the pipe as they 
are dragged along the bottom. The range of flow rates, 
therefore, is rather narrow and requires good flow control. 

The Black Mesa pipeline transports about 4200 GPM 
(265 ma/sec) maximum in an 18-inch (46 em) pipe. This 
small in comparison to many of the proposed pipelines. 
summary of those proposed in 197 6 is included in Table 

is 
A 

3-11. 
Note that the Black Mesa line has a throughput of 4.8 
million tons/year (4.3 x 10• metric tons/year) while the 
proposed Wytex line going from Wyoming to Texas would have a 
throughput of more than 6 times this amount or 30 million 
tons/year (27.2 million metric tons). The diameter would be 
42 inches (107 em) as compared with Black Mesa•s 18-inch 
(46 em) pipe. When considering the delivery required for a 
commercial coal gasification plant, even larger throughputs 
would be required. This may result in pipeline size 
limitations and the need to increase flow rate through 
pipelines of economic size. 

2. bmps 

Both centrifugal and positive displacement pumps are 
used for pumping slurrys. The centrifugal pumps are used 
for relatively short distance transport where pipeline 
losses are negligible and high pressures are not required to 
keep the slurry flowing. Centrifuqal pumps are used in the 
energy conversion plant and at the mine site where coal is 
prepared for transportation. Positive displacement pumps 
are used for pipeline systems where higher pressures are 
required. A comparison of operating parameters for three 
pump types is shown in Table 3-12. If the maximum discharge 
pressure desired is below 600 psi (4.2 MPa), the centrifugal 
compressor is generally most economical owing to its greater 
flow output and lower capital cost. 

Piston pumps have an inherent difficulty in pumping 
abrasive slurries due to the continuous rubbing contact on 
the cylinder wall in the presence of abrasive particles. 
This causes rapid wear of piston rings, cylinder walls, and 
pistons. The plunger pump, which was designed for highly 
abrasive slurries has a plunger which is continuously 
flushed with clean water during the suction stroke to reduce 
ingestion of abrasive particles in the seals and bearings. 
The plunger is close-fitting in the cylinder and does not 
rub the sides of the cylinder. Clearance is selected so 
that particles will not become wedged between the plunger 
and cylinder wall. Discharge and suction valves experience 
the most wear and are made to te readily replaceable. 
Centrifugal slurry pumps experience erosion of impellers and 
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TABLE 3-11 Major Coal Slurry Pipelines 

length Diameter Throughput 
6 

Miles Inches 6 10 tons/yr. 
System (km) (em) (10 metric tons/yr.) location 

Black Mesa 
273 18 4.8 

Arizona to Nevada 
(437) (46) (4. 3) 

Proposed Pipe lines 

Wytex 
1260 43 30 

Montana to Texas 
(2016) (107) (27) 

1030 38 25 U1 
ETSI 

(1648) 
W.voming to Arkansas 0\ 

(97) (23) 

Houston Natural 1100 18 7 
Co lorado to Texas Gas Co. (1760) (46) (6) 

Northwest Pipe line 778 30 16 
Corp. (1244) (76) (15) 

Wyoming to Oregon 

Nevada Power Co 
180 24 10 

Utah to Nevada 
(288) (61) (9) 

Arizona Public 180 16 -1 
Service Co. (288) (41) (3. 6) 

New Mexico to Arizona 

NOTE: Data from Ref. 3 7 
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TABLE 3-12 Slurry Pumps 

Type 

Plunger 

Piston 

Centrifugal 

Maximum Pressure 
pal 

(MPa) 

3500-4000 
(24-28) 

2500-2000 
(17-14) 

600-800 
(4-5. 5) 

Maximum Flow 
gpm 

(m3/S) 

920 
(. 06) 

2700 
(. 17) 

50,000 
(3. 2) 
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casings. A split casing desiqn is often used and wear 
plates attached to the casing. The plates can be removed 
and replaced in this design. Rubber is often used as a wear 
lining. For such pumps, the impeller tip speed is usually 
limited to 4,400 fpm (1320 ms-t) and particle size limited 
to 2 mm to minimize erosion. This reduces the maximum head 
the pump can develop. ceramic lined pumps can tolerate a 
higher tip speed. 

current practice in design of slurry pumps is to 
accommodate mechanical wear and erosion. Pump parts are 
made to be easily replaced and a schedule of regular 
replacement is part of the operating procedure. currently, 
the economics of this approach appears tolerable. However, 
with large systems requiring much greater throughputs in 
coal tonnage, a new generation of more erosion and wear 
resistant slurry pumps will be needed. 

3. Valves 

Slurry systems are designed so that the pressure 
differential across valves is minimized. This limits 
erosion damage, which can be severe due to high velocity 
flow during opening or closing of high differential pressure 
valves. Plug type valves are used in high pressure 
applications found in positive displacement pumps. The 
valve design requires that flow be streamlined and not 
subject to sudden turns. Hard facing is used on valve seats 
to increase erosion resistance. Again, one feature of valve 
design is to provide ready replacement of parts. The design 
recognizes the problem of rapid erosion and replacement is 
assumed to be part of the operation. 

4. ~ntrifuge§ 

In the operation of a coal-fired electric generating 
plant, coal slurry containing 48 percent solids is fed into 
a centrifuge-pulverizing system before entering the 
combustion chamber. A typical centrifuge at the Mohave 
Generating Station has a capacity of 22 tons (19 metric 
tons) per hour of coal. Each boiler is equipped with 20 
centrifuges. Total station design capacity is 872 tons (785 
metric tons) per hour. Considerable erosion was experienced 
in the Mohave centrifuges when first put into service. 
Service lives as low as 1500 hours were typical. Several 
modifications were tried, including tungsten carbide hard 
facing but 3500 hours was the maximum service life 
achievable. Dense alumina wear plates finally proved 
effective in reducing erosion to reasonable levels. Erosion 
in the centrifuges, however, continues to be a serious 
problem. 
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D. GEOTHERMAL ENERGY PRODUCTION 

Geothermal heat (or energy) must be transferred from 
the body of the earth through convection with water or water 
vapor. The productive areas for this transfer have been 
classified into three categories. The first category is 
vapor dominated sources which produce steam in a condition 
that permits direct use in equipment and steam turbines. 
such sources are rare on earth. The second category is 
liquid dominated sources which abound throughout the world. 
The fluids that are delivered from such sources represent 
the results of centuries of circulation within the earth's 
interior at high temperatures and, in many cases, at high 
pressure. The third category is the dry rock classification 
where the heat must be extracted by using some convecting 
fluid or other heat transfer medium. 

Much of the field test data on the fluids or trines are 
proprietary. Fluid analyses show total dissolved solids 
ranging from 20,000 to 300,000 ppm. The fluids contain 
silica, lime, C0 2 and sulfurous compounds. In the case of 
dry steam, H2 S is a common contaminant. Temperatures may 
vary between 1oooF (400C) and qsooF (2JOOC) delivered, and 
perhaps as high as eoooF (4300C) bottom hole level. 

i!oblems in Utilization 

• Many of the places where hot fluid or trine 
is used encounter fouling, or corrosion, or 
both. Fouling (deposition) seems to be a 
uniform experience unless water conditions 
are unique. Few systems escape it. 
corrosion by sour brines is to be expected 
and pH's as low as 4 are possible. Chlorides 
and sulfur in the brines enter into the 
corrosion reactions. 

• Spas around the world using hot water ranging 
from from 180 to 2SOOF (eooc through 12ooc) 
have operated for many years with a history 
of pipe and equipment maintenance -- for some 
with almost no problems, while for others it 
has been close to ruinous. 

• The most serious deposition protlems appear 
apt to develop at relatively low temperatures 
-- a fluid starting in the system at 4800F 
(2500C) does not appear to deposit scale as 
rapidly as when cooling in the lower range of 
the cycle. 
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• The active corrosion appears to be less where 
deposition takes place. If deposition is 
controlled, then corrosion will accelerate. 

• There is not enough data readily available 
for simple practical metal selection for 
geothermal service. Probably some cross 
fertilization with data from other fields, 
i.e. marine or petroleum refinery or sulfur 
production may be more desirable for 
geothermal energy systems. 

• The amount of gas and air dissolved in the 
fluid may be an influence. Research has 
indicated that any contact with air seems to 
accelerate the deposition from geothermal 
fluids. Methods of fluid control in an 
exchange system seem to influence fouling. 
Any change of direction in the flow, or 
restrictions, appears to be bad. 

Erosion/corrosion problems were predominant in 
materials and problems associated with geothermal systems 
being studied at the Lawrence Livermore Laboratory. Erosion 
tests are conducted at brine well sites where the erosive 
environment is approximtely 30 percent vapor, 70 percent 
liquid with a 2000 fps (600 ms-t) droplet velocity and 3 
micron droplet size. Although the erosion effect is small 
with only liquid droplets, the erosion increases 
significantly when ultra-fine solid particulates are present 
in the droplets. Gases of C02 , H2 S, and NH3 are mixed in 
with the brine liquid-vapor erosive medium to precipitate 
the fine particulates. Polymeric materials were found to 
erode considerably when subjected to the erosive stream. 
Other materials being evaluated for erosion resistance are 
nitrided Ti-6A1-4V, spray coatings of metal carbides, i.e., 
TaC, Stellites, ceramics (A1N, SiC, Si3 N4 ), and MP35N 
cobalt base alloy. 

E. WINO ENEFGY MACHINES 

The utilization of wind power for energy conversion and 
generation is an old technology which has recently been 
revitalized due to the need for alternate energy 
sources<3e-•o>. Wind mills have been in use for hundreds of 
years and their size reached a zenith with the construction 
of the Putnam machine (1.25 MW) at Grandpa's Xnob in Vermont 
in 1941. This windmill had a 175-foot (53 m), two blade 
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rotor of steel construction on a 100~foot (33 m) tower. 
This device operated between 1941 and 1945 when a defect in 
one of the blades caused its loss due to fatigue failure. 
wartime shortages prevented replacing the blade and the 
project was abandoned'••>. 

The largest facility currently operating in the United 
states is the 125 KW experimental wind turbine being 
operated by NASA-Lewis at Plumbrook near Sandusky, Ohio. 
This facility has a 127-foot (38 m) diameter rotor mounted 
on a 100-foot (30 m) tower.•z The system is expected to 
generate 180,000 kwh/year in the form of 460 v, three-phase, 
60-cycles-per-second alternating current output. 

The most commonly used expression for calculating wind 
power is: 

where P is expressed in units such as KW, 

K is 0.593, a derating factor representing the 
commonly accepted density function, 

o is the diameter of the rotor, and 

V is the wind velocity. 

However, the blade efficiency of modern rotor design is 
approximately 70 percent of the theoretical and with losses 
in bearings, vibration, etc., a practical power equation 
would be: 

P = 0.3502V3 

Note that the power generated varies with the square of 
the rotor diameter which dictates that a larger diameter 
blade be used for increased output. This factor must be 
coupled with the site selection for installation of the wind 
machine since the power varies with the cube of the wind 
speed, which is totally site dependent(•3). 

1. Current Practice 

Optimum designs for gearing and transmissions trains in 
large wind generators have typically employed blade velocity 
ratios of 6 to 7. That is, if the rated speed for the wind 
qenerator is a wind speed of 20 mph (32 km/hr) (a typical 

Copyright © National Academy of Sciences. All rights reserved.

Erosion Control in Energy Systems: 
http://www.nap.edu/catalog.php?record_id=21316

http://www.nap.edu/catalog.php?record_id=21316


62 

design speed), then the tip speed of the blades are 120 to 
140 mph (192- 224 km). A maximum practical design velocity 
is perhaps 30 mph (48 km/hr) which would result in tip 
speeds of 210 mph (336 km/hr). 

With the desire for greater rotor diameters because of 
the power output dependence on diameter squared and the need 
for reduced weight blades to improve efficiency of the 
generator, these rotor blades are a natural for advanced 
composite construction. The large Plumbrook facility 
utilizes epoxy fiberglass construction with conventional 
erosion protection such as is utilized on helicopter rotor 
blades. 

With velocities approaching speeds of 200 mph 
(320 km/hr) or greater, protection of the composites from 
erosion caused by rotating in rain or blowing dust/sand is 
essential. It is very similar to the problems of protecting 
composite aircraft radomes (where higher velocities are 
usually involved) and composite helicopter rotor blades for 
which erosion protective coatings and materials have been 
developed. The state-of-the-art materials include spray­
applied elastomeric polyurethane coatings for aircraft 
radomes and adhesively or mechanically fastened metallic 
sheaths (electroplated nickel or stainless steel) for 
helicopter blades<••>. While it is expected that these 
protective materials would be adequate for most wind 
generator designs which can be anticipated, these systems 
would have to consider the tradeoff of weight of the 
protective coatings and maintainability costs versus the 
benefits of the light-weight fiberglass blades. 

These considerations are particularly important for 
future blade designs which might very likely include 
graphite fiber or boron-fiber reinforced epoxy composite 
constructions which would be highly desirable due to their 
strength and stiffness characteristics. These properties 
could be employed to minimize the dynamic response to 
aerodynamic, inertial and gravitational forces to provide 
successful, reliable, low maintenance rotors. 

2. Advanced Wind Machines 

one of the advanced concepts being considered for the 
improvement of efficiency of wind energy conversion machines 
is the use of a vortex concentrator. This is a small high­
speed turbine located just downstream of the blade tip. A 
high-aspect ratio, high-lift airfoil is capable of 
generating the strongest trailing vortices and a rapid 
vortex roll-up enhances the vacuum inside the vortex. A 
straight blade with inverse taper and twist and a reasonably 
high aspect ratio will provide maximum lift coefficient and 
rapid roll-up. The creation of this low pressure region 
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around a rotor increases the local wind kinetic energy and 
the amount of wind power harnessed per square foot of rotor 
area can be increased fivefold<••). 

The small high~speed turbine which utilizes this vortex 
flow may suffer many of the erosion problems of turbines on 
helicopters and aircraft. Ingestion of sand or dust or even 
prolonged ingestion of rain can result in pitting and 
material loss on the tips and inboard edges of the blades. 
(Location is dependent on dynamics of the air flow in the 
turbine.) If the materials utilized in the turbine are 
conventional metal alloys, the erosion due to rain 
ingestion, probably will be minimal, based upon operating 
experience with airborne turbine engines which operate at 
considerably higher speeds. The sand/dust ingestion may 
result in erosion of the metal blades but this will not be 
too serious because of the low velocities (less than 300 
fps) involved. If this proves to be a problem, then state­
of-the-art erosion resistant protective coatings (borides, 
carbonitrides, etc.) would provide adequate protection. If 
these high-speed turbines were designed with composite 
construction blades, then both rain and sand ingestion would 
be a concern for the same reasons discussed previously with 
regard to the large wind rotors. 

3. fUture Designs and Materials 

In view of the above, the requirements for use of 
advanced composite constructions appears pressing. However, 
with this comes an aggravation of the erosion problem since 
these graphite and boron fiber constructions have been shown 
to exhibit extreme problems with rain erosion even at low 
velocities due to their susceptibility to damage<••,••). In 
fact, this sensitivity to erosion has caused a reduction in 
the frequency of application of these composites in jet 
engine fan and compressor blades because of the weight 
penalties for erosion protection. Therefore, for advanced 
wind generator rotor applications, the erosion associated 
with advanced composite constructions must be taken into 
account and state•of-the-art protection as described earlier 
for fiberglass plastic constructions must be employed. If 
properly used, these existing materials and protection 
techniques can adequately protect the blades and satisfy the 
desired life expectations. 
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F. SOLAR ENERGY CONVERSION SYSTEMS 

There are several approaches to converting solar energy 
into usable form: 

• direct thermal conversion where sunlight is 
absorbed by collectors (i.e., black todies); 

• conversion into electricity via solar thermal­
electric, photo-voltaic, wind, or ocean thermal 
systems; and 

• conversion of biomass into fuels (i.e., methane, 
alcohols, or hydrogen). 

studies of all the approaches are underway. There is little 
current information on specific erosion/wear problems, as 
studies are in early phases of concept formulation and 
feasibility evaluation. 

In direct thermal conversion systems, corrosion is a 
major factor where elevated temperature fluids are employed 
in applications such as water heat pipes, tut 
erosion/corrosion coupling does not appear to te 
significant. 

In conversion systems employing radiation 
concentrators, reflector materials (i.e., silver and 
aluminum) require protection against erosion by sand in 
desert areas subject to high winds. For example, a velocity 
of 100 mph (161 km/hr) was estimated as occurring once in a 
50-year period at Albuquerque, New Mexico. candidate 
protective materials include qlass, plastic, or anodized 
films in the case of aluminum reflectors. Work to define 
the extent of the erosion problem is being conducted, under 
ERDA sponsorship, at sandia Laboratories in Altuquerque and 
Livermore, and by other private contractors. 

In addition to erosion of reflector materials, there 
are potential erosion problems in associated heat transfer 
and power generation components which are analogous to 
problems discussed earlier in this chapter. For instance, 
in steam generation systems, turbines may suffer the typical 
erosion caused by condensed vapor droplets. 

In ocean thermal systems, corrosion and biofoulinq of 
water transfer pipes and heat exchangers may have erosive 
implications, particularly if abrasives are used to remove 
deposits. 
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G. OVERALL PROBlEM 

A conceptual scheme that exposes the nature of the 
problems in energy conversion systems in a systematic way 
can be based on the fact that erosion/corrosion depends to a 
larqe extent on the temperature of the eroding particles, 
the temperature of the exposed surfaces, and the fluid in 
which they are carried, and the velocity of the stream. In 
considering these problems five kinds of particle-fluid 
combinations can be specified. These are: gas bubbles in a 
liquid, solid particles in a liquid, liquid particles in a 
gas, semi-hard particles in a gas, and hard particles in a 
gas. In each of these categories, the operating temperature 
range was divided into three regimes: low [up to 390°F 
(2000C) ], medium [3900 - 11100F (2000- 6000C) ], and high 
[above 1110oF (6000C) ]. Similarly, the velocity range was 
also divided into three regimes: low [0-66 fps-1 (0 - 20 
ms-1) ], medium (61-328 fps-1 (20 - 100 ms-1)] and high 
{above 320 fps-1 (100 ms-1)). There are, therefore, 45 
categories, within which systems or components, materials, 
and problems can be categorized. These categories will be 
coded by the following scheme: 

A Gas bubbles in a liquid 

B solid particles in a liquid 

C Liquid particles in a gas 

0 Semi-hard particles in a gas 

E SOlid Particles in a gas 

V1 Low velocities (0 - 20 ms-1) 

V2 Moderate velocities (20 - 100 ms-1) 

V3 High velocities (above 100 ms-1) 

T1 Low temperatures (up to 200oc) 

T2 Moderate temperatures (200 - 6000C) 

T3 High temperatures (above 6000C) 

Thus, for example, a component exposed to solid 
particles in a liquid stream at moderate velocities and low 
temperatures will be labeled B(V2 , T1) to identify the 
conditions under which a system or component must function. 
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Using this classification, the erosion conditions 
stipulated for the systems and components in this chapter 
are classified and a judgment is made as to whether the 
extent of the erosion and/or corrosion will be high or low. 
The results of this evaluation are summarized in Table 3-13. 

Table 3·13 shows that the problem of erosion/corrosion 
is a very general one indeed. The variety of components and 
materials involved is considerable, and a wide range of 
temperatures, velocities and environments is involved. 
Therefore, it is fruitful to examine these problems from a 
fundamental viewpoint to provide a framework within which 
specific problems can be examined. 
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TABLE :1-1:1 Problem Evaluation Matrix 

A. COAt CONVERSION 

1. Coal Gasification 

a. Gasifier Vessels 

h. J ockhoppers 

c . Pumps 

d. Valves 

e. Cyclones 

f . Piping (Alignment and Joining) 

2. Cual liquefaction 

a. Agitation Equipment 

b . Pumps 

c. Val\'es 

d. l.ockboppers 

B. POWER GDIERATION 

1. Steat.t 

a. lll'nt Exchanger Tubes 

b. Sll•am Turbines 

2. Gas 1'ut·bine 

3. MHD 

c. ADVANCED SLURRY TRANSPORTATION 

I. Pipeline 

2. Pumps 

:1. Valves 

4. Centrifuges 

D. GEOTHERMAL 

E. WIND MACHINES 

F. SOLAH THERMAL 

X c Problem 

[!] Problems of moderate sevt•rih· 

@ Problems of high severity 

67 

Condition Corrosion Erosion 

C,D,EtV1, T2 -T3l [!] 
~ Et\·1 .- v2• Tt- T2) X 

8(\'2, Tt) X 0 
Et\'1 - \':l' T 1 - T:ll [!] tE D, E(\'2- \'a · T2- T3) ~ 
D, E(\'2 - \'3 , T 2 - T3) 0 0 

Bcv1 - v2, T2l X 0 
8(\'2, T1- T2) X ® 
B, E(\'1- V2' T1- T2) X 0 
8, E(Vl- V2, Tt- T2l X ® 

A, 8(Vt- v2, Tt - T2; 0 X 

Ct\'2, T21 X 0 
C, D, F. tV 2- \':1' T2 - T3) 0 0 
C .. D .. E (VI> \'a · Tal ~ 0 

B(V 2' Tl) X ~ 
B(V2, Tl) X ~ 
B(V2, T 1) X ~ 
B(V2, Til X [!] 

B(V 1 & V 2' T 11 I:EI " 
E(V1 & V 2, T 11 0 X 

D(V2, T 1l X 

E(V1, T 1l ~ X 
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Chapter 4 

MAGNITUDE OF THE PROBLEM 

It is convenient to think of the erosion process in 
three parts: the motion of the particles in the fluid 
stream up to the point where they strike the surface, the 
impact of the particles on the surface, and the changes in 
the eroding materials as the result of these repeated 
impacts. · This leads to three kinds of studies relevant to 
understandinq erosion. ~hese are: the fluid mechanics of 
particulate-laden streams, the impact r-rocess, and the 
behavior of the material in the imposed environment. An 
understanding of these three areas and the relationship 
among them can aid the process of materials selection and 
materials development and contribute to the solution of 
design problems. First, however, the developmental history 
of two systems involving erosion--the steam turbine and a 
small qas turbine--will be presented to illustrate the scope 
of the problem which must be considered and illuminate how 
certain specific problems have been handled in the past. 
This discussion indicates the need to initiate a broadly 
based multidisciplinary approach to erosion/corrosion 
problems which could limit the operational performance of 
future energy conversion and generation systems. 

A. SOME EXAMPLES OF OVERCOMING EROSION PROBLEMS 

Erosion in steam turbines has been an important 
consideration for many decades. The evolution of the 
developments involving design, materials, and operating 
restrictions which finally led to a reasonable solution to 
erosion problems is representative of the consideration 
required for other energy-related components where 
erosion/corrosion will be significant. The steam turbine 
example illustrates that, if a decision is made early in the 
planninq stages to make a forthright attack on the 
erosion/corrosion problem, many years of hastily contrived 
and unsuccessful "fixes" can be avoided. Another example, 
involvinq increased operating performance for a small gas 
turbine when ceramic materials replaced metallic guide 
vanes, indicates that a new design philosophy must be 
developed if the full potential of ceramics is to be 
exploited. 
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1. £gse History -- Steam TUrbiDe Erosion froblems 

The diagram in Figure q-1 shows the chronological 
sequence of the investigations which were conducted to 
address the problems of steam turbine erosion. Note that 
the time required to develop adequate solutions covered more 
than a decade (from the early 1960s to 1973). 

Some difficulties which were encountered in the 
development of solutions to the problem of erosion in steam 
turbines, which ERDA will face combatting erosion in other 
energy systems, are: 

• a multi-faceted approach to the problem of erosion 
was required which resulted in a materials 
solution, a design solution, and an operating 
practices solution. 

• after the primary problem (wet-staqe moisture 
erosion) was identified and addressed, other 
problems (boiler-scale hard-particle erosion) 
arose and were identified which required research 
to provide solutions; and 

• after improved materials were developed which 
greatly increased the erosion protection, the 
development of processes to permit them to be 
applied and of refinements in operation were 
necessary; procedures related to the new materials 
also required development. 

Future problems can be forecast (in this case history, 
resulting from use of longer lighter blades) but extreme 
difficulty can arise in supporting adequate research 
(improved materials development, fundamental studies for 
improved design) so that solutions will be in hand when the 
problems appear. 

2. ~osion of a 10k~ Eadial Inflow ~IYIBine• 

Small gas turbines used in auxiliary power units in 
helicopters suffered from two principal sources of 
degradation. The first resulted from dust ingestion during 
service conditions where nozzle guide vanes, at high 

* Developmental work being carried out by the solar Division 
of International Harvester company, San Diego, california, 
for the u.s. Army under contract No. DAAR02-75-C-0138 which 
began on 7 March 1975. 
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temperature, were severely eroded. Another problem resulted 
from thermal degradation, or "hot spots," which developed 
because of environmental conditions and operation of the 
unit by unskilled personnel. Materials evaluation, 
performance testing, and engine redesign were the technical 
approaches used in adapting ceramics to this application. 

a. Materials Evaluation. It was determined that 
materials for guide vanes should be resistant to thermal 
cycling effects, have high hot strength [to at least 2000°F 
(11000C) ], be resistant to oxidation and erosion by 
particulates, have good impact resistance, reasonable 
thermal conductivity, and low coefficient of thermal 
expansion. It was desirable to use materials which would 
permit increasing the turbine inlet temperature from 17000F 
(9250C) to 1900-19500F (1040-10650C) in order to 
significantly increase efficiency and produce a resultant 
power increase. Silicon nitride and silicon carcide 
appeared to have the required combination of properties 
outlined for this application. 

Erosion studies were conducted with metallic 
materials, hard coatings, and monolithic ceramics. It was 
noted that erosion results at low angles of incidence were 
particularly significant because, in service, the greatest 
erosion occurred at the trailing edges of the guide vanes. 
At 30° impingement angles, erosion of metals was high. 
Coatings were not successful due to porosity, spalling of 
dense coatings, or inadequate thickness. Erosion 
measurements with monolithic ceramics, Si 3 N4 and SiC, 
indicated that these might provide the desired erosion 
resistance and high•temperature capability. A comparison of 
erosion resistance of reaction bonded Si3 N4 , hot-pressed 
Si3 N4 , SiC, and 713LC superalloy is compiled in Tables 4-1 
and 4-2 which show the effects of impingement angle and 
carrier gas velocity, respectively. The ceramic materials 
showed considerably less erosion than the metal compositions 
tested. Additionally, there was no deterioration of the 
ceramic vanes after 60 hours of exposure to a sea salt 
corrosive medium at 17000F (9250C) • 

b. ~g§ign. In substituting the ceramic material 
for metallic as guide vanes, some redesign of the engine was 
necessary. Without detailing this aspect of technological 
development, some design considerations were: methods of 
securing and positioning shrouds, minimizing thermal 
stresses, developing an acceptable transition cetween 
ceramic and metallic members, and maintaining an effective 
but simplified ceramic vane design to keep the fabrication 
cost low. 
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TABLE 4-1 Erosion of 713LC Superalloy and Four Ceramics 
[ 600 fps (183 mps) Gas Velocity, 15 Minutes at Room Tem­

perature, 90 mg/ft3 of 43-74 Micron Arizona Road Dust 
and . 0375 in. (0. 95 em) Dlameter Nozzle] 

Material 

713 LC Superalloy 

Hot-Pressed 
Silicon Nitride 

Hot-Pressed 
Silicon Carbide 

* Reaction-Bonded 
Silicon Nitride 

NC-430 

* Ground surface. 

Erosion Volume 
Loss x 103 cc 
30• Impingement 
Angle 

2.60 

0 

0.04 

1. s5** 

0.08 

** Derived from previous results. 

~~:i~n1 ~~ ~:e 
so• Impingement 
Angle 

l. 79 

0.12 

0.32 

2.88 

0.39 

NOTE: Unpublished data obtained with Army and Navy support at Solar 
Turbine International, San Diego, California. 
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TABLE 4-2 Effect of Carrier Gas Velocity on Erosion 
[ 15 Minutes at Room Temperature with 80 mg/ft3 of 43-74 

mcron Arizona Road Dust and . 0375 in. (0 . 95 em) Diameter 
Nozzle] 

713 LC Super alloy 

Hot-Pressed 
Silicon Nitride 

Hot-Pressed 
Silicon Carbide 

Impinge-
ment 
Angle 

30° 
so• 

so• 

Carrier Gas Velocit~. fes 
200 400 600 1000 

(61 mps) (122 mpe) (183 mps) (305 mps) 

0.09 2. 60 
0. 21 1. 79 

0.12 0.22 

0.32 1. 59 

NOTE : Unpublished data obtained with Army and Navy support at Solar 
Turbine International, San Diego, California. 
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c. ~ngine Te!!!ng. Engine test results, thus 
far, have shown that hot pressed Si3 N4 material in the 
ceramic vane section nozzle has erosion resistance between 
one and two orders of magnitude greater than 713LC 
superalloy at the 1700°F (92SOC) test temperature. The 
vanes have survived 500 thermal shock cycles. The cost of 
the hot pressed Si 3 N4 components is quite high, however, and 
methods of reducinq fabrication costs are being sought. It 
is anticipated that increasing the operating temperature 
from 17000F (9250C) to 19SOOF (10650C) can increase 
effective power from 10 to 15RW, possibly making the 
expensive material cost effective. 

B. FLUID MECHANICS OF PARTICLE-LADEN FLOWS 

In most energy conversion systems, the eroding 
particles are carried in a fluid stream. The flow 
characteristics of this particulate-laden stream play a 
major role in determining the velocity and numc~r of 
particles that strike pipe walls, valves, turbine clades, 
etc. The importance of the gas flow characteristics is 
readily deduced from the fact that even small irregularities 
in an otherwise smooth pipe are known to lead to serious 
erosion when solid particles are present. For flowing 
liquids, surface irregularities can also provide sites for 
cavitation erosion damage. Major erosion problems are known 
to occur on devices such as valves where the flow 
disturbances are intrinsic to the system. 

Computer analyses of particulate-laden streams for a 
variety of concentration levels, flow velocities, particle 
sizes and physical configurations are needed to assist in 
characterizing the particle attack for particular geometries 
and environmental conditions. Although some work has been 
done in this area, the nature of turbulent flow of loaded 
streams is not fully understood. It is known that in 
perfectly smooth pipes, boundary layers exist which keep 
particles from reaching the walls. The conditions under 
which the irregularities disturb this behavior, thereby 
leading to particle impact and erosion, need clarification. 

The turbulent flow of loaded fluids is a difficult 
field to study but study is necessary to provide the basis 
for meaningful test configurations and, subsequently, to 
serve as a design tool. These studies should have as their 
general objective the determination of particle trajectories 
as a function of stream velocity and physical configuration. 
This would give the desired base for determining the number 
and velocity of particles takinq part in the erosion 
process. 
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There are a number of specific objectives of direct 
importance to practical erosion problems which should be 
included in such fluid mechanics studies: 

• analyses of boundary layers and their effect on 
the rate of particle impacts; 

• evaluation of boundary layer disruption by surface 
irregularities and the trajectories of particles 
near the surface under such conditions; 

• determination of the particle impact rate as a 
function of fluid velocity, particle size, and 
particle concentration; 

• influence of rebounding particle interactions with 
the rest of the loaded stream and the consequent 
effect on the total particle impact rate; and 

• determination of the distribution of particle 
impact angles and velocities of impact for given 
stream velocities. 

such studies would be of great value in relating design 
parameters such as curvature of pipes, concentration of 
particles, stream velocities and particle sizes, to 
anticipated erosion problems. 

C. THE IMPACT PROCESS 

several mechanisms which have been proposed for the 
material removal process in an erosive environment in the 
vicinity of room temperature are surveyed in Chapter 5. 
These include micromachining, in which an abrasive particle 
acts as a cutting tool; local melting or vaporization, in 
which the energy of impact melts the material which then 
adheres to the rebounding particle; shearing of 
irregularities in the surface by eroding particles or 
fragments of them (the irregularities can be pre-existent or 
formed by deformation accompanying impact) ; and, in brittle 
materials, microcracking. Investigations of the impact 
process should be designed to elucidate the mechanisms of 
material removal and make a choice among those proposed for 
various conditions: especially with regard to elevated 
temperatures and the influence of corrosive layers. Studies 
should also be designed to help clarify the changes in 
material properties that occur during the erosion process. 
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The development of stress wave analysis of the particle 
impact process would be desirable in understanding how the 
material responds to the imposed rapid loading conditions. 
such evaluations are available for very idealized impact 
conditions, material behavior, and material microstructure. 
Computer studies of more physically-based models is costly 
and should be pursued with discretion. It would be helpful 
to have an analysis which would quantify the response of a 
material to the imposed loading condition and to be able to 
evaluate the influence of various material parameters on 
this response. However, similar objectives could be met by 
developing a well-planned experimental program. It should 
be kept in mind in applying continuum mechanics to the 
erosion of materials that differences in surface composition 
and material properties over small regions are important. 
Therefore, the unit deformation process may be different in 
one region of the material than in another. This 
observation is illustrative of the fact that continuum 
mechanics suffers from an inherent inability to provide an 
atomistic description of the deformation process. However, 
it is of great value in outlining general deformation modes 
and providing general design criteria. 

Very little is known of the effect of the ambient fluid 
on the impact process. The impacting particle can carry a 
boundary layer with it and must penetrate the boundary layer 
at the exposed surface. Continuum mechanics studies 
obviously must account for the presence of the fluid phase: 
especially for reactive and liquid media. It is important 
that the fluid mechanics of the stream should be coupled 
with an understanding of the particle impact process. 

A basic experimental technique involves impact erosion 
tests in which particles in a controlled environment impinge 
on a target. Multiple-particle tests are used to measure 
the rates of erosion and should be a part of any materials 
evaluation program. The importance of erosion testing was 
indicated in the Introduction (Chapter 1) and the general 
procedures employed for engineering applications are 
described in Chapter 8. Collection and analysis of the 
debris resulting from steady-state erosion tests would be 
useful in documenting such processes as incident particle 
fragmentation, surface film fragmentation, wear particle 
formation processes, etc. Single particle impact tests 
offer a better opportunity to identify impact damage regimes 
and study the process of material removal. This is 
particularly true for materials in which several damaqe 
modes exist. Furthermore, in some cases the total erosion 
of a stream of particles is approximately the sum of the 
erosion for each impact. Single particle tests can, 
therefore, be useful in predicting erosion. In many soft 
metals, low velocity impact damage is primarily dependent on 
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the interaction between successive impacts, and damage is 
not a simple sum of the effects of individual ~mpacts. In 
this case, single particle tests are not as useful in 
predicting erosion. However, single particle tests of pre­
eroded surfaces as a function of degree of erosion can still 
be valuable in studying the mechanisms and materials chanqes 
occurrinq durinq the process. 

Material removal under the combined influence of a 
corrosive environment and particle impact is poorly 
understood. Sinqle particle studies can be an important aid 
in examining the erosion/corrosion interaction as described 
in Chapter 7. 

D. MATERIAL BEHAVIOR IN AN EROSION/CORROSION ENVIRONMENT 

Dramatic changes in material properties take place 
during erosion, not only in the later stages but even in the 
earliest stages. The impact process can give rise to the 
following phenomena in the underlying material, all of which 
have an effect on material properties; migration and 
resegregation of impurities, twinning, phase changes, 
dislocation multiplication and migration, local melting and 
recrystallization, work hardening and microembrittlement, 
and void microcrack formation. sorting out these effects 
constitutes a major task of materials and metallurgical 
analysis. Understanding their role in the erosion process 
is essential for a rational erosion-resistant materials 
development proqram. 

A major part of a materials study of erosion should be 
the characterization of the surface damage accompanying the 
impact process. Traditional metallography and electron 
microscopy are important tools in determing microstructural 
changes. Experiments should be designed to make profile 
analyses of the microstructure below the surface when 
studying reseqregation and impurity migration. some of the 
more modern surface analysis tools can be used. These 
include: Auger analysis (AA) , electron spectroscopy for 
chemical analysis (ESCA) , secondary ion mass spectroscopy 
(SIMS), and ion scattering spectroscopy (ISS). The first 
three methods give information on chemical composition at a 
high scale of resolution for the first five to ten angstroms 
in the surface. SIMS includes ion milling which provides 
the capability to explore surface composition. ISS 
identifies the composition of essentially the first atom 
layer. The objective of these studies would be to determine 
the nature of the near-surface region as a function of the 
degree of erosion. This would be of great help not only in 
understanding the erosion mechanisms, but also in designing 
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new erosion-resistant materials. For example, if it were 
found during the erosion process that micromigration of 
impurities to grain boundaries occurred with a resulting 
microembrittlement which led to crack formation and surface 
failure, then the design of future materials would be able 
to take this into account and hopefully eliminate future 
conditions of this type. Again these studies would have to 
account for elevated temperature and corrosive effects on 
the material. 

A more detailed program for investigating 
erosion/corrosion is developed in Chapter 8. some general 
considerations of the coupled problem are presented here. 
Depending upon the corrosion process, the environmental 
variables can be systematically changed (environment, 
temperature and thickness of corrosion layer) and the 
resulting single-particle impact damage can be compared with 
that on a pristine surface. The corrosion processes to 
which this procedure would be appropriate are those where 
the surfaces are such that the damage can be adequately 
observed and documented. FOr example, this could involve 
passive layers developed during aqueous corrosion and the 
dense, adherent «-Al 2 0 3 scales that are formed during high 
temperature oxidation in gas turbines. For such cases, 
post-impact damage characterization can be performed 
immediately after impact and after continued exposure to the 
test environment. This would distinguish the effect of 
corrosion on impact damage from the effect of impact damage 
on corrosion. 

In those corrosion processes where very severe 
degradation takes place even in the absence of impacting 
particles, as can be the case in gasifier internals, the 
value of single-particle impact studies may be limited. 
There optical metallographic studies as a function of 
exposure time using multiparticle conditions appear to be 
more appropriate. In many alloys, particularly those that 
undergo hot corrosion attack, very severe corrosion takes 
place only after an incubation period during which corrosion 
occurs slowly. For such metals, single particle studies 
could prove to be especially useful in helping to identify 
those processes which are important for the initiation of 
hot corrosion attack. 

Model materials that have some of the characteristics 
of materials from which commercial units would be 
constructed should also te studied. For example, hot 
pressed alumina or silicon nitride can be chosen as ceramic 
model materials, a cr-Mo steel and a nickel base superalloy 
for moderate- to high- temperature applications. 
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E. CONCLUSION 

A considerable increase in basic research is necessary. 
This conclusion will be reinforced when the st3te of the art 
in erosion and corrosion is reviewed in thP. next two 
chapters. ~he proposed research effort should view the 
problem in a global sense and draw upon a variety of 
disciplines. This program should be oriented toward 
understanding the fluid mechanics of particulate-laden flows 
and the physical and material processes resulting in erosion 
and erosion/corrosion effects. This effort as outlined 
above would be important in overcoming the erosion/corrosion 
problems in energy systems on an intermediate time scale. 
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Chapter 5 

MECHANISMS OF' PARTICULATE EROSION OF MATERIALS 

Solid-particle erosion of metals and ceramics are 
reviewed here in terms of the information available in order 
to assess the current state of the art, to indicate where 
additional work is required, and to highlight some of the 
experimental techniques used in obtaining erosion rates.· 

The general erosion behavior of a generic material 
eroded under a specific test condition has the 
characteristic response illustrated in Figure S-1. The 
erosion exposure time curve has a general form which 
consists of an incubation period, an acceleration period, 
and a steady state period. Although stages beyond the 
steady state rate of material removal have been defined, the 
material is by then so badly eroded that its usefulness for 
most applications is no longer of interest. Most of the 
evaluations made for solid-particle erosion continue the 
test until the steady state rate of erosion has been 
established. This is accomplished by running the test for 
successive equal time increments and obtaining the same 
value of the mass loss for these increments. Most of the 
results reported for solid-particle erosion evaluations are 
ex~ressed as the ratio of the mass of material removed to 
the rr.ass of the impacting particles for a known exposure 
time increment. The ratio of the volume of material removed 
to the mass of the impacting particles is also used as a 
measure of the erosion rate. Thus, a single numcer is 
obtained to represent the rate of material removed for a 
material exposed to a specific erosion condition. 

Two types of response to multiple solid-particle 
impacts have been noted. The first is a ductile response 
generally associated with metals, while the second is 
brittle response associated with glasses and ceramics. The 
general form of the mass removal rate as a function of the 
angle of attack for each response is shown in Figure S-2. 

It is a general observation, however, that normally 
brittle materials exhibit ductile behavior when the particle 
diameters are less than 100~m. Sheldon and Finnie<t) state 
that this phenomenon occurs when the zone of material 
affected by an impacting particle is smaller than the 
spacing between material flaws or inhomogeneities. 
Experimentally this transition from brittle to ductile 
behavior is shown by plotting the erosion rate versus impact 
angle relationship for different sizes of impacting 
particles. For larger particles, the typical brittle curve 
is found with its maximum at normal incidence. For very 
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FIGURE 5-2 Erosion as a Function of Angle of Impingement 
for Aluminum (Ductile) and High-Density 
Aluminum Oxide (Brittle). (Data adapted from 
Ref. 1.) 
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small particles the same material may show a dependence more 
like the typical ductile curve having a maximum at other 
than normal incidence. Another indication of ductile 
behavior is the formation of surface ripples (which is 
characteristic of ductile erosion around the impact angles 
at which the maximum rate of erosion occurs) on brittle 
materials eroded by very small particles. 

Many of the previously discussed findings have been 
experimentally confirmed by Wood<z,3>, who also found that 
the erosion rate per particle decreased with the 
concentration of particles in the fluid carrier stream. 
Moore<•> has demonstrated the formation of a protective 
umbrella of rebounding particles which interferes with the 
impinging particles at high concentrations. 

A. ANALYTICAL DEVELOPMENTS 

Most analytical approaches which can be found in the 
literature are based on hypothesized models of the material 
removal mechanisms. Until recently, comparatively little 
work has been devoted to identification of the actual 
mechanisms responsible for the attrition of material from an 
eroded surface. From the program listing in the Appendix it 
is seen that there are investigations currently underway 
directed toward this objective. 

The basic analytical and experimental work on this 
subject during the period from 1960 to 1970 is due to 
Finnie, Tilly, and their associates. Finnie's earliest 
papers<s,6> reviewed previous work on this subject, most of 
which was of a practical and empirical orientation. Several 
of the previous investigators had already found that hard 
steel better resisted particles impinging obliquely, whereas 
soft steel appeared more resistant to normal impingement. 
This gave the first clue that rather different mechanisms 
were predominant in these two cases. Finnie then presented 
a theory for the erosion of ductile materials by angular 
particles impinging obliquely on the surface. This theory 
treats each particle as a small cutting tool which gouges 
into the surface by virtue of its momentum. The volume of 
eroded material per particle is related to the depth and 
length of the groove cut by the particle before it is 
brought to rest or rebounds from the surface. The main 
results of the theory are that, for typical particles at a 
given velocity, the erosion rate should be at a maximum when 
their direction of approach makes an angle of about 200 with 
the surface, and that erosion should be proportional to the 
square of the impact velocity. These predictions were 
generally confirmed by experiment, although later, more 
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complete tests<?) showed that the erosion rate varied with a 
somewhat higher power of velocity in the range of 2 to 2.5. 
This was explained as a consequence of the size effect in 
metal strength: at lower velocities, the depth of the cut 
of each particle is smaller and the effective flow stress of 
the material is greater. Similar effects have been 
demonstrated in grinding and micromilling<e). The size 
effect was also evidenced by a reduced rate of erosion per 
gram ot impingin~ particles when the size of particles was 
reduced. 

Finnie<•,ao> analyzed the erosion of ductile metals by 
writing the e~uations of motion for a single abrasive grain 
interacting with a surface and assuming the volume of 
material removed was proportional to the particle's traverse 
along the surface. Introducing a set of assumptions 
concerning the particles and the taroet material, Finnie 
solved the equations of motion to obtain the relation<ao) 

0:: 
(Jn 3 2 

V ........:;. R U f (a.) 
p (1) 

where v is the volume of material removed from the surface 

pp is the density of the particle 

p is the horizontal component of the flow stress 

R is the average particle radius 

u is the particle velocity, and 

f (a) is the functional dependence of V upon the 

impact angle of attack a. 

Finnie suggests, on the basis of these equations, that 
the angle of attack associated with the maximum erosion rate 
is shifted to 13o, whereas the value of 200 (actually 110 
for the magnitude of the parameters used to evaluate 
a = 130) is a value often quoted in the literature. Another 
prediction of this theory<s,ao> is that at an angle of goo, 
(normal impact), the erosion rate should be zero (as 
indicated in Figure 5-2) since there is no tangential 
cutting action of the particles. Experiments show, however, 
that the erosion rate declines from its maximum toward a 
smaller but nonzero value, thus indicating that another 
mechanism of erosion is operative. 
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More general, but less mechanistically oriented, models 
have been proposed by Bitter<tt,t2) and Neilson and 
Gilchrist<t3J. They included both cutting wear (proposed by 
Finnie) and erosion due to repeated deformation. In these 
correlations, the mechanism by which deformation wear occurs 
is not at all clear. These equations provide a better fit 
to the experimental data than Finnie's correlation. These 
models include the idea of a particle energy threshold below 
which deformation erosion ceases, and a minimum effective 
anql~ of impinqement below which ductile erosion ceases. 
Implem~ntation of Bitter's model requires knowledge of the 
energies necessary to remove a unit volume of a material by 
cutting wear and deformation wear, respectively. These 
parameters are determined by performing at least two tests 
and back-calculating to determine the required values. 
Nielson and Gilchrist<t3> provided simpler equations for 
deformation wear than those of Bitter<ttJ. They were able 
to account for the angular dependence of the erosion process 
and included another parameter to be evaluated 
experimentally, namely the normal velocity component below 
which no erosion takes place. 

A theocetical analysis for the erosion of brittle 
materials w~s presented by Sheldon and Finnie<t•J. Whereas 
Bitter's deformation wear analysis is based on an elastic­
plastic model which he also applied to brittle materials, 
sheldon and Finnie's analysis is based on an elastic brittle 
model. The penetration of the particle into the.specimen is 
calculated from the Hertzian theory of impact<ts-t7) and 
cracks are assumed to spread around the impact point. The 
volume of material removed by brittle fractures is based on 
the particle geometry and penetration depth and on the 
statistical strength properties of the target material. 
While the theory<t•J involves too many unknown parameters to 
predict the absolute value of the erosion rate, it suggests 
that the erosion resistance of brittle materials should be 
related to the square of their fracture strength in bending. 
Experimental results on various materials showed that the 
erosion per particle varied from the 2.5 to 4.4 power of 
impact velocity, and from the 3.1 to the 5.1 power of 
particle size. Results with angular silicon carbide 
particles seemed more consistent than those with spherical 
steel shot. 

An important conceptual difference between Bitter's 
deformation wear theory and Sheldon and Finnie's brittle 
erosion theory -~ even though both begin by analyzing the 
penetration of a normally impacting particle into the 
surface using the Hertzian theory of impact -- is that the 
former adopts an energy balance approach; the latter 
explicitly rejects the energy viewpoint for brittle 
materials for which the energy actually causing the fracture 
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is described as a small and unpredictable fraction of the 
total energy expended. 

Hertzian impact theory has been used by several 
investiqators<aa,az,a•,a•> to establish relations describing 
the response of the material for localized particulate 
impacts. The Hertzian theory is used, since explicit 
expressions are derived for the relations between the 
surface stress components and the mass, impact velocity, and 
elastic properties of the impinqing particle. The theory 
assumes that impact conditions are essentially a sequence of 
quasi-static stress states. The validity of this approach 
must be established for · the highly transient stress states 
associated with small particles impacting at moderate 
velocities. Furthermore, the physical basis for the 
application of the Hertzian theory of impact applicable to 
rounded bodies has not been established in the development 
of semi-empirical correlations for erosion by irregularly 
shaped particles to which it is applied<aa,a•,ae). The 
details of erosion of brittle materials by rounded 
particles, where Hertzian concepts are shown to be relevant 
in the initial stage of the erosion process, have been 
studied<&•>. The mechanisms of material removed . for 70- to 
290-~m glass beads impacting glass plates were observed 
microscopically for progressively sroded specimens. The 
erosion process was described in terms of a general pit 
nucleation and growth model<zo,za>. The identification of 
the damage modes due to impacts by highly angular solid 
particles remains an active area of investigation. It 
should be not~d that Hertzian fracture analysis -- that is, 
the form of fracture associated with indentation of a 
brittle surface by a rounded indenter, is important in the 
evaluation of several material properties that are 
significant in brittle solids: for example, fracture 
toughness of near-surface material and surface crack size 
densities. 

Two regimes of fracture-induced erosion have been 
identified in polycrystalline ceramics: a plastic response 
regime and an elastic response regime<zz>. The former 
response induces radial and lateral cracks. This is an 
elastic-plastic problem and, hence, the hardness H (which 
determines the amplitude of the elastic strain) and the 
fracture toughness Kc (which determines the materials• 
resistance to fracture) are the prime material parameters 
that control the extent of the fracture (and thereby the 
erosion). The mechanism of material removal is also 
relatively well-defined in this regime, where the sub­
surface lateral cracks are independent sources of chip 
formation. A semi-empirical characterization of lateral 
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fracture indicates that the erosion v (the average volume of 
material removal per particle) is given by<z3J; 

(2) 

where x is a constant (but could be a material dependent 
variable) and H is the quasi-static Vickers hardness in the 
macro-indentation load independent regime. The predicted 
trends in erosion with target and projectile properties are 
typical of the trends observed in brittle materials; also, 
the numerical exponents fall within the experimental range. 

Several types of fracture have been observed in the 
elastic response regime, from single cone (Hertzian) 
cracks<a•,z•,zs) to arrays of short circumferential surface 
cracks<zzJ. Material removal occurs by the interaction of 
these cracks<z•,zsJ, but the details of the process are 
complex and, as yet, poorly defined. It is evident that the 
fracture threshold depends on target parameters such as<zzJ 
the surface flaw size distribution, the fracture toughness 
and the elastic wave speed. However, the equivalent 
parameters involved in the erosion process have not yet been 
seriously explored. Intuitively, it would be anticipated 
that the toughness is very important, but the roles of 
microstructure (grain and pore size and morphology) and the 
elastic properties cannot be meaningfully presupposed. The 
analysis of erosion in this regime presented by Sheldon and 
Finnie<&•) predicts reasonable velocity and size exponents, 
but the analysis is not based on a material removal 
mechanism that is consistent with experimental observation. 

Sheldon and Ranhere<Z6) present an interesting study of 
single particle impacts. They support their contention that 
steady-state material removal can be determined from single 
spherical bead impacts on the target material on the basis 
of two observations. The first is that the normalized 
weight loss measurement for a single 3 mm diameter glass 
bead impacting annealed 6061 aluminum is "approximately 
equivalent" to the measured erosion rates quoted from the 
literature for multiple glass bead impacts on aluminum 
alloys. The second observation is that the erosion 
characteristics are quite similar when either spherical or 
very angular particles are . used. Neither of these 
observations can be supported, even using the sources 
referenced in their paper. They proposed that material 
removal by spherical bead impacts on ductile metals occurs 
by plastic flow of the material along an arc in the 

Copyright © National Academy of Sciences. All rights reserved.

Erosion Control in Energy Systems: 
http://www.nap.edu/catalog.php?record_id=21316

http://www.nap.edu/catalog.php?record_id=21316


95 

direction of the advancing particle until it is strained to 
fracture. An analysis of this material removal process 
using Meyer's empirical indentation relation(Z?) to 
represent the resistance of the material to penetration 
gives 

(3) 

where the hardness H is the Vickers hardness of the 
material. This is the only derived relation for duct~le 
erosion which shows a velocity exponent other than 2; 
however, hardness to the -3/2 power does not provide a very 
good correlation with the erosion data for pure metals. 

Hutchings, Winter, and Field(Ze) have also described 
the correlation between mass removal due to single bead 
impacts and that due to both multiple spherical and 
irregular shaped particles. The orientation of a single 
abrasive particle was investiqated by Winter and 
Hutchings(29,30). The deformations which the particle can 
produce are based on the rake angle. At positive rake 
angles above a critical value, - cutting occurs as defined 
by Finnie<ao). In this case, material flows up the face of 
the tool and is removed along a cutting plane. For negative 
rake anqles greater than - ploughing is dominant. For this 
case, material flows down the face of the particle and the 
flow is continuous along the cutting plane. Depending on 
the impact conditions, it is possible for the particle to 
rotate and roll along the surface rather than result in a 
ploughing action. The ploughing action associated with 
irregular shaped particles produces damage morphologies 
similar to those associated with spherical bead impacts. 

Hutchings and his associates(2e-3a>, ascribed material 
removal to the raised shear lip around the crater and the 
hinterland deformation which spread over a large area around 
the crater. Subsequent particles removed the raised 
material around the crater along a band of intense shear 
deformation formed beneath the surface near the lip. The 
resultant strain concentration was calculated to be 
associated with the temperature rise due to plastic flow. 
They also found that a velocity-dependent fraction of the 
displaced material was removed, whereas former models of 
material removal assume that all of the material displaced 
is removed as a single event. 

Finnie's theory of ductile erosion indicates that the 
erosion resistance is inversely proportional to the flow 
stress of the material which in turn is directly related to 
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the hardness. The results of Finnie, et al.<?>, for a 
variety of pure metals and some steels, are reproduced as 
Fiqure 5-3. Note that on this log-log plot there are two 
distinct and parallel lines, both having a slope which 
represents a direct proportionality between erosion 
resistance and Vickers hardness. The one line, which the 
authors regard as the "main trend," is established by tin, 
aluminum, silver, copper, tantalum and (with slight 
deviation) by cadmium and nickel. The other line can be 
imagined to pass through or close to the points for bismuth, 
maqnesium, the ferrous materials and molybdenum, and 
represents an erosion resistance about one third that of the 
"main trend," for the same hardness. The authors propose 
explanations for these results in terms of the 
microstructure, work-hardening properties and dynamic 
properties of the various materials, and make comparisons 
with corresponding results from abrasive wear tests. 
Goodwin, et al.<32) and others have also shown that hardness 
in combination with other properties may provide some 
correlation for the erosion resistance of alloys. 

Finnie, et al.<?) also investigated the effect of prior 
work-hardening on the erosion resistance of several pure 
metals and found no effect. Furthermore, the hardening by 
heat treatment of several steels not only showed no 
beneficial effect, but actually reduced the erosion 
resistance slightly. The lack of improved erosion 
resistance through coldworking and heat treatment of alloys 
was also found by Smeltzer, et al.<33) and to a lesser 
extent by Sheldon and Xanhere<z•>. 

Brauer and Xriegel<3•> and Truitt<3s) found a 
correlation between erosion resistance and the melting point 
for pure metals<?>. AscarelliC36) improved the 
correspondence by defining the thermal pressure of pure 
metals, such that 

where 

at is the linear coefficient of expansion, 

TM is the melting temperature, 

(4) 
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FIGURE 5-3 Volume Removed as a Function of Vickers 
Hardness When Annealed Metals Are 
Eroded by 60-Mesh SiC at a • 20° and 
U = 250 fps (76 ms -1). (Data from Ref. 7. 
Reprinted by permission of the American 
Society for Testing and Materials, Copyright.) 

Copyright © National Academy of Sciences. All rights reserved.

Erosion Control in Energy Systems: 
http://www.nap.edu/catalog.php?record_id=21316

http://www.nap.edu/catalog.php?record_id=21316


98 

TR is room temperature, and 

x is the isothermal compressibility. 

By introducinq the concept of thermal ~ressure, Ascarelli 
states that isothermal compressibility is the primary 
parameter characterizing the erosion resistance of both 
brittle and ductile metals. Hutchings<37) found 
(Figure 5-4) that the data of both Finnie, et al.<7> and of 
Tadolder<3e> for pure metals can be correlated with the 
product, Cp(Tm- TR), where cis the specific heat of the 
material at room temperature, and Pt is the density of the 
target material. Hutchinqs stated that the data of Finnie 
et g!.<7> can be fitted to within 25 perc~nt by Ascarelli•s 
thermal pressure, but that comparable agreement is not found 
for Tadolder•s results. The applicability of these 
thermally oriented relations to metallic alloys has not been 
determined. 

B. EROSION PROCESSES IN METALS 

Some information on the erosion of ductile metals has 
been presented in the preceding discussion. A comparison of 
the response of various metals to the separate conditions of 
abrasion and erosion can be made using data on the relative 
wear or erosion resistance of several materials<7,39>. 
Those results are ~lotted as a function of static 
indentation hardness in Figures 5-5 and 5-6. Both figures 
show that there is a linear increase in resistance to 
material removal with increasing hardness. However, 
Figure 5-5 shows that with steel alloys, the efficiency of 
abrasion resistance is reduced when hardness is increased by 
heat treatment and that no improvement is produced by cold 
working. Figure 5-6 shows the same anomalous behavior of 
materials subjected to erosion. That is, materials with the 
same intrinsic hardness do not necessarily exhibit similar 
erosion resistance. It also shows that heat treating steels 
to increase hardness has virtually no influence on erosion 
resistance (even with a fourfold increase in hardness). A 
study of the microstructures in metal alloys resulting from 
various combinations of strain rate and temperature by the 
use of deformation mechanism maps<•o> shows that most metals 
have a capacity to deform by several alternative mechanisms. 
Therefore, depending on the temperature generated by impact 
and the velocity of impact, the plastic response can be much 
different from that of static indentation. More 
importantly, the kind of damage imparted to the near surface 
microstructure by particle impact can be unique under impact 
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Correlation of Erosion Data with Thermal Pressure 
as Defined ln Eq. (4). (Data have been taken from 
Ref. 7 for metals eroded by 60 mesh SiC particles 
at 20• and 139 ms-1. All the metals were in the 
annealed state except cadmium.) 
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conditions, and ultimately will determine the way in which 
surface material is removed. 

several conjectures have been made regarding the basic 
erosion process in metals. Finnie<s,•,•,to> hypothesized 
that angular particles cut into the surface and remove 
material by a micromachining process. Smeltzer, ~ 
!!·<33,•t> claimed to have found support for localized 
melting of the surface: material being removed as a portion 
of the molten material adheres to the rebounding particle. 
Tilly and co-workers<•2,•3> observed that raised lips of 
material surround the cavity formed by the impacting 
particle, especially in the direction of the particle's 
velocity tangent to the surface of the target. The elevated 
material is then removed through collisions with the 
fractured fraqments of the impacting particle which shatters 
upon impact. Hutchings and Winter<2e,29,3tl have also made 
the raised lips surrounding the impact site the basis for 
their mechanism. ~ey assumed that the raised lips are 
removed by shear during subsequent encounters with impacting 
particles. 

Probably the simplest mechanism for the removal of 
material by erosion can be deduced from scanning electron 
microscopy studies of eroded soft materials like aluminum or 
copper. These materials often develop a cratered surface 
with thin lips of material extruded from the edges of the 
craters. These lips are easily knocked off by other impacts 
and material removal proceeds by cratering and loss of 
severely displaced materia1<2•>. The process of almost 
unrestricted plastic flow which characterizes cratering has 
been likened to a phenomenon observed in machining known as 
thermoplastic shear<••>. In this process, plastic flow is 
localized in bands of heavy slip and, as a result of the 
high strain rates associated with erosion, localized heating 
occurs, allowing climb and cross slip of dislocations, 
essentially nullifying the work-hardening process. This 
allows extensive flow on slip bands. Ductile materials 
exhibit a critical strain rate above which thermoplastic 
shear takes place. The critical strain rate is a function 
of thermal conductivity, specific heat and strain-hardening 
properties. Titanium exhibits a remarkable sensitivity to 
this phenomenon<••>. This effect has not been explored nor 
verified as an aspect of erosion, however, it is suspected 
that it would be most evident in cases where particles are 
relatively large and where oxide scale or surface coatings 
do not exert a major influence on surface deformation. 

A more general approach to the erosion of ductile 
materials involves the accumulation of large amounts of 
plastic strain and damage in a thin surface zone. Cratering 
would be a special case involving gross plastic flow in a 
localized region. In fact, the process of strain 
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accumulation and subsurface fracture leading to release of 
debris from the surface has been likened to a fatigue 
process<•s>. The accumulation of strain and the loss of 
ductility of near-surface material is currently under 
investigation to explain the processes of wear and 
machining<•s-•7>. Erosion, being a surface deformation 
process, has a fundamental similarity to wear but may 
exhibit some unique aspects as a consequence of mechanical 
shock and high strain rates. The shock wave associated with 
impact on a surface probably produces fast-moving 
dislocations in the substrate. Transmission electron 
microscope studies of dislocations formed at impact craters 
have been reported<••>. such studies can indicate the 
dislocation processes that · are avoided. For example, point 
defects can form as a result of jogs located on dislocations 
that cannot move conservatively. As the dislocation 
velocity approaches that of sound, vacancy generation 
increases appreciably<••>. Vacancy formation is 
energetically more likely than interstitial formation in 
this situation. It has been observed that high shock 
pressures produce vacancies in profusion<so> and this effect 
can be detected in changes in density of the material 
subjected to shock. The phenomenon of shock hardening can 
be related to vacancy formation. The efficiency of jog 
formation increases with materials having high stacking 
fault energy or materials with multiple slip systems. This 
effect has been observed in molybdenum which satisfies both 
of these requirements<sa>. The accumulative effect, then, 
on a material subjected to multiple impacts by particles 
would be an increase in vacancy concentration in a thin 
surface layer, leading to coalescence of vacancies into 
voids and the formation of subsurface cracks. Propagation 
of the cracks between voids would lead to separation of 
material from the surface. This process would be influenced 
by material properties such as stacking fault energy, slip 
habit, and dynamic-elastic properties (e.g., speed of sound 
in the material, acoustic impedance). Furthermore, complex 
wave interactions resulting from reflections from internal 
defects and multiple wave fronts from simultaneous particle 
impacts could cause localized nonuniform stress 
distributions which could propagate cracks or produce 
cavitation-like effects. Improvement of the erosion models 
by using material properties more related to the basic 
mechanisms involved (i.e., dynamic elastic-plastic 
properties) is needed and should result from further 
research. 

The influences of the target temperature and 
environment appear to have received little attention for 
metals. Smeltzer, ~ ~.<33,•a>, conducted a series of 
tests on type 2024 Al, Ti-6Al-4V, type-410 stainless steel, 
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and type 17-7 PH stainless steel at temperatures of 70, 400 
and 7000F (21, 204, and 3710C). The trend of the data 
showed a significant reduction in the erosion rates compared 
with the room temperature values. In order to assure that 
the erosion was only due to the mechanical interaction of 
the particles with the surface, the test condition was 
repeated without particles in the gas flow. No measurable 
weight gain due to oxidation was found for any target 
material. In general, there was a complex response pattern 
at elevated temperatures with regard to perturbation of the 
room temperature curves of the erosion rate as a function of 
attack angle. 

Tilly and sage<•3> report erosion rates for Ti-6Al~4v, 
11 percent chromium steel, a nickel alloy, an aluminum 
alloy, a beryllium copper alloy, and mild steel exposed to 
60-125~ quartz sand at temperatures up to 11100F (6000C). 
The erosion resistance of the titanium, aluminum, beryllium 
copper, and mild steel alloys all decrease with increasing 
temperature. The erosion resistance of 11 percent chromium 
steel is slightly improved at elevated temperatures; 
however, the nickel alloy displays a significant improvement 
in erosion resistance at temperatures between 9320F (SOOOC) 
and 14720F (8000C). Recently<sz,s3), measurements on 
stainless steels and other Ni- and cr-containing alloys have 
found that erosion rates usually increase with temperature, 
although surface films that form can alter that trend for 
small impacting particles. 

Ascarelli<36) suggested that the temperature dependence 
of erosion results from the competition of two contrasting 
effects: with increasing temperature, the ductility of 
metals increases. This leads to larger deformations (for 
constant impinging particle velocity) and reduces the 
probability of energy localization. However, this is 
contrasted by the reduced energy necessary to get a region 
of the metal to the melting point. In view of the 
difficulty in predicting or describing the ductility of 
metals, it is indeed a difficult problem to make predictions 
for the temperature dependence of erosion for temperatures 
higher than say 0.5 Tm• 

• 

C. EROSION PROCESSES IN CERAMICS 

As noted above, several separate erosion processes 
occur due to the impingement of solid particles including a 
plastic flow process and localized fracture processes. The 
plastic material removal process can occur in ceramics at 
high temperature(s•> and/or with small particles<ss>. This 
process is characterized by a peak in the material removal 
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rate at an anqle of incidence of from 150 to 200, and a 
primary functional dependence on the inverse of the target 
hardness. Material removal by localized fracture is, 
however, a more commonly encountered erosion mechanism in 
ceramics. These processes are characterized by a maximum 
erosion rate at goo incidence, a functional dependence on 
the inverse of the fracture toughness; and, in some 
instances, on the hardness of the target, as seen from 
Equations (2) and (3). 

Erosion by soft or liquid projectiles is less well 
understood. Although the impact damage threshold is known 
to depend on the toughness, longitudinal wave velocity, and 
near-surface flaw size distribution of the target<zz,s•,, 
the quantitative relations between these parameters and the 
damage or erosion have not been elucidated. Further, the 
steady-state erosion may depend on additional parameters 
such as the grain size, porosity, etc. 

In general, it is possible to conclude that a high 
toughness and hardness are desirable properties for erosion 
resistance, with hiqh wave velocities (large modulus or low 
density) and small surface (or near surface) flaw sizes as 
other possible considerations. The optimization of these 
properties should be a useful guide to the selection and 
development of materials for use in erosive environments. 
For rr.ultiphase materials (which typify most refractories), 
or for particles smaller than the microstructural 
dimensions, the properties of the least resistant phase 
(which erodes preferentially and then causes the more 
resistant phase to fall out) are of importance<s•,sT). 

Values of room temperature hardness and toughness of 
several ceramics as reported by A. G. Evans based on work 
for the Office of Naval Research are listed in Table S-1. 
Note, that the macrohardness is used as the important 
deformation parameter (and not the microhardness) and that 
this property exhibits important dependencies on the 
microstructure (e.g. reaction-bonded and hot-pressed silicon 
nitride). Unfortunately, these properties have not been 
measured for most of the materials presently being used in 
energy systems, and little information is available for any 
of the important ceramic materials at elevated temperatures. 

Although there is insufficient information available 
concerning the erosion of ceramics, it is informative to 
discuss certain general trends. The hardness and toughness 
generally decrease as porosity increases, e.g., reaction­
bonded compared with hot pressed silicon nitride (Table 
5-1). Nearly fully dense materials are thus to be 
preferred. This accounts for the relative success of 
fusion-cast alumina. However, high internal stresses are 
present near the grain boundaries in coarse-grained alumina; 
these reduce the effective local toughness and can lead to 
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TABLE 5-1 Erosion-Related Parameters for Ceramic Materials at 
Room Temperature 

Material 

Hot-Pressed 
Si3N4 

Reaction-Bonded 
Si3 N4 

Slntered Al20 3 
(AlSiMag) 

Hot-Pressed 
Al2o3 

Sintered SiC 

Hot-i>ressed SiC 

Sintered BC 

Sintered WC/Co 

Fracture 
Toughne~s K c 
(MPa)mt 

5 

2.2 

4.1 

3.5 

3.0 

3.9 

5.9 

13.2 

Macro­
hardness H 

(GPa) 

16 

3.3 

12 

19 

23 

21 

41 

13 
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premature material removal. In noncubic materials (e.g. 
alumina, silicon nitride) the grain size is also important; 
for example, the maximum toughness occurs at intermediate 
grain size (20-40~ in alumina). There may be a major 
incentive for grain size refinement, especially in the fully 
dense materials, provided that the grain boundary phases 
which induce high temperature deformability and toughness 
degradation can be averted. The ideal material for high 
erosion resistance would thus be a fully dense, fine 
grained, single phase material with the appropriate grain 
morphology (e.g. elongated qrains) i hence, the excellent 
erosion resistance of the hot•pressed alumina, sapphire, and 
hot-pressed Si 3 N4 • Fabrication problems are a major 
constraint on the development of some ideal materials, 
except for the more sophisticated high•cost components that 
can be fabricated by hot pressing or sintering. It may be 
necessary to settle on compromise materials that have the 
optimum microstructure consistent with the specified 
fabrication procedure and to allow for the erosion of these 
materials in the system design. 

Turning to the effects of environments, there is, as 
yet, no significant understanding of erosion/corrosion 
interaction effects in ceramics. The preliminary 
information needed to address this problem includes the 
phase relations between the constituents of the material, 
microstructure, and the corrosion products, and the 
thernodynamic relation between the material constituents and 
the corrosive species. Only a fraction of the information 
required is available, mostly for the oxide systems. This 
paucity of the knowledge of the basic chemistry of the 
systems will impede the rational selection of pertinent 
erosion/corrosion resistant materials. 

Aqain, however, certain underlying principles for 
materials selection are apparent, and these should quide the 
initial materials development studies. Chemical reactions 
occur rapidly in the presence of liquid phases and, hence, 
systems with low eutectic temperatures should be 
avoided<se>. Low temperature eutectics are frequently 
encountered when a significant proportion of silica that 
forms silicate is present. The silica content of the 
material should be carefully controlled and, where possible, 
eliminated, However, not all silicates develop unacceptably 
low eutectics and good properties might be obtained in 
certain compatibility triangles between 
Si02 - M10 - M2 (Si02 ), where M1 and M2 are two different 
metal constituents. Silica can also lead to protlems in 
low-oxygen partial pressure environments, where volatile 
silicon monoxide forms and causes the silicate to 
disassociate rapidly. 
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An erosion/corrosion interaction phenomenon that has 
recently been encountered, principally in nonoxide 
materials, is the adherence of particulates to a viscous 
oxide surface layer that forms in many high~temperature 
environments. This prevents erosion but particulate 
agglomeration eventually leads to clogging of the gas ducts. 
Therefore, it is not yet apparent whether this type of 
interaction could be used to advantage or whether it is 
another detriment. 

D. SUMMARY OF GENERAL OBSERVATIONS 

Erosion studies in metal systems have produced a 
substantial amount of data involving exposures at normal 
ambient temperatures. However, relatively little 
experimental work has been reported involving elevated 
temperatures and reactive environments. With regard to coal 
conversion applications, the environmental effects such as 
slag deposition and slag corrosion may even dominate the 
particulate erosion process. Clearly more basic information 
is needed involving elevated temperature effects and 
environment effects under simple, controlled conditions. In 
addition, realistic exposure studies of materials in an 
appropriate testing program should be undertaken. 

Development of erosion models and identification of the 
mechanisms of material removal have had limited success so 
far in terms of adequately explaining dependencies of such 
parameters as particle size and velocity. Less adequate is 
the understanding of the importance of material parameters. 
More information obtained from fundamental erosion studies 
should contribute to more detailed knowledge of the 
significance of material properties in erosion. This would 
lead to the ability to model and predict at least relative 
erosion rates of materials and such effects as the 
incubation period. Quantitative prediction of erosion rates 
from basic material properties could require a much greater 
understanding than is expected for some years. However, a 
sufficient understanding of the basic erosion process could 
develop soon and be effective in terms of materials design 
and improvement for greater erosion resistance. 

several regimes of erosion have been identified in 
ceramic systems, but the mechanics of material removal have 
only been sufficiently defined in one impact regime to 
enable a meaningful initial relationship to be developed 
between erosion and the primary target and projectile 
variables. Equivalent studies in the other principal 
erosion regimes are urged. One material parameter that 
pertains in all fracture-controlled erosion regimes is the 
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fracture toughness of the near surface. An approach for 
enhancing erosion resistance in these regimes is to design a 
microstructure which maximizes the near•surface toughness, 
for example though grain size refinement and grain 
morphology modification (multiphase microstructures are not 
normally effective because the lower toughness constituent 
can be preferentially eroded). 

Erosion/corrosion effects have not been systematically 
studied in ceramic systems and, hence, quantitative 
guidelines for microstructural design are not available. 
There is an urgent need to initiate studies of 
erosion/corrosion phenomena along the lines discussed in 
Chapter 7. However, one preliminary guideline that can be 
deduced from available information is the need to avoid 
systems that produce low melting point eutectics in the 
presence of the operating environment. 
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Chapter 6 

CORROSION 

A large portion of the environments to be encountered 
in energy systems will involve both erosion and corrosion 
effects. However, relatively little information can be 
found in the literature pertaining to coupled 
erosion/corrosion interactions. A general methodology for 
investigating erocionlcorrosion interactions is outlined in 
Chapter 7. For completeness, a review of corrosion is 
provided in this chapter for the interested reader and as a 
reference for future work on combined erosion/corrosion 
phenomena. Due to the sparsity of understanding pertaining 
to the combined effects, the relevant aspects of the coupled 
process as they are known at the present time are summarized 
in Chapter 7. The remainder of the report can be read 
without the general corrosion background provided in this 
chapter. 

Corrosion is the change in materials that takes place 
as a result of chemical reaction with their environment. In 
many instances these changes are such that materials are 
eventually deteriorated and destroyed. The conditions that 
cause corrosion of materials are numerous. The three 
dominant parameters are temperature, the environment and the 
material. Depending on the material, corrosion can occur at 
all temperatures and practically all environments are 
corrosive to some degree. Even though the consideration of 
corrosion generally involves an unlimited number of 
processes and reactions, the conditions which must prevail 
in order to obtain corrosion resistance are comparatively 
few. In particular, it is necessary to have conditions such 
that chemical reaction between the material and the 
environment does not take place, or reaction does occur but · 
the product of this reaction inhibits all subsequent 
reaction. 

In order to discuss corrosion it is necessary to make 
some classifications. corrosion has been classified in many 
different ways.<t> one methOd divides corrosion into low­
and high-temperature corrosion. The preferred 
classification has been wet and dry corrosion, where wet 
corrosion occurs when a liquid is present. Historically, 
wet corrosion has usually involved aqueous solutions or 
electrolytes and dry corrosion vapors and gases. 
Consequently, dry corrosion has been most often associated 
with high temperature. In recent years, however, high 
temperature corrosion involving layers of liquids on the 
surfaces of materials has become a significant means of 
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materials degradation. The presence of the liquid layer . 
produces some effects similar to those of wet corrosion. 
However, transport of the gaseous reactants through the 
liquid also occurs and processes similar to those observed 
in dry corrosion are common. In fact such corrosion 
consists of processes common to both wet and dry corrosion. 
In this chapter, corrosion will be discussed by considering 
first wet and then dry corrosion. The case of corrosion 
involving layers of liquids on materials will be treated in 
the dry corrosion section. Finally, within each of these 
two sections it is necessary to make divisions according to 
different types of materials. Metallic systems will receive 
the major emphasis. ceramics will be the only other type of 
material given any consideration; however, the 
environmentally induced deterioration of other nonmetallic& 
such as carbon, glass, plastics, rubber and synthetic 
elastomers may be of importance in some systems. 

A. WET CORROSION* 

In discussing wet corrosion it is useful to first 
consider aqueous corrosion and then examine other types of 
corrosion involving liquids. 

1. Agueous Corrosion 

In all corrosion processes, oxidation and reduction 
reactions take place. In fact, if there is nothing in the 
environment that can be reduced, then oxidation of metals 
and alloys will not take place. When metals are exposed to 
gases at low temperatures a very thin film of reaction 
product is formed on the metallic surfaces and the corrosion 
reaction becomes negligible before the film even becomes 
visible. In the presence of an aqueous salt solution, 
however, the oxidation of the metal and reduction of a 
species in solution occur at different areas on the metallic 
surface with consequent electron transfer through the metal 
or alloy from the anode to the cathode. The stable phases 
formed at the alloy/solution interface may be transported 
away from the interface by processes such as migration, 
diffusion, convection, and agitation. Under these 
circumstances the reactants will not be separated by a 
reaction-product barrier and the corrosion rate will tend to 
be linear. SUbsequent reaction with the solution may result 
in the formation of a stable solid phase, but since this is 

* Some of the-material contained in this section was adapted 
from Corrosion Engineering<&). 

Copyright © National Academy of Sciences. All rights reserved.

Erosion Control in Energy Systems: 
http://www.nap.edu/catalog.php?record_id=21316

http://www.nap.edu/catalog.php?record_id=21316


117 

usually formed away from the alloy/solution interface, it 
will not afford protection. Such conditions give rise to 
active corrosion. 

A metal surface is said to be passive wben (although it 
is exposed to an electrolyte solution under conditions such 
that reaction of the metal with the solution should occur 
with decrease of the free energy of the system) it remains 
visibly unchanged for an indefinite period. Faraday 
suggested that passivation is caused by an invisible oxide 
fi1m on the metal surface, or by an oxidized state of the 
surface, that prevents contact between the metal and the 
solution. The oxide-film theory in its modern form, due 
largely to Evans<z>, has been challenged by proponents of 
theories of change of the metallic surface involving, not 
film formation, but allotropic modification, electronic 
modification, or adsorption of ions or molecules. However, 
it has been supported and extended, with modifications of 
detail, by great weight of the experimental evidence 
accumulated since it was proposed. 

The question as to whether active corrosion or 
passivity will develop depends on which one of two possible 
reactions will prevail; namely, whether metallic ions will 
move into the solution giving a soluble salt or some non­
protective product, or whether some type of barrier­
formation, leading to passivity, will predominate. Most 
metals will suffer active corrosion, yielding soluble salts, 
in slightly acid solutions, but will become passive in 
mildly alkaline solutions. Passivity may also occur in 
neutral solutions but the consumption of oa- ions renders 
the liquid acid and conditions can become favorable for 
active corrosion. 

Pourbaix<3> and his co-workers have considered all the 
possible equilibria between metal and cations, and anions 
and solid oxides (or hydroxides) of the metal for a given 
M/H2 0 system and have consolidated these data into 
potential/pH diagrams such as that presented in Figure 6-1. 

In these diagrams active corrosion has been defined as 
an equilibirum activity of metals ions in excess of 10-• 
gram ion/liter. On this basis, the diagrams can be 
subdivided into zones of active corrosion, passivity and 
immunity. It should be noted that the passivation area 
represents a type of protection entirely different from that 
met within the immunity area of the diagrams. Within the 
latter area of the diagram, corrosion will be impossible for 
reasons of energy whereas in the passivation area corrosion 
is obstructed for reasons of geometry. In the immunity 
area, corrosion cannot occur whereas in the passivation area 
it can occur but it does not occur to any extent because of 
the barrier that is developed. The diagrams are developed 
considering equilibria between the metal, ions of the metal, 
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FIGURE 6-1 (a) Simplified Potential/pH Diagram for the Fe/H2o 
System Showing the Zones of Thermodynamic 
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and solid oxides or hydroxides for systems in which the 
reactants are the metal and water or hydroxyl ions. In real 
solutions a change of pH can be effected only by additions 
of acid or alkali, and in the case of the former the effect 
of the addition of an anion may be very significant owing to 
the formation of metal complexes. Anions like chloride, 
cyanide, citrate, tartrate, which tend to form soluble 
complexes may thus extend the zone of corrosion; on the 
other hand, phosphates, carbonates, silicates, etc., which 
tend to form insoluble basic compounds, may increase the 
extent of the zone of passivity. Provided the thermodynamic 
data are available, diagrams similar to the M/H2 0 systems 
can be evolved for M/H2o-x systems. 

It is convenient to classify wet corrosion by the forms 
in which it manifests itself, the basis for this 
classification being the appearance of the corroded metal. 
There are eight · forms of aqueous corrosion. Some of these 
forms are interrelated as ~11 become apparent in the 
following discussion. 

a. Yniform Attack. Uniform attack is the most 
common form of corrosion. It is normally characterized by a 
chemical or electrochemical reaction which proceeds 
uniformly over the entire exposed surface or over a large 
area. The metal becomes thinner and eventually fails. For 
example, a piece of steel or zinc immersed in dilute 
sulfuric acid will normally dissolve at a uniform rate over 
its entire surface. 

b. Galvanic or Tyo-Metal corrosion. A potential 
difference usually exists between two dissimilar metals when 
they are immersed in a corrosive or conductive solution. If 
these metals are placed in contact (or otherwise 
electrically connected), this potential difference produces 
electron flow between them. Corrosion of the less 
corrosion-resistant metal is usually increased and attack of 
the more resistant material is decreased, as compared with 
the behavior of these metals when they are not in contact. 
The less resistant metal becomes anodic and the more 
resistant metal cathodic. Usually the cathode or cathodic 
metal corrodes very little or not at all in this type of 
couple. Because of the electric currents and dissimilar 
metals involved, this form of corrosion is called galvanic, 
or two-metal corrosion. 

c. £revice Corrosion. Intense localized 
corrosion frequently occurs within crevices and other 
shielded areas on metal surf~ces exposed to corrosives. 
This type of attack is usually associated with small volumes 
of stagnant solution caused by holes, gasket surfaces, lap 
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joints, surface deposits, and crevices under bolt and rivet 
heads. As a result, this form of corrosion is called 
crevice corrosion or, sometimes, deposit or qasket 
corrosion. Until recently, it was believed that crevice 
corrosion resulted simply from differences in metal ion or 
oxygen concentration between the crevice and its 
surroundings. Consequently, the term concentration cell 
corrosion has been used to describe this form of attack. 
More recent studiesC•) have shown that although metal-ion 
and oxygen-concentration differences do exist durinq crevice 
corrosion, these are not its basic causes. oxygen depletion 
in the crevice tends to cause an excess of positive charge 
in the solution since oxygen is not available for reaction. 
This excess of positive charge is balanced by the migration 
of anions, for example chloride ions, into the crevice. 
Except for alkali metals, metal salts hydrolize in water and 
consequently hydrogen ions are also produced in the crevice. 
For reasons which are not yet understood, both chloride and 
hydrogen ions accelerate the dissolution rates of most 
metals and alloys. Consequently, the dissolution rate of 
the metal or alloy is increased and this increase in 
dissolution causes increased migration of anions into the 
crevice as well as the production of hydrogen ions in the 
crevice. Therefore, the result is a rapidly accelerating or 
autocatalytic process. 

d. Pitting. Pitting is a form of extremely 
localized attack that results in holes in the metal. These 
holes may be small or large in diameter, but in most cases 
they are relatively small. Pits are sometimes isolated or 
so close together that they look li~e a rough surface. 
Generally a pit may be described as a cavity or hole with 
the surface diameter about the sarne as or less than the 
depth. Pitting is one of the most destructive and insidious 
forms of corrosion. It causes equipment to fail because of 
perforation with only a small percent weight loss of the 
entire structure. It is often difficult to detect pits 
because of their small size and because the pits are often 
covered with corrosion products. The mechanism of pit 
growth is virtually identical to that of crevice corrosion. 
However, in the case of pitting, it is necessary to account 
for th~ initiation of pitting, whereas in crevice corrosion 
the reason for changes in solution composition is caused by 
the crevice itself. At present the cause of pit initiation 
has been proposed to be momentarily high metal dissolution 
in localized areas which allows anions (e.g. chloride ions) 
to migrate to these areas which stimulates metal dissolution 
and consequently a pit is developed. 
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e. Intergrapular corrosion. Under certain 
conditions, qrain interfaces in alloys are very reactive and 
intergranular corrosion results. Localized attack at, and 
adjacent to, grain boundaries, with relatively little 
corrosion of the grains, is intergranular corrosion. The 
alloy disinteqrates (grains fall out) and/or loses its 
strength. Intergranular corrosion can be caused by 
impurities at the grain boundaries, enrichment of one of the 
alloying elements, or depletion of one of these elements in 
the grain-boundary areas. Small amounts of iron in 
aluminum, wherein the solubility of iron is low, have been 
shown to segregate in the grain boundaries and cause 
intergranular corrosion. It has been shown that based on 
surface-tension considerations, the zinc content of a brass 
is higher at the grain boundaries. Depletion of chromium in 
the grain-boundary regions results in intergranular 
corrosion of stainless steels. 

f. ~elective Leaching. selective leaching is 
the removal of one element from a solid alloy ty corrosion 
processes. The most common example is the selective removal 
of zinc in brass alloys (dezincification). Similar 
processes occur in other alloy systems in which aluminum, 
iron, cobalt, chromium, and other elements are removed. 
selective leaching is the general term to describe these 
processes, and its use precludes the creation of terms such 
as dealuminumification, decobaltification, etc. Parting is 
a metallurgical term that is sometimes applied, but 
selective leaching is preferred. 

g. Erosion/Corrosion. Erosion/corrosion is the 
acceleration or increase in rate of deterioration or attack 
on a metal because of relative movement between a corrosive 
fluid and the metal surface. Generally, this movement is 
quite rapid, and mechanical wear effects or abrasion are 
involved. Metal is removed from the surface as dissolved 
ions, or it forms solid corrosion products which are 
mechanically swept from the metal surface. sometimes 
movement of the environment decreases corrosion, 
particularly when localized attack occurs under stagnant 
conditions, but this is not erosion/corrosion because 
deterioration is not increased. Erosion/corrosion is 
characterized by the appearance of grooves, gullies, waves, 
rounded holes, and valleys and usually exhibits a 
directional pattern. Figure 6-2 is a sketch representing 
erosion/corrosion of a heat~exchanger tube handling water. 
In many cases, failures because of erosion/corrosion occur 
in a relatively short time, and they are unexpected largely 
because evaluation corrosion tests were run under static 
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.. Water flow 

Schematic Illustrating Erosion/Corrosion of 
Condenser Tube Wall. (Data from Ref. 1. 
Copyright 1967 by McGraw-Hill, Inc. 
Used with permission of McGraw-Hill 
Book Company. ) 
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conditions or because the erosion effects were not 
considered. 

h. Stress Corrosion. Stress-corrosion cracking 
refers to cracking caused by the simultaneous presence of 
tensile stress and a specific corrosive medium. Many 
investigators have classified all cracking failures occuring 
in corrosive mediums as stress-corrosion cracking, including 
failures due to hydrogen embrittlement. However, these two 
types of cracking failures respond differently to 
environmental variables. To illustrate, cathodic protection 
is an effective method for preventing stress-corrosion 
cracking whereas it rapidly accelerates hydrogen­
embrittlement effects. Hence, the importance of considering 
stress-corrosion cracking and hydrogen embrittlement as 
separate phenomena is obvious. For this reason, the two 
cracking phenomena are discussed separately in this chapter. 

During stress-corrosion cracking, the metal or 
alloy is virtually unattacked over most of its surface, 
while fine cracks progress through it. This cracking 
phenomenon has serious consequences since it can occur at 
stresses within the range of typical design stress. The 
stresses required for stress-corrosion cracking are compared 
with the total range of strength capabilities for type 304 
stainless steel as shown in Figure 6-3. Exposure to boiling 
MgC1 2 at 3100F (1540C) is shown to reduce the strength 
capability to approximately that available at 12000F(6500C). 

The two classic cases of stress-corrosion cracking 
are "season cracking" of brass, and the "caustic 
embrittlement" of steel. Both of these obsolete terms 
describe the environmental conditions present which led to 
stress-corrosion cracking. Season cracking refers to the 
stress-corrosion cracking failure of brass cartridge cases. 
During periods of heavy rainfall, especially in the tropics, 
cracks were observed in the brass cartridge cases at the 
point where the case was crimped to the bullet. It was 
later found that the important environmental component in 
season cracking was ammonia resulting from the decomposition 
of organic matter. 

Many explosions of riveted boilers occurred in 
early steam-driven locomotives. Examination of these 
failures showed cracks or brittle failures at the rivet 
holes. These areas were cold-worked during riveting 
operations, and analysis of the whitish deposits found in 
these areas showed caustic, or sodium hydroxide, to be the 
major component. Hence, brittle fracture in the presence of 
caustic resulted in the term caustic embrittlement. While 
stress alone will react in ways well known in mechanical 
metallurgy (i.e., creep, fatigue, tensile failure) and 
corrosion alone will react to produce characteristic 
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dissolution reactions, the simultaneous action of both 
sometimes produces disastrous results. 

Not all metal•environment combinations are 
susceptible to cracking. A good example is the comparison 
between brasses and austenitic stainless steels. stainless 
steels crack in chloride environments but not in ammonia­
containing environments, whereas brasses crack in ammonia­
containing environments but not in chlorides. Further, the 
number of different environments in which a given alloy will 
crack is generally small. For example, stainless steels do 
not crack in sulfuric acid, nitric acid, acetic acid, or 
pure water, but they do crack in chloride and caustics. The 
important variables affecting stress-corrosion cracking are 
temperature, solution composition, metal composition, 
stress, and metal structure. 

Although stress corrosion represents one of the 
most important corrosion problems, the mechanism involved is 
not well understood. This is one of the big unsolved 
questions in corrosion research. The main reason for this 
situation is the complex interplay of metal, interface, and 
environment properties. Further, it is unlikely that a 
specific mechanism will be found that applies to all metal­
environment systems. The most reliable and useful 
information has been obtained from empirical experiments. 
Corrosion plays an important part in the initiation of 
cracks. A pit, trench, or other discontinuity on the 
surface of the metal acts as a stress raiser. stress 
concentration at the tip of the "notch" increases 
tremendously as the radius of notch decreases. stress­
corrosion cracks are often observed to start at the base of 
a pit. The role of tensile stress has been shown to be 
important in rupturing protective films during both 
initiation and propagation of cracks. 

i. ft!drggen oamaq~. Hydrogen damage, although 
not a form of corrosion, often occurs indirectly as a result 
of corrosion attack. Therefore, hydrogen damage is not one 
of the eight forms of aqueous corrosion but it must be 
considered when discussing the deleterious effects of 
aqueous solutions on metals. 

Hydrogen damage is a general term which refers to 
mechanical damage of a metal caused by the presence of, or 
interaction with, hydrogen. Hydrogen damage may be 
classified into four distinct types: 

• hydrogen blistering 

• hydrogen embrittlement 
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• decarburization 

• hydrogen attack 

Hydrogen blistering results from the penetration 
of hydrogen into a metal. The result is local deformation 
and, in extreme cases, complete destruction of the vessel 
wall. Hydrogen embrittlement also is caused by penetration 
of hydrogen into a metal, which results in a loss of 
ductility and tensile strength. Decarburization, or the 
removal of carbon from steel, is often produced by moist 
hydrogen at high temperatures. Decarburization lowers the 
tensile strength of steel. Hydrogen attack refers to the 
interaction between hydrogen and a component of an alloy at 
high temperatures. A typical example of hydrogen attack is 
the disintegration of oxygen-containing copper in the 
presence of hydrogen. Decarburization and hydrogen attack 
are high-temperature processes. Hydrogen blistering and 
hydrogen embrittlement may occur during exposure to 
petroleum, in chemical process streams, during pickling and 
welding operations, or as a result of corrosion. Since both 
of these effects produce mechanical damage, catastrophic 
failure may result if they are not prevented. 

2. ~gid Corrosion 

Most of the severe corrosion problems encountered 
involve the mineral acids or their derivatives. Sulfuric, 
nitric and hydrochloric acids are the three most important 
inorganic acids. In acidic corrosion, the cathodic reaction 
is frequently the reduction of hydrogen ions. In all cases 
hydrogen may not be evolved since it may react to form 
another compound. For example, when magnesium is attacked 
by HCl, hydrogen is evolved; but when it is attacked by 
nitric acid, ammonium nitrate is formed. 

The choice of metals and alloys for nitric acid 
services is quite limited as far as variety is concerned. 
For plant applications, the choice is usually between only 
two general classes of materials -- the stainless steels and 
the high-silicon iron alloys. The choice is further limited 
because a minimum chromium content is required in the 
stainless materials, and the high-silicon alloys are 
available only in cast form. The beneficial influence of 
chromium on the resistance of low carbon steel to boiling 
65 percent nitric acid is evident in data presented in 
Table 6-1. 

Hydrochloric acid is the most difficult of the common 
acids to handle from the standpoints of corrosion and 
materials of construction. Extreme care is required in the 
selection of materials to handle the acid by itself, even in 
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TABLE 6-1 Influence of Chromium on Resistance of Low-Carbon Steel to 
Boiling 65 Percent Nitric Acid 

Percent 
Cr Average Corrosion Rate, mils per year 

4.5 155,000 

8.0 1,700 

12. 0 120 

18.0 30 

25.0 8 

NOTE: Data from Ref. 1. Copyright 1967 by McGraw-Hill, Inc. Used 
with permission of McGraw-Hill Book Company. 
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relatively dilute concentration, or in process solutions 
containing appreciable amounts of hydrochloric acid. This 
acid is very corrosive to most of the common metals and 
alloys. 

When aeration or oxidizing agents are also present, 
corrosive conditions may be very rugged. Many unexpected 
failures in service are explained by the presence of 
ostensibly minor impurities. The commercial or muriatic 
acid often behaves very differently from the chemically pure 
or reagent grade hydrochloric acid as far as corrosion is 
concerned. 

Hydrofluoric acid is unique in its corrosion tehavior. 
High-silicon cast irons, stoneware, and glass are qenerally 
resistant to most acids, but all of these materials are 
readily attacked by hydrofluoric acid. Magnesium shows 
rather poor corrosion resistance to many acids, cut this 
metal resists attack by hydrofluoric acid; in fact, some 
shipping containers for this acid are made of magnesium. 
Below 1 percent concentration some attack occurs, but in 
concentrations of 5 percent and over the magnesium is 
practically immune to corrosion because of the formation of 
a surface fluoride film, and corrosion of the metal is 
retarded. This same surface effect also applies to other 
metals and alloys which resist corrosion by hydrofluoric 
acid. 

Corrosion by phosphoric acid depends somewhat on the 
methods of manufacture and the impurities present in the 
commercial finished product. Fluorides, chlorides, and 
sulfuric acids are the main impurities present in the 
manufacturing processes and in some marketed acids. For 
example, the high-silicon irons, the austenitic stainless 
steels without molybdenum (added for pitting resistance), 
ceramics, and tantalum are appreciably affected cy the 
presence of hydrofluoric acid. ~wo of the most widely used 
alloys are type 316 stainless steel and ourimet 20® (and 
similar alloys). These alloys show very little attack in 
concentrations up to 85 percent and temperatures including 
boiling. 

Acetic acid is the most important organic acid from the 
standpoint of quantity produced. Many other organic acids 
show similar corrosion behavior and, in the absence of data, 
one must assume that they all behave alike. Types 316 and 
304 stainless steels~ copper a~d bronzes, 1100®and 3003 
aluminum, Durimet 20 , ouriron , and Hastelloy alloy c are 
widely utilized for handling acetic acid. Type 316 ss is 
preferred for the more severe conditions involving glacial 
(981+) acid at elevated temperatures. Aluminum, copper, and 
type 304 are good for room-temperature glacial acid and for 
more dilute acid. Copper was the early work horse for 
acetic acid, but has lost much ground to the stainless 
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steels, partly because of the reduced cost differential 
between these materials. Durimet 20 is used for pumps and 
ouriron for ~ps, lines, and columns. Hastelloy alloy c 
and Chlorimet alloy 3 are used for the most severe 
conditions. 

Organic acids are "weaker" than the inorganic acids 
because they are only slightly ionized. Formic acid is one 
of the strongest organics and is the most corrosive. 
Aluminum is not suitable for formic acid. Maleic and lactic 
acids are more aggressive than acetic with regard to 
intergranular attack on stainless steels. The fatty acids, 
e.g., stearic, are less corrosive, but 316 is required at 
high temperatures. Naphthenic acid presents a corrosion 
problem in petroleum refining mainly because of the high 
temperatures involved. Citric and tartric acid are found in 
food products. Table 6-2 lists data on corrosion of metals 
by organic acids. 

The common alkalies such as caustic soda (NaOH) and 
caustic potash (ROB) are not particularly corrosive and can 
be handled in steel in most applications where contamination 
is not a problem. However, one must guard against stress 
corrosion in certain concentrations and temperatures. 
Rubber-base and other coatings and linings are applied to 
steel equipment to prevent iron contamination. Nickel and 
nickel alloys are extensively used for combating corrosion 
by caustic. 

3. Liquid Metal corrosion 

The corrosion of metals and alloys by liquid metals 
generally follows the pattern of the formation of metallic 
alloys, i.e. solution and intermetallic compound formation. 
Although electro.n transfer may be involved, the oxidation 
and reduction processes which characterize corrosion by 
ionic solutions are absent except in a few special cases. 
The nature of liquid-metal corrosion varies depending on 
whether the fluid is static or is moving relative to its 
container, on whether the temperature is constant or varying 
throughout the system, and on whether the container is a 
single metal or a composite of two or more metals. As in 
other corrosion processes, the presence of impurities in the 
fluid may also be of importance. All the processes, 
however, involve solution as a first step. 

No adequate theory is yet available to explain the 
variation in the solubilities of metals in molten metals. 
It has been observed<•) that plotting the solubilities of 
metals in a number of solvent metals showed a periodic 
variation with the solute and not the solvent, i.e. a given 
metal such as manganese showed a consistently high 
solubility in molten magnesium, tin, bismuth, and copper, 
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TABLE 6-2 Corrosion by Organic Acids 

NOTE : 

T,,,. u 
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Acetic '" n • • 0 • • • 
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Data from Ref. 1. Copyright 1967 by McGraw-Hill, Inc. Used 
with permission of McGraw-Hill Book Company and Shell Development 
Co. 
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compared with iron or chromium. This variation has been 
correlated with the solute lattice energy and hence with the 
latent heat of fusion. This correlation is useful in making 
qualitative predictions. 

In the more practical sense, solution may be uniform or 
localized. Preferential solution can take two forms: 

(i) leaching: one component of an alloy is 
preferentially dissolved, an example being 
nickel which is leached from stainless steels 
by molten lithium and by bismuth, sometimes 
to such an extent that voids are left in the 
steel. 

(ii) intergranular attack: the liquid penetrates 
along the qrain boundaries, owing either to 
the accumulation of soluble impurities in the 
boundaries or to the development at the 
junction of a grain boundary with the metal 
surface of a low dihedral angle to satisfy 
surface-energy relationships. When this 
process is accompanied by stress, 
catastrophic failure can occur, a classical 
example being the action of mercury on trass. 

The solubility of metals, s, in molten metals generally 
varies with temperature according to the relationship log 
s = A - (B/T) where A and B are constants for a given 
system. Therefore, it is possible for more material to 
dissolve from a container at its highest-temperature end 
than at the low-temperature end, and, if the melt flows 
round the container by natural or forced convection, the 
liquid arriving at the cold region will be supersaturated 
and will precipitate solute until equilibrium is attained. 
If it is then recycled to the hot end, it dissolves more 
metal until saturated and then returns to the cold end to 
precipitate this excess. This process is termed "thermal 
gradient mass transfer." 

In a container or a "loop" in which a molten metal is 
flowing but where there is not necessarily a temperature 
gradient, a type of corrosion can occur by transfer of 
material along an activity gradient. It is convenient to 
discuss this phenomenon by considering metal and nonmetal 
transfer. 

a. Metal Transfer. When two different metals 
are separated by a third, liquid, metal and one or both 
solid metals dissolve in the liquid, an alloying action may 
be observed. The liquid metal itself may form an 
intermetallic compound on the surface of one or both of the 
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solid metals, in which case a diffusion barrier will build 
up and the reaction will qradually slow down. If, however, 
this does not occur, an alloy of the two solid metals will 
be formed either in the melt or on the surface of one of the 
solids. The most common effect is the formation of a layer 
at the surface of the less soluble of the two solid metals, 
this layer beinq made up of all or some of the compounds 
which are formed between the two solids. The rate­
controlling step is the diffusion of the less soluble metal 
throuqh this surface layer to react with the other species 
of solute atom. 

b. Ngnmetal Transf~. The elements of primary 
importance in this context are oxygen, nitrogen, carbon, and 
hydrogen. They play a predominant role in the technology of 
the liquid alkali metals. Their origin is not, in general, 
a massive constituent but rather leakages in the circuit or 
impurities remaining after construction. These nonmetallic 
contaminants can produce corrosion effects similar to those 
observed in gaseous corrosion. The transfer of a nonmetal, 
X, dissolved in a molten metal, M', to another metal, M", 
will depend on the relative free energies of formation of 
M'X and M"X. Thus, sodium will give up oxygen to zr, Nb, 
~i, and U, as the free energy of oxide formation of these 
metals is greater than that for sodium; on the other hand, 
sodium will remove oxygen from Fe, Mo and Cu. 

There are two cases in which a metal can be attacked by 
a salt melt: if it is soluble in the melt, or if it is 
oxidized to metal ions. In the first case, attack occurs by 
direct dissolution without oxidation of the metal and the 
mechanism is li~ely to be closely similar to attack by 
liquid metals. If the solubility is appreciable, excessive 
corrosion can be expected, but with few exceptions metals 
appear to be appreciably soluble only in their own salts. 
The main exceptions are certain noble metals, such as gold, 
for which there is evidence of some metal solubility in 
molten alkali chlorides. Most of the metals of the first 
and second qroups of the periodic table are soluble in their 
own halides, and in certain cases there is complete 
miscibility at high temperatures. 

Electrochemically, the system metal/molten salt is 
somewhat similar to the system metal/aqueous solution, 
although there are important differences, arising largely 
from differences in temperature and in electrical 
conductivity. Most fused salts are predominantly ionic, but 
contain a proportion of molecular constituents, while pure 
water is predominantly molecular, containing very low 
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activities of hydrogen and hydroxyl ions. Since the aqueous 
system has been extensively studied, it may be instructive 
to point out some analogues in fused-salt systems. 

Setting aside for the moment effects due to passivity, 
a metal can be oxidized (corroded) only if it is in contact 
with something it can reduce. In an aqueous electrolyte, 
either hydrogen ions are displaced to form hydrogen gas, or 
some other solute (often dissolved oxygen) is reduced; in a 
salt melt, either one of the metal cations (corresponding to 
hydrogen ions in the aqueous solution) is displaced to 
produce metal, or some molecular species (such as dissolved 
chlorine or oxygen) or an ion (such as nitrate or ferric 
ion) is reduced. In aqueous electrolytes, therefore, metals 
which are too noble to displace hydrogen corrode only if 
dissolved oxygen or some other reducible substance is 
present, and when the reducible material has been used up, 
corrosion ceases; the metal has become "immune," i.e. has 
reached electrochemical equilibrium with its environment. 
The position is similar in fused salt corrosion, and the 
relative nobilities of the salt melt and the metal are 
important. A noble metal in contact with a pure melt of a 
base-metal cation can react only to a very limited extent 
(provided the anion is not reducible); for example, nickel 
cannot displace sodium from a sodium chloride melt to any 
appreciable extent and hence nickel will not corrode in 
molten sodium chloride unless some other reducible impurity 
is present. 

In practice, the conditions under which metals are 
exposed to fused salts will be of three types: 

• conditions under which equilibrium tetween 
metal and salt melt can be reached and 
maintained; 

• conditions under which equilibrium cannot be 
reached; and 

• conditions under which passivity is possible. 

In metal/melt systems, just as in aqueous systems, one 
possible way of ensuring adequate corrosion resistance is to 
choose conditions such that the metal is passive, which 
requires that it should become covered with an adherent, 
compact, insoluble film or deposit, preventing direct 
contact of the metal with its environment. Any melt which 
reacts with a metal to give a corrosion product insoluble in 
the melt is, in principle, capable of passivating the metal 
-- for example, passivity can be expected to occur in 
oxidizing salts in which metal oxides are sparingly soluble. 
Thus, iron is highly resistant to alkali nitrate melts 
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because it becomes passive, and passivity has also been 
observed by electrode potential measurements of an iron 
electrode in chloride melts containing nitrates, although in 
this case the oxide corrosion product is not particularly 
protective. 

In cases where passivity is impossible, corrosion can 
be prevented if the metal can reach equilibrium with the 
melt. ~he system usually undergoes some corrosion 
initially, when traces of oxidizing impurities a~e reduced 
and the redox potential of the melt falls. Finally, after a 
certain amount of corrosion has occurred, the metal becomes 
immune and corrosion ceases. 

Under certain conditions, it will be impossible for the 
metal and the melt to come to equilibrium and continuous 
corrosion will occur, this is often the case in practice 
when metals are in contact with molten salts. Rates of 
corrosion under conditions where equilibrium cannot be 
reached are controlled by diffusion and interphase mass 
transfer of oxidizing species and/or corrosion products; 
geometry of the system will be a determining factor. 

The obvious method of reducing corrosion in fused salts 
is to choose a system in which either the metal can come to 
equilibrium with the melt, or else truly protective 
passivity can be attained. In most cases in industry, 
neither of these alternatives is used. In fact, fused salt 
baths are usually operated in air atmosphere, and the 
problem is the prevention of excessive corrosion. This can 
be done in two ways: (a) by reducing rates of ingress of 
oxidizing species (mainly 02 and H2 0) from the atmosphere, 
and rates of their diffusion in the melts, and (t) by 
keeping the oxidizing power (redox) potential of the melt 
low by makinq periodic additions to the bath. 

5. Ceramic Materials 

Ceramic materials generally have tetter resistance to 
wet corrosion than metallic systems. Some acids and 
numerous molten salts can attack ceramics. In the case of 
molten salts corrosion usually involves solution of the 
oxide in the salt via the formation of various ionic 
species. The corrosion process can be controlled, as in the 
case of metallic systems, by developing passivity via 
barrier formation or by having the salt melt and the ceramic 
achievina equilibrium with each other (i.e. immunity). some 
ceramics having industrial applications are as follows: 

a. Acidbrick. This material is made from 
fireclay with a silica content about 10 percent greater than 
in ordinary firebrick. A common application is lining of 
tanks and other vessels to resist corrosion by hot acids or 
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erosion corrosion. A brick-lined steel tank usually 
contains an intermediate lining of lead, rubber, or a 
plastic. Acid-resistant cements and mortars join the brick. 
Floors subject to acid spillage are made of acidbrick. 

b. Stoneware and Porcelain. Both of these find 
many applications because of their good corrosion 
resistance. Porcelain parts are usually smaller in size 
than stoneware, and the porcelain is less porous. Both can 
be glazed for easy cleaning. stoneware and porcelain show 
tensile strengths of about 2000 and 5000 lblin2, 
respectively. Stoneware sinks, crocks, and other vessels, 
absorption towers, pipes, valves, and pumps are available. 
Porcelain can be made into similar equipment (e.g., acid 
nozzles) and is widely used as insulators and spark plugs. 

c. §tructu[!l Clay. These clay products include 
building, fire, sewer, pipe, paving brick, terracottas, and 
roofing and wall tile. Hot acids sometimes attack these 
materials. 

d. g!!§!. Glass is an amorphous inorganic 
oxide, mostly silica, cooled to a rigid condition without 
crystallization. Glass laboratory ware, such as Pyrex, and 
containers are well known. Piping and pumps are available. 
Transparency is utilized for equipment such as flowmeters. 
Glass fibers are widely used for air filters, insulation, 
and reinforced plastics. Hydrofluoric acid and caustic 
attack glass, and it shows slight attack in hot water. 

e. Vitreous Silica. This material, also called 
fused quartz (almost pure silica), has better thermal 
properties than most ceramics and excellent corrosion 
resistance at high temperatures. It is used for furnace 
muffles, burners, reaction chambers, absorbers, piping, 
etc., particularly where contamination of product is 
undesirable. 

f. £oncret~. Tanks and pipes made of concrete 
are well known for handling mild corrosives. If aggressive 
environments are involved, the concrete is protected by 
coatings or linings. 

B. DRY CORROSION 

Dry corrosion has analogs to active corrosion, 
passivity and immunity of wet corrosion. For example 
materials could be called immune when the compositions of 
the gas environments are such that reactions with the 
materials are not thermodynamically possible. Passivity 
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would correspond to the case where the corrosion products 
are effective in inhibiting subsequent reaction between the 
materials and their gas environments and active corrosion 
would apply to the case where the reaction products were 
ineffective in inhibition. In dry corrosion, the reaction 
products determine whether or not a material will be 
resistant to a particular environment. ~esistance to 
corrosion is achieved by having the reaction products formed 
as a barrier on the surface of materials separating them 
from the corrosive environments. 

A great variety of dry corrosion reactions are 
possible. In the following paragraphs, metallic systems 
will be emphasized. More importantly, dry corrosion will be 
discussed by first considering the stability of reaction­
product barriers on the surfaces of alloys and then 
examining the protectivity of such barriers. Finally, dry 
corrosion processes in general will be compared. 

1. ~ability of Reaction-Product Earrier§ 

a. Thermodynamiq§. When a multicomponent alloy 
containing elements A is reacted in a gas environment 
containing reactants X (subscripts m and n are used to 
identify the components of the reactions; for simplicity, 
only products of the type AX are considered), the following 
reactions can initially occur on the alloy surface: 

A. + X. = A.X. 
~ J ~ J 

i = 1, 2, 3, ••• , M; j = 1, 2, 3, ••• , n 

provided that the activities of the reactants exceed the 
values of the equilibrium constants for these reactions. 
For example, A1 X1 will be formed provided 

where 

and ~GoA X is the standard free energy of formation of 
A1 x1 • 1 1 

(1) 

(2) 

(3) 
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However, this condition is necessary but not 
sufficient for the permanent stability of the phases, since 
displacement reactions must also be considered. 
Displacement reactions can occur because certain elements in 
the alloy have a greater affinity for the oxidant than do 
other elements, and reactions of the following type can 
occur: 

(4) 

The direction of such displacement reactions is determined 
by the values of the activities of A1 and A2 in the alloy in 
comparison to the equilibrium values defined by the equation 

(5) 

where it should be noted that the activities of A1 and A2 at 
which the three-phase equilibrium described by Equation (4) 
will exist are determined by the difference between the 
standard free energies of formation for A2 X1 and A1 X1 • If 
the standard free energy of formation for A1 X1 is much more 
negative than that for A2 X1 , then the value of ·~;ah1 will be 
a large number and the displacement reaction described by 
Equation (4) will proceed to the right even when the 
activity of A1 in the alloy is small compared to that for 
A2 • Similar conditions hold for the case where a certain 
oxidant in the gas has a greater affinity for an element 
than other oxidants, and therefore displacement reactions of 
the following type can also occur: 

a1x2 + x1 (gas) = A1x1 x ~(gas) (6) 

In view of these displacement reactions, thermodynamic 
factors in even complex systems favor the formation of the 
most stable compounds on the surfaces of alloys; in 
particular, conditions are such that the oxidation of one 
element in the alloy by one oxidant in the gas environment 
is favored. 

In many applications for alloys at elevated 
temperatures, oxygen is present in the gas environment. 
Moreover, the affinity of most metallic systems for oxygen 
is usually greater than that for other oxidants. Therefore, 
it is thermodynamically favorable to have oxide barriers 
formed on alloys in multicomponent gas environments. Even 
though oxide barriers may be developed on the surface of 
alloys, phases can be formed by reaction with other oxidants 
in the gas. For example, when a continuous oxide barrier is 
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developed on the surface of an alloy, the oxygen activity at 
the alloy-oxide interface is substantially reduced and 
reaction of the alloy with other oxidants can occur 
providing the other oxidants can penetrate the oxide 
barrier. 

The stability of different phases on the surfaces 
of alloys in various environments can be identified by 
constructing stability diagrams. In Figure 6-4 the oxide 
phases stable on different nickel-chromium alloys are 
identified. Figure 6P5 shows the phases stable on nickel in 
gases containing different amounts of sulfur and oxygen. 
such diagrams can become complicated for multicomponent 
alloys exposed to multicomponent gases, but it is usually 
possible to simplify the diagrams by considering only the 
most thermodynamically favorable reactions. 

b. Kinetics. In the previous section, it has 
been shown that dry corrosion reactions favor the formation 
of the most thermodynamically stable reaction products. The 
spatial distribution of the reaction products is determined 
by kinetic processes. The spatial distribution of the 
reaction products is crucial to the subsequent course of the 
corrosion process. For example, even though the initial 
stages of the corrosion process are thermodynaroically 
selective, if the resulting reaction products do not 
influence the corrosion process, then all of the stable 
phases will be eventually formed. In order for reaction 
products to influence the corrosion process they should be 
present on the surfaces of alloys. In some instances, the 
corrosion products are formed away from metal or alloy 
surfaces and exert little effect on the corrosion process. 
For example, when zinc is heated at 4oooc in a low oxygen 
partial pressure, zno is formed as a smoke above the metal. 
However, in most instances, the vapor pressures of metals 
and the metallic reaction products are sufficiently low such 
that the reaction products are formed on the surfaces of 
alloys. 

In considering how kinetic processes affect the 
spatial distribution of corrosion products on the surfaces 
of alloys, it is worth noting that prior to reaction the 
stable phases are determined solely by thermodynamic 
factors. As corrosion begins, due to kinetic factors, the 
compositions of the alloy and the gas adjacent to one 
another can change and other phases therefore become stable. 
To consider these effects it is convenient to first examine 
the case where the gas composition is constant and the alloy 
composition changes and then discuss the case where the gas 
composition changes and the alloy composition is fixed. 

As reaction between an alloy and oxygen takes 
place, it is frequently the case that the alloy does not 

Copyright © National Academy of Sciences. All rights reserved.

Erosion Control in Energy Systems: 
http://www.nap.edu/catalog.php?record_id=21316

http://www.nap.edu/catalog.php?record_id=21316


FIGURE 6-4 

FIGURE 6-5 

139 

.... ·c 
-&a 

-ao 
~ 

~ • 
! -· 

__ _!!!._._ ~-· _, ii 

-a • 

-· ! 0 

0 -

0 -· -ao -·· LM 1Cr 

Isothermal Section of the Nl-Cr-o Phase 
Diagram Showing Oxide Phases That May 
Be Stable on Nl-Cr Alloys. (Chromium 
(---) and nickel t-- -) isoactivlty lines 
are shown.) 

0 
aooo'c • 

NIS04 C•l 

-4 

Loa~ NIOhl 

-· 
Nickel Sulfide c • 1 

Nlc•l 
-12 

-7 ·-2 

Loa 1\2 

3 

Stability Diagram for the Nickel-Sulfur-Oxygen 
System at 1000°C. (The dot indicates the com­
position of the gas phase, and the dashed line 
indicates a possible compositional gradient for 
which a sulphate can be stable on nickel beneath 
a layer of NlO.) 

Copyright © National Academy of Sciences. All rights reserved.

Erosion Control in Energy Systems: 
http://www.nap.edu/catalog.php?record_id=21316

http://www.nap.edu/catalog.php?record_id=21316


140 

contain enouah of that element whose oxide is the most 
thermodynamically stable to cover the surface of the alloy 
completely until some enrichment of this element at the 
alloy surface occurs due to diffusion. Consequently, during 
the initial stages of oxidation, the elements with the 
greater affinities for oxygen are selectively removed from 
the alloy surface and the composition of the alloy surface 
is modified such that other less stable oxides are formed. 
As oxidation is continued, the enrichment of the oxide with 
the element having the greater affinity for oxygen can be 
sufficient to permit the development of a continuous layer 
of this oxide over the surface of the alloy. The theory for 
such a process has been developed by Wagner(•-•> and by 
Rappc•,tol. It is sufficient here to use the diagrams for 
the oxidation of NiCrAl alloys presented in Figure 6-6 to 
illustrate the important, practical features of this theory. 

Reaction-product barrier formation chronologically 
goes through two stages. In Figure 6-6(a), (b) and (d), the 
first stage is a transient stage, since oxides are formed 
which may not continue to grow. The second stage involves 
the growth of one of the oxide products as a layer, Figure 
6-6 (c) (NiO layer), (e) (Cr2 0 3 layer), and (f) (A 12 0 3 
layer). It is tb be noted that for those alloys with 
compositions such that a continuous barrier of the most 
thermodynamically stable oxide is formed, no other oxides 
are formed after this barrier becomes continuous, Figure 6-
6(f). On the other hand, when less stable oxides are formed 
as the continuous layer, discontinuous particles of the more 
stable oxide are developed in the alloy, Figure 6-6(c) and 
(e). 

The previous discussion has shown that the 
oxidation of alloys tends to produce layers of reaction 
products. The corrosion of metals and alloys in 
multicomponent gases also tends to produce layered reaction 
products, Figure 6-7. In some instances, however, 
intermixed rather than layered reaction products can be 
formed, Figure 6-8. Intermixed reaction products can be 
formed, in principle, when the gas composition corresponds 
to a multiphase region of the stability diagram. However, 
if the step controlling the reaction resides in the gas or 
at the reaction product-qas interface, then intermixed 
reaction products can be formed even though all the phases 
may not be stable in the bulk gas. The case in which 
transport in the gas controls the reaction rate is 
straightforward. As a result of such a condition, the gas 
composition is changed from the bulk to one over the alloy 
in which the observed multiphase scale is stable. The case 
where the reaction rate is controlled by a phase boundary 
reactio~1 at the reaction product-gas interface does not 
cause the gas composition to be changed from its bulk 
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Photographs Showing Microstructures 
Developed on Nickel after 6 Hours 
Exposure at 900°C in so2-o2 Mixtures 
or PUre o2 Where These Phases Are 
Formed as Discrete Layers 
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composition. Since the supply of one of the oxidants is 
less than that with which the alloy can react, the phase 
that is formed on the metal is not in equilibrium with the 
qas but has a surplus of metal which reacts with the second 
oxidant. The influence of such phase boundary reactions may 
be very important to corrosion of metals and alloys in C02 
or so2 at the oxide-gas interfacecaa,az,t3>. 

While the factors which determine whether a 
particular multiphase reaction product will be layered or 
intermixed may not be apparent, the point to be emphasized 
is that intermixed reaction products are much less effective 
barriers than layered reaction products. In layered 
barriers, the transport process is in series and the 
corrosion rate is controlled by diffusion through the layer 
having the slowest transport. In barriers having intermixed 
phases, the corrosion rate is determined by movement through 
the phase with the most rapid transport. This latter 
condition can give rise to very rapid corrosion when one of 
the intermixed phases is a liquid, Figure 6-8. 

c. Ash Deposition. Thus far in this discussion 
of dry corrosion, the corrosive environment has been assumed 
to be a gas. In many applications at elevated temperatures, 
substances can be deposited on the surfaces of materials. 
The ash-deposited substances frequently are liquids, but 
even when they are not, reaction with corrosion products 
present on the surfaces of alloys results in liquid 
formation. The corrosion of materials under the combined 
influence of a liquid surface deposit and a gas environment 
frequently is much more severe than that which occurs from 
the gas environment alone and is called hot corrosion. 
substances that in practice have been observed to be 
deposited on the surfaces of alloys and produce hot 
corrosion are molten oxides (e.g. V2 05 ), molten sulfates 
(e.g. Na 2 so., R2 SO•) and molten chlorides (e.g. NaC1, RC1). 

Liquid layers influence the corrosion behavior of 
alloys in gases because these layers affect the nature of 
the reaction~product barriers. Since these layers 
frequently separate the alloys from the gas environments, 
the thermodynamic potentials established over alloys are 
different from those established when the layers are not 
present. Consequently, phases can be formed which would not 
be stable in the absence of the liquid. For example, when 
Na 2 so. is present on the surfaces of alloys in air, sulfides 
can be formed in the alloys which eventually can result in 
more rapid oxidation of the alloy. Another undesirable 
effect produced by liquid layers arises because the 
reaction-product barriers react with the liquids to produce 
less effective barriers. Reactions of this type are those 
where oxide barriers are fluxed by acid or basic melts by 
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either donating or accepting oxide ions. Liquid layers also 
affect dry corrosion processes by causing the spatial 
distribution of phases in the reaction products to be 
changed. Layered reaction product barriers can be changed 
to less protective intermixed barriers, and dense, adherent 
barriers can become porous and nonadherent. 

2. iXotectivity_of Reaction Pro~~rier~ 

The previous section has considered the stability of 
reaction product barriers but little discussion has been 
given to comparing the protectivity of different barriers. 
In addition, the previous discussion has not considered the 
destruction of surface barriers in use. In this subsection, 
the protectivity of barriers will be compared and the 
ability of barriers to reform will be discussed. 

Continuous reaction product barriers of oxides are 
usually more protective than barriers of sulfides, nitrides 
or some other type of barriers that can be formed in 
practical environments since diffusion through oxides is 
usually slower than through these other materials. 
Parabolic rate constants for the growth of sulfide and oxide 
barriers on some alloys are compared in Table 6-3 where it 
can be seen that the oxides grow more slowly than sulfides. 
sulfides usually melt at lower temperatures than oxides, and 
therefore at temperatures where the sulfide is liquid the 
difference in growth rate can be extremely large. Since 
oxides are usually more stable than sulfides, carbides, or 
nitrides, the most corrosion resistance is achieved, even in 
complex qas environments, by having the reaction-product 
barrier contain a continuous zone or layer of oxide. 

Parabolic rate constants for the growth of different 
oxide barriers as a function of temperature are compared in 
Figure 6-9. This figure does not contain data for the 
growth of many other oxides, but the rate constants for such 
oxides are greater than those for cobalt. Alternatively, 
such oxides are not easily formed as continuous barriers on 
practical alloys. It can be seen in Figure 6-9 that A1 2 0 3 , 

Si02 and Cr2 0 3 are the more effective barriers to inhibit 
oxidation. This condition is also true for hot corrosion 
induced by ash deposition since, as discussed previously, 
the added problems incurred by such a condition do not 
involve transport throuqh protective barriers but rather 
avoiding physical breakdown of such barriers. 

The degradation of corrosion-resistant alloys consists 
of two stages. In the first stage, a barrier of the most 
protective reaction product is formed. In the second stage, 
the alloy becomes degraded to the extent that other less 
protective reaction products begin to be formed. These two 
stages of alloy degradation can be said to involve 
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TABLE 6-3 Parabolic Rate Constants of Sulfidation and Oxidation of Some 
Binary and Ternary Alloys 

Temperature 
2 -4 -1) OF kp (g em min 

Allo,r {OC} Sulfldation Oxidation 

Fe-20 Cr 1830 5. 9 X 10 
-4 

1. 2 X 10 
-9 

(1000) 

Fe-20 Cr 1650 1.1 X 10 
-4 l.Ox10-10 

(900) 

Ni-20 Cr 1830 5. 3 X 10 
-4 

3. 0 X 10 
-9 

(1000) 

Co-20 Cr 1470 1. 6 X 10 
-5 5. 0 X 10-11 

(800) 

Fe-25Cr-5Al 1830 6. 5 X 10 
-5 

1. 6 X 10 
-11 

(1000) 

Ni-20Cr 1470 6. 0 X 10 
-5 1. 2 X 10-10 

(800) 

NOTE: Data from Ref. 14. Reprinted by permission of Verlag Chemie GmbH. 

Copyright © National Academy of Sciences. All rights reserved.

Erosion Control in Energy Systems: 
http://www.nap.edu/catalog.php?record_id=21316

http://www.nap.edu/catalog.php?record_id=21316


•.. 

"i .. -. 
i ... -. 
.!! 
.; ...... 

FIGURE 6-9 

147 

-· 

Temperature Dependence of the Parabolic 
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initiation processes and corrosion propagation processes. 
Therefore, the first stage can be called the initiation 
stage because processes are taking place which eventually 
result in the development of other phases in addition to the 
one which gives the most protection. The second stage is 
the propagation stage because the corrosion process involves 
transport through barriers other than the one with the 
slowest rate. The length of the initiation stage defines 
the period over which the alloy retains its corrosion 
resistance. The initiation time is not a parameter that can 
be precisely defined because the transition from the 
initiation to the propagation stage takes place gradually 
over the surface of the alloy. corrosion via the 
propagation staae is usually developed in localized areas 
and then the transition spreads laterally across the 
specimen surface from the initial sites. 

It is important to emphasize that initiation times are 
greatly dependent upon experimental or operating conditions. 
For example, initiation times for cyclic corrosion are 
always much smaller than those for isothermal corrosion 
because cracks are developed in the barrier in the cyclic 
test as a result of thermally induced stresses. When ash or 
salts are deposited on the surfaces of alloys, the length of 
the initiation stage is usually shortened and the processes 
involved in the propagation stage are frequently modified 
but the barrier developed in the initiation stage is the 
same as that formed in the absence of the deposit. Since 
the barrier established on the surface of the alloy in the 
initiation stage is the determining factor in regard to 
corrosion resistance, the most significant effect of the ash 
deposit is shortening of the initiation stage of the 
degradation process. 

Certain techniques are available for extending the 
initiation times for alloys. In the case of oxide barriers, 
spalling is inhibited by using an oxygen active element or 
oxide particle additions, Figure 6-10. A variety of 
approaches are used to negate effects produced by hot 
corrosion. These approaches extend from washing the 
deposits off alloys to modifying the alloys to make them 
more resistant to the particular type of ash t~at is being 
deposited. Substantial changes in alloy composition 
frequently are not possible because of attendant changes in 
physical or mechanical properties of the alloys. In such 
cases, the necessary compositional modifications are 
developed through the use of coatings on the surfaces of the 
structural alloys and the desired reaction-product barriers 
are dev~loped on the surfaces of the coatings. 
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of the Al2o3 barriers. (VD indicates alloys prepared by 
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3. ~y COr!2§!Qn Fesistance 

In concluding this section on dry corrosion, it would 
be helpful to categorize and to compare the various types of 
dry corrosion reactions that are possible. It is believed 
that any attempt to categorize dry corrosion reactions 
becomes cumbersome as this categorization approaches 
completeness. Therefore, it may be more constructive to 
simply identify those conditions which, when developed, give 
rise to corrosion resistance: 

• development of solid reaction products on the 
surfaces of alloys; 

• the difficulty in developing and maintaining 
protective barriers on alloys depends on the 
environment; environments encountered in 
practice in order of increasing difficulty of 
developing protective reaction product 
barriers are: 

oxyqen, 

oxygen and other oxidants (e.g. 
S, C, N), 

cyclic gas pressures: oxygen and 
other oxidants, 

liquid layers and oxygen, 

liquid layers and oxygen and other 
oxidants, and 

cyclic gas pressures: liquid 
layers, oxygen and other oxidants; 

• in the case of multiphase reaction products, 
layered barriers are preferable to 
intermixed; 

• adherent reaction barriers are preferable to 
nonadherent; 

• oxide barriers are preferable to other types 
of reaction-product barriers; 

Copyright © National Academy of Sciences. All rights reserved.

Erosion Control in Energy Systems: 
http://www.nap.edu/catalog.php?record_id=21316

http://www.nap.edu/catalog.php?record_id=21316


151 

• the most desirable oxide barriers in order of 
preference are: «-Al2 03 , Si02 and Cr2 0 3 ; and 

• in environments where no oxide products can 
be developed, it is necessary to determine 
what reaction product phase has the slowest 
transport properties and attempt to use an 
alloy on which this phase will develop as a 
continuous layer. 
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Chapter 7 

EROSION/CORPOSION INTERACTIONS 

In the previous chapters erosion and corrosion have 
been considered separately. It is now necessary to examine 
combined effects. Before discussing possible interactions 
between erosion and corrosion, it is constructive to 
identify the following limiting cases. 

• ~rrosion ~igible_~ompared to Erosion 

When the particle diameter is large compared to 
the thickness of the corrosion product, as may 
occur when the corrosion rate is small or the time 
between subsequent impacts in a given area is 
small, the corrosion products will have a 
negligible effect on the erosion process. The 
material removal rate will therefore be controlled 
by the erosion process. 

• ~osion Negligible compared to corrosiQ9 

When the thickness of the corrosion product is 
great compared to the size of the particle 
diameter, as may occur for very rapid corrosion 
processes, the erosion of the corrosion product by 
the particles will have a negligible effect on the 
rate of material degradation. The material 
removal rate can be considered to be controlled 
essentially by the corrosion process. 

• ID~ction Between Erosion and~rosion 

When the particle diameter and the thickness of 
the corrosion product are of the same order of 
magnitude, the material removal or degradation 
rate can be influenced by both corrosion and 
erosion. 

The remainder of this chapter will consider the 
synergism between erosion and corrosion. 

A. EROSION/COPROSION IN ENERGY SYSTEMS 

The effects produced by interaction between erosion and 
corrosion can be varied. ~he corrosion process could cause 
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the rate of erosion to be decreased. For example, in the 
absence of corrosion, the material removal rate may be 
controlled by ductile or brittle erosion. The development 
of a corrosion product will involve erosion of this product 
rather than the substrate and the rate of erosion of the 
corrosion product can be greater or less than that of the 
substrate. The erosion rate relative to that of the 
substrate is determined by such properties as the 
microstructure (porosity and grain size) of the corrosion 
product, its chemical composition and its adherence. For 
example, a dense, fine grain, adherent layer can be 
substantially more erosion resistant than the substrate, by 
virtue of its superior hardness and good toughness; whereas 
a porous, coarse-grained or poorly adhering layer could be 
rapidly eroded. Even when the corrosion product is not 
developed as a distinct layer, the solution of elements from 
the environment in the substrate can produce effects either 
favoring or inhibiting the erosion process. 

The erosion process can also affect the corrosion 
process, and such effects are almost always deleterious in 
that more material is removed than would be removed without 
the erosive component. This increased material removal 
occurs because the corrosion product, which normally 
inhibits reaction with the environment, becomes thinner or 
it cracks and spalls under the influence of the erosive 
component. 

certain corrosion reactions can be considered further 
which are of special importance to specific enerqy-related 
systems and involve erosive processes. 

In processes whereby coal or liquid fuels are 
combusted, the oxygen activity in localized areas of the 
combustion gases can be reduced to levels where oxides, such 
as NiO, coo and Feo are not stable. Such conditions are 
likely to develop in coal gasifiers and pressurized 
fluidized beds. Lack of oxygen permits other components in 
these gases, such as sulfur, to react with materials. 
Liquid sulfides or liquid sulfide-oxide mixtures can 
therefore be formed. Another source for this liquid slag 
formation on the surfaces of alloys can be deposition of 
sulfides or oxides from the gas where the deposited material 
was originally present in the fuel. The formation of slags 
of this type on alloys results in very severe corrosion. 
The addition of an erosive environment can be expected to 
make the situation more severe. 

In gas turbines the two principal modes of alloy or 
coating degradation are oxidation and hot corrosion. The 
average oxygen pressure in gas turbines is on the order of 
one atmosphere. With this abundance of oxygen, the 
corrosion products are oxides except when salts or ash are 
deposited on turbine hardware and then sulfide phases can 
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also be developed. In cases where high temperature 
oxidation is a problem, coatings are used upon which dense, 
adherent scales of «-Al2 03 are developed during the 
oxidation process. An erosive component may be expected to 
decrease the lives of such coatings by causing the scales to 
crack or spall. The coatings used to achieve resistance to 
hot corrosion attack also depend upon the formation of Al2 03 
scales; erosion damage of these scales will cause hot 
corrosion to be initiated after shorter exposure times. 
Furthermore, once hot corrosion attack has been initiated, 
oxides other than Al 2 o3 are formed on the surfaces of 
alloys. These other oxides (e.g. Cr2 0 3 , NiO, CoO) are not 
developed as continuous layers on the surfaces of alloys but 
they do afford some protection. The erosive component can 
be expected to make the scales formed during hot corrosion 
attack even less protective. 

In systems that operate at temperatures where water is 
stable (for example, heat exchanger tubes and slurry 
pipelines) the corrosion processes described in Chapter 6 
must be considered. 

Material removal under the combined influence of a 
corrosive environment and particle impingement is a poorly 
defined phenomenon. Virtually no data nor theoretical 
analyses are available to describe it. There is an urgent 
need to address two basic issues: 1) a definition of the 
mechanisms of material removal which would allow the various 
erosion regimes to be identified and the primary material 
parameters that control material removal in each regime to 
be isolated, and 2) an evaluation of the functional 
relations which characterize the material degradation 
process over the domain of interaction of corrosion and 
particle impingement conditions. To address these topics 
experimental work is required. Parallel studies of single 
and multiple particle impact damage and the associated 
material removal processes are described for this purpose. 

B. SINGLE-PARTICLE IMPACT TESTS 

Single-particle impact tests offer a unique opportunity 
to identify impact damage regimes and to separate the 
contributions to material removal that derive from the 
corrosion process and the particle impingement process. 
Ideally, since the results of these studies can assist in 
the selection of the most pertinent multiple-particle tests, 
the single-particle tests should be the first series of 
tests to be initiated. The relative importance of single 
particle tests in the study of erosion is determined by the 
nature of the impact damage. In many soft metals, for 
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example, low velocity impact damage at the angle of 
inclination for maximum erosion (approximately 15° to 20°) 
occurs by a single mechanism (plastic penetration and 
ploughing) and the mechanics of material removal are 
primarily dependent on the damage interaction tetween 
successive juxtoposed impacts. Single-particle tests are 
not, therefore, very informative, either for defining damage 
regimes or for predicting the characteristics of the erosion 
process. conversely, for brittle materials (such as 
ceramics) several wodes of damage and material removal can 
operate; a plastic process applies to materials of 
intermediate hardness impacted by small, hard particles; a 
fracture process, involvinq lateral and radial cracking, 
pertains when harder materials and/or larger particles are 
used; a different fracture process, involving 
circumferential cracking, occurs for materials impacted by 
relatively soft particles. The single particle studies thus 
identify damage regions that enable erosion behavior to be 
rationalized. Further, in the case of the lateral/radial 
fracture process, erosion predictions can be made, because 
multiple-particle material removal is primarily determined 
by a simple summation of the damage that occurs at each 
impact site. For material removal under the combined 
influence of a corrosive environment and particle impact, 
the surface being impacted will be a brittle corrosion 
product. The prior knowledge of the damage processes that 
prevail in brittle materials thus indicates that several 
damage mechanisms are likely when a corrosive medium is 
present, ranging from fracture processes to deformation 
processes. It is presumed, therefore, that single-particle 
studies will occupy a central role in the evaluation of 
erosion/corrosion interaction effects. 

The sequence and the extent of the single-particle 
tests will be determined by the results of the initial test 
series, and it is not meaningful to outline a detailed test 
matrix. However, it is already apparent that impacting 
certain particle environment and target variables should be 
explored and that careful damage characterization is an 
essential component of an effective single particle study. 

1. ~n_yaria~ 

The impact damage invariably exhibits strong 
dependencies on the size and velocity of the particle and 
its angle of incidence. These particle attributes should be 
systematically varied in order to characterize their effects 
on the damage morphology and the extent of the damage. The 
particle type and shape are other important variables, but a 
few carefully selected tests will determine the extent to 
which these variables should be explored. Thus, the 
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particle type, especially its hardness (or compressibility), 
is certainly important because (as noted above) it can 
influence the damage mechanism; but, within a specific 
damage regime, the projectile type tends to be a secondary 
consideration. Similarly, the influence of the particle 
shape is minor in certain damage regimes -- such as fracture 
regions that involve the plastic penetration of the target 
(entering the erosion problem only through the effect of 
angularity on the suppression of the erosion threshold). 
More substantial effects might pertain, for example, for 
fully elastic contact conditions. 

The environmental variables can be systematically 
studied by varying the thickness of the corrosion layer 
(within reasonable bounds) for each environmental condition 
and temperature. The damage would be compared, where 
possible, with the damage created on a pristine surface. 
The post impact damage characterization would be performed 
both immediately after the impact, and after continued 
exposure to the test environment, in order to distinguish 
(a) the effect of corrosion on impact damage, and (b) the 
effect of the impact damage on corrosion. This aspect of 
the study would be critical to the interpretation of 
erosion/corrosion interaction effects. It is important to 
emphasize that the environmental variables and the 
compositions of the materials control the type of corrosive 
layer that will be formed. On the same material, it is 
possible to obtain corrosive layers with dramatically 
different properties (e.q. sulfides compared to oxides) by 
changing the environment. The initial environment probably 
should be air but environments containing oxygen and sulfur 
as well as carbon must eventually be considered. 

The material variables for single particle studies are 
the most difficult to define. It is evidently preferred 
that, initially, well-defined model materials be used that 
have known microstructural characteristics and relatively 
simple corrosion products and morphologies. Yet, the model 
materials selected for this initial study should exhibit 
most of the important characteristics of the materials that 
will be used in each application. Thus, for ceramic 
systems, a hot-pressed alumina or a hot pressed silicon 
nitride may be appropriate; whereas, for metal systems, a 
Co-17Cr-11Al-0.5Y alloy (overlay coating alloy) may be 
pertinent. Thereafter, the studies can be extended to 
include actual ceramic and alloy compositions. One 
important constituent of the study on actual materials would 
be the incorporation of the effects of microstructural and 
compositional changes that are likely over the extended 
periods that these materials are exposed to t.he service 
environment. For example, the effects of the depletion of 
certain elements in subsurface layers caused by corrosion 
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could be examined by pre-corroding the material, removing 
the corrosion product, and then looking at the effects of 
subsequently formed corrosion layers on the impact damage; 
whereas, the effects of temperature-dependent 
microstructural changes could be explored by developing 
these microstructures prior to the corrosion/impact 
sequence. 

2. Q2mage Characterization 

The impact damage should be characterized by first 
summarizing the damage that occurs on the impacted surface 
by optical and scanning electron microscopy (including 
chemical analysis using energy dispersive x-ray techniques). 
Analytic techniques, such as electron spectroscopy for 
chemical analysis should also be contemplated. Thereafter, 
the sample can be polymer impregnated to preserve the state 
of damage and sectioned to successive locations through the 
damage zone. The sections can again be studied using 
optical microscopy (polarized light reflected microscopy or 
transmission microscopy on thin sections are especially 
informative) and scanning electron microscopy. Thin 
sections normal and/or parallel to the impact directions can 
also be prepared by ion beam thinning techniques for 
transmission electron microscopy. 

The effects to be looked for using these techniques are 
primarily the incidence and location of fracture, the 
morphology and extent of fracture, the structure and 
chemical composition of the surface and near-surface layers, 
and the incidence, character and extent of plastic 
deformation. Pressure-induced phase transformations are 
another possible consequence of the impact process that 
should not be ignored. 

C. COMPUTER STUDIES 

The interpretation of single-particle impact damage 
observations often requires some knowledge of the dynamic 
stresses generated by the impact process, and the effects of 
certain target and particle variables on these stresses, 
i.e. the effects of a corrosive layer, the deformation 
susceptibility of the target material and particle, the 
elastic properties of the target material and particle, etc. 
These stresses can be accurately determined in the fully 
elastic, elastic-plastic and hydrodynamic ranges, by using 
numerical finite difference techniques, provided that the 
constitutive equations describing the plastic and elastic 
response of the materials and the corrosion layers are 
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known. The latter are rarely known in adequate detail; yet 
numerical stress calculations can provide information about 
trends in the dynamic stress fields that are invaluable for 
interpretation of the damage process. such calculations are 
expensive and, therefore, each calculation has to be 
carefully planned to ensure that it effectively addresses 
one of the critical issues raised by the single particle 
tests. The incidence and growth of fracture can also be 
incorporated in the numerical analysis by applying crack 
initiation criteria (e.g. a statistically varying crack 
activation condition) and crack propagation criteria (e.g. a 
critical strain energy release rate). 

0. MULTIPLE-PARTICLE TESTS 

The thrust of the multiple-particle tests is somewhat 
different from the single tests in that the interaction 
effects between adjacent impacts and gross material removal 
can be studied. This interaction effect is necessarily 
included in the resultant damage morphology, but the damage 
sequence can be obscured if the experiments are not 
carefully designed. It is thus important to conduct some 
studies with small particle loadings that allow only a 
fraction of the oriqinal surface to be impacted. Then, 
interaction effects will occur at those sites where impacts 
have juxtaposed. These studies should be conducted in the 
same spirit as the single-particle tests and demand a 
careful characterization of the damage in the interaction 
zone. The test matrix will b~ determined by the initial 
studies which indicate the importance of the interaction 
effects. Where such effects are shown to be minimal, only a 
few tests will be required. However, if the interaction is 
the dominant removal process, the significance of all of the 
particle environment and target variables described for 
single-particle tests will have to be explored and each 
damage characterization technique will need to be used to 
determine the damage interaction process and the material 
removal sequence. 

Another critical series of multiple-particle tests 
involves a study of the qross material removal and damage 
that results from the impact of a multitude of particles. 
Initially, these tests could be used to assess the validity 
of the erosion/corrosion rates predicted by the single and 
low concentration particle impacts. Whenever these 
predictions are verified, it simply remains to generate data 
in each damage regime that provide absolute functional 
relations between the material removal rate and the particle 
environment and target parameters which have been shown to 
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exert the primary influence on the removal rate. Here, it 
would be recognized that the particle flux is an important 
test variable because, by changing this flux, the conditions 
can be chanqed from pure corrosion to pure erosion (these 
effects should, of course, be predictable from the damage 
characterization). For systems where the observed 
erosion/corrosion rates are not predictable, additional 
many-particle interaction effects must be occurring, and 
attempts must be made to infer the character of these 
interactions from examinations of eroded surfaces or erosion 
debris. This study is the least definitive in terms of 
erosion prediction, and it may be required that erosion in 
these regimes be characterized by a very comprehensive, 
systematic empirical study of the functional dependence of 
the erosion rate on the system parameters. 

E. FOULING 

Throughout this chapter, it has been assumed that the 
erosive particles impact with materials and are then removed 
by rebounding. It is possible that the particles may 
accumulate at the surfaces of the materials. such a 
condition can occur with submicron particles by entrapment 
in stagnation zones. It appears that even much larger 
particles may accumulate under high flow rate conditions for 
erosive materials with low coefficients of restitution. 
Deposition of the erosive particles prevents erosion and may 
also affect the corrosion processes. 

F. MODELING STUDIES 

It is implicit in the multiparticle studies that 
modelinq activities be used to relate the behavior observed 
at interaction sites to the final erosion/corrosion 
characteristics of the material. These activities can range 
from the quite simplistic (simple summation) to the complex 
(cumulative damage) depending on the observed character of 
the interaction. It is not possible to make, a priori 
judgments about the character and extent of the modeling 
efforts. Researchers with the appropriate background and 
expertise must be integrally involved in interfacing with 
the physical erosion/corrosion process as this knowledge is 
acquired from materials-oriented investigations. 
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Chapter 8 

TESTING PROCEDURES 

Test evaluations are a significant factor in materials 
selection, materials improvement, and in the development of 
design guidelines for energy-system components exposed to 
severe erosion/corrosion environments. Since advanced 
energy systems impose new challenges for operating 
efficiency, it is important that proper attention be given 
to an integrated testing program. It is also important that 
the test environments be adequately characterized. This is 
necessary if the data generated are to be in accordance with 
the conditions specified and thus, by truly reflecting plant 
operating conditions, be usable in design. 

Materials testing of erosion/corrosion resistance for 
use in various types of energy-related systems is a crucial 
aspect of any program directed towards obtaining materials 
with improved properties. Ideally one attempts to develop a 
test that duplicates the service conditions. However, such 
a test typically cannot be developed because frequently the 
service conditions are not well defined, and more 
importantly these conditions vary during extended periods of 
exposure. It is, therefore, necessary to use a combination 
of testing procedures. some of these tests should examine 
the performance of the material under conditions supposedly 
encountered in practice. Other tests should be of a more 
sophisticated nature and be concerned with mechanistic 
interpretation of material behavior under well controlled 
and well-defined conditions. It is also very important to 
have these tests supplemented by results obtained from 
analyses of service hardware. By using these three sources 
for material response data, the performance of various 
materials in specific applications can be well documented. 

A. GENERAL TEST PROCEDURES 

In Chapter 3, three temperature regimes for 
erosion/corrosion attack in energy systems were designated: 
room temperature to 3900F, 3900F to 11100F, and greater than 
1110oF (2oooc, 2oooc-6oooc, and above 6oooc). The 
complexity of assessing materials performance in the various 
combinations of erosive/corrosive and elevated temperature 
environments requires that a four-level scheme of testing be 
employed. The recommended types of tests are based upon 
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procedures very successfully utilized in the jet engine 
industry. 

The four levels of testinq are: 

1. sc~ing 

The purpose of screening tests is to rank materials. 
Usually a large number of specimens of simple geometry are 
tested. Erosive environment approximation includes 
typically sized and constituted particles at a selected 
velocity (in the range of the anticipated environment) with 
provision for elevated temperatures (at least two) and 
variation of impact angles (at least two). The test 
variables are tightly controlled to allow accurate models or 
corrections of the material removal rates to be developed 
with respect to the test variables. This may be an 
accelerated test. 

Another screening test would employ a corrosive 
environment only. Environmental approximation would include 
principal corrosive elements or atmospheres and appropriate 
elevated temperatures (at least two) within the ranges 
indicated above. 

2. Bench Tests 

Additional complexity is introduced in these tests by 
adding a realistic corrosive environment to the erosive 
environment and by introducing particle-impact velocity, 
concentration, and size variations. This is usually an 
accelerated test. The number of materials represented is 
usually smaller than used in screening tests and the 
specimen geometry approximates that of the actual component. 
These tests establish a more realistic ranking than obtained 
in the screening tests and so must be conducted with 
complete objectivity. 

3. Compgnent Test~ 

This level of testing is conducted on components to 
examine the geometrical and environmental effects which 
represent the final service application under the best 
feasible simulation of the environments. Because of 
expense, only a small number of components are so tested and 
for times much less than those associated with service 
requirements. This is a final proof of readiness test and 
assures that no unexpected behavior will be observed in 
actual in-service evaluation. 

Copyright © National Academy of Sciences. All rights reserved.

Erosion Control in Energy Systems: 
http://www.nap.edu/catalog.php?record_id=21316

http://www.nap.edu/catalog.php?record_id=21316


165 

4. Life Prediction and Verification Tests 

Because of the very large scale of the equipment in 
energy conversion processes, these tests, which require 
service conditions for full-scale components, must be 
conducted in pilot plants or demonstration units. 
Confidence in application of specific materials and 
constructions for advanced designs is high from such test 
results because the failure analysis includes many of the 
geometric, scale-up and operating parameters which apply for 
the full-scale equipment. 

A comparison of the four levels of testing is presented 
in Figure 8-1. This table highlights the fact that as 
complexity or scale of the test increases so, of course, 
does the cost and the closeness of the information one 
obtains from the test to actual service. Thus, the risk of 
generalized extrapolation from the higher level tests is 
reduced, as is the risk that some material or aspect of the 
problem has been overlooked. Remember, however, these 
higher level tests offer less control over test variables 
and so offer only a generalized corroboration of any models 
developed from lower level tests. A good screening test, 
for instance, may satisfy very few designers, and it is 
extremely critical that materials or designs not be 
developed just to pass one particular test. This is 
especially true for the erosion/corrosion/elevated­
temperature coupled conditions of interest in energy 
systems. Examples of the type of facility at each test 
level are also indicated in Figure 8-1. 

It should be emphasized at this point that the above 
testing scheme may involve several different kinds of 
conditions at each level depending upon the application 
involved. For instance, to meet the data needs for 
fluidized beds, gasifiers, and turbines, many different 
types of corrosive environments, fuels, particle 
characteristics and velocities must be introduced into the 
tests. 

B. STANDARDIZATION ACTIVITIES 

Materials developers are the greatest users of 
screening tests. A standardized screening test for a 
particular application should be established to reduce 
confusion and simplify comparison of results from several 
sources. This would eliminate some of the difficulties 
which arise in trying to transfer results from one apparatus 
to another or from one application to another. 
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Standardized reporting procedures are needed in view of 
the extent of the erosion/corrosion testing which will be 
carried out in the next decade. The minimum number of 
descriptors and properties to be reported should be 
established for reproducing the test conditions and fully 
characterizing the specimen prior to testing. For example, 
properties of interest may include hot hardness, melting 
point, corrosion/oxidation at temperature, erosion rates 
(cold and hot). Tests should be conducted at a number of 
independent laboratories to provide objectivity in the bench 
level or component level testing and to provide a meaningful 
data base. 

Testing for research studies must of necessity be very 
specific and is discussed in section c of this chapter. 
Standardized reporting of the results obtained (in specified 
format perhaps), reporting all test variables, and 
identification of gaps that remain are needed to increase 
confidence in the data base. 

C. MECHANISM EVALUATIONS 

Research involving the study of basic mechanisms of 
erosion is concerned with the effect of particle impingement 
on surface microtopography, near-surface microstructure, 
surface chemistry, and localized heating. That is, emphasis 
is on the microscopic and localized events rather than bulk 
material loss. Testing, therefore, involves bench tests 
using model materials (single crystals, simple solid 
solution alloys, glasses, plastics) selected for consistency 
in composition and physical properties. The specimens are 
subjected to a "standard" eroding medium or to single• 
particle impacts. The eroding medium is usually a single 
constituent (silica, alumina, steel shot) of high purity and 
screened to a narrow size distribution. The particulates 
used should have characteristics representative of the 
particulate of concern -- for example, the hardness and 
angularity of fly ash or the deformable nature of a molten 
or partially molten slag particle. 

The bench test apparatus is designed to provide a 
controlled gaseous environment and control over particle 
velocity and angle of impingement. If single particles or 
multiple particles are accelerated in a gas stream, 
sufficient path length must be provided to allow the 
particles to reach the equilibrium particle velocity. The 
particle velocity rather than the stream velocity should be 
measured directly. Particle velocity measuring 
instrumentation for gas entrained particles is varied and 
depends in part on the size of the particles being used. A 
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high-speed photography setup is an example of one velocity 
measurement scheme which can be used for this purpose. 
Individual particles are photographed on the same 
photographic plate during a series of strobe flashes and the 
distance of travel measured between flashes used for 
velocity calculation. The impact area is often monitored by 
high-speed photography to measure rebound angles and detect 
fragmenting of particles and secondary surface damage. 

various particle acceleration devices are employed 
currently. Gas guns have been used by several investigators 
for single-particle experiments. Particle velocities of up 
to 1500 fps (450 ms-•) can be achieved with relatively small 
facilities. These velocities are suitable for most of the 
impact problems of energy systems. In general, particles 
are carried down the gun tube mounted in a sabot and exit 
from the gun as the sabot hits a stop at the end of the gun. 
several particles can also be propelled at once with this 
arrangement<a,2>. Another technique utilizes ari exploding 
wire as a means of propelling the particle against the 
target<l>. Also, impact velocity can be controlled by 
mounting the material specimen on a rotating disk or 
arm<•,sl. For small arm radii the specimen is rotated at 
high speed in a partial vacuum; particles are allowed to 
drop in front of the specimen, which impacts them. vacuum 
conditions are necessary in small rotating arms since gas 
turbulence generated in the vicinity of the rotating 
specimen will either deflect particles or influence 
impingement angle in an uncontrolled way. Longer radius 
arms can be operated at atmospheric conditions using 
particle sizes above 50~m<6>. However, most experiments 
involve injection of solid particulate matter into an air 
stream.<?> 

Specimens are removed and examined by microscopy (both 
scanning electron and optical microscopy) after single or 
relatively few particle impacts. The microtopography of the 
impact craters or pits is analyzed and compared with the 
average particle size and shape. For single crystal 
material, slip lines and dislocation arrays can be revealed 
by etch-pitting processes. Subsurface strain patterns can 
be ocserved in transparent single crystals, glasses, or 
plastics by polarized light. Metallographic sections of 
eroded samples also provide information on the subsurface 
microstructural changes. 

~hin foil transmission electron microscopy has been 
used in a limited number of studies to reveal dislocation 
configurations associated with individual particle-impact 
sizes<e>. Surface replication techniques can also be used 
to examine the damage at the same location on the surface of 
a progressively eroded specimen without destroying the 
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specimen<•). Transmission electron microscopy can be used 
when the damaqe is in its earliest stages of development. 

If the mechanistic studies are concerned with flowing 
systems such as pipeline slurries or particles entrained in 
gaseous streams, the addition of a well-characterized flow 
may be necessary to induce appropriate particle-impact 
characteristics (rebound, etc.) or coupling effects such as 
flow-surface asperity interaction. Flow simulation 
techniques include engine ground tests with particle 
ingestion, burner rig tests, and wind tunnel tests with 
particle injection. 

D. ACCELERATED-LIFE TESTING 

Perhaps the most difficult question pertaining to 
testing procedures is that of accelerated-life testing for 
energy systems. such systems are desiqned to have very long 
lifetimes (hundreds of thousands of operating hours). This 
is in contrast to the nearly ten thousand hours (at most) of 
design life for many aerospace power systems. With more 
than an order of magnitude increase needed in extrapolating 
test results for life prediction, the necessity for 
meaningful accelerated tests is apparent. 

The erosion process can involve long-term effects where 
eventual failure does not occur until five or ten years have 
passed. The formation of pin holes in a piping system, for 
instance, may take years to develop. In order to predict 
this type of failure, it would be impractical to run tests 
to failure. Therefore, some reliable way must be found to 
either speed up the process leading to failure after 
reasonable test times or to extrapolate the results of 
relatively short tests with the required confidence. A 
third alternative would be to use both approaches --­
accelerate the erosion rate and extrapolate data from 
truncated tests. The scaling for combined erosion/corrosion 
effects would have to be established or alternatives would 
have to be sought. Fundamental understanding of the various 
corrosion damage modes would certainly contribute to 
reliable life prediction evaluations. 

Accelerated-life testing requires the following series 
of steps: 

(1) define the failure; 

(2) select a reliable model for the failure process; 

(3) select the confidence band needed for fail safe or 
reliable service; 
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(4) determine operating conditions which can safely 
accelerate the process without causing a change in 
failure mode; 

(5) determine minimum length of tests required to get 
extrapolative data (using a model); 

(6) determine statistically the valid number of data 
points required for confidence limits required; 
and 

(7) extrapolate data for expected operating conditions 
assuming a cumulative damage type process if 
operating conditions are variable 

Definition of the failure may seem obvious. However, 
there are many mechanical failures which arise from several 
independently operating processes, viz: corrosion, wear, 
fatigue, and it is important to determine which one will 
ultimately dominate the failure of a particular component. 
In the erosion of a pipeline, for instance, failure might be 
defined as the point at which local wall thickness is 
reduced to the point where it will blow out, producing a 
small hole, which then will enlarge to a substantial leak 
very rapidly. This might be the combined effect of 
corrosion on the outer surface of the pipe and localized 
erosion/corrosion on the inner surface. 

Modeling the erosion process is extremely important. 
Modeling presents many difficult problems owing to the lack 
of understandinq of the parameters controlling erosion and 
how they are influenced by outside conditions. There are at 
least two relationships which should be considered. One is 
the steady-state equation discussed in Chapter 5, which can 
be discussed in general form as follows: 

V = I<R3Utf(cr) 
where 

v is the rate of removal per particle 

I< is an erosion coefficient 

f ( «) is a function of impingement angle, 

R is the radius of the particle 

u is the particle velocity, and 

'Y is the velocity exponent. 
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If the erosion coefficient and f(«) were known for the 
target material and erosive medium, then the most efficient 
impingement angle for accelerated erosion tests could be 
selected and the effect of increasing particle velocity on 
erosion rate estimated. something would have to be known 
about the response of the material to be eroded to impact 
velocity so that changes from purely impact deformation to 
shock-induced vacancy formation (change in damage mechanism) 
or impact heating to a critical temperature could be avoided 
in the accelerated test. some materials show a significant 
change in the incubation period with moderate increase in 
particle velocity. 

The second relationship required would be the erosion 
rate-time c~rve (Figure 8-2) obtained under constant and 
controlled conditions. Material removal as a function of 
time changes with time in erosion processes. Often there is 
an incubation period characteristic of each material where 
little measurable loss can be detected. This is followed by 
a rapid increase in the removal rate and then a leveling off 
to a much lower removal rate under approximately linear 
conditions. It would be essential to design the test so 
that the essentials of the erosion-time characteristics 
would be covered in order to define the full curve. The 
effect of changing such parameters as particle velocity and 
impingement angle on the erosion-time characteristics would 
have to be known. 

Figure 8-2 serves to show that running a short-term 
test of two hours would give data, if extrapolated out to 
1000 hours, which obviously would be alarming to say the 
least. If the test were run-in for the first two hours 
without recording erosion loss and then measurements made 
for the next two hours, the periodic fluctuation which 
appears over the 10-hour period would not be detected. This 
example shows the importance of knowing the erosion-time 
characteristic of a system before an abbreviated test can be 
designed. Incidentally, some materials (aluminum for 
example) show a weight gain during an extended incubation 
period. This is caused by imbedding of the erosive medium 
in the surface. 

It is obvious that more research is needed to help 
improve the accuracy of erosion models and to develop 
techniques for investigating material response to coupled 
erosion/corrosion environments. In addition to the items 
mentioned in the above example, it is essential to know the 
effects of particle size and shape, ambient temperature, and 
corrosive environment on the erosion rate-time 
characteristics. When the model is better defined, then 
Steps 3 through 7 can be carried out with some degree of 
confidence. 
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Initial detailed system designs are lacking, fuel and 
other input materials are of widely varying composition, and 
initial cost compared to repair costs are not well 
established. Which environment (temperature, gas 
composition, particle velocity, etc.) does one change to 
accelerate the degradation process? Since both corrosion 
and erosion occur simultaneously, perhaps both should be 
accelerated but then oxide scale removal/reformation 
kinetics (as an example) may be completely unrealistic. It 
is clear that this subject requires immediate attention by 
this country's leading corrosion and erosion research 
groups. 
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Chapter 9 

ENGINEERING FOR CONTROL OF EROSION DAMAGE 

Erosion of system components will be a problem in 
making reliable new processes to extract energy from coal. 
Because erosion damage limits the life of components 
critical to the operation of the system, the ability to 
achieve an engineering design that is operable and economic 
early in the process development demonstration may be 
decisive in determining the value of a system or a concept. 
All of the "new" processes compete with current technology. 
To illustrate, high BTU coal gasification processes are 
being developed to augment the natural gas supply. The 
ultimate products, heat for homes and businesses and process 
heat for industry, can also be supplied by burning coal in a 
conventional steam-electric generating plant (with stack gas 
cleaning), distributing the electricity and using I2R 
electric heatin<;~. This basically "here now" technology 
establishes a floor on the process efficiency and a ceiling 
on the economics which the new technology must meet to be 
useful. 

The engineer must arrive at a workable and reliable 
system design within the performance and economic 
constraints. He is faced with four problems: 

• identifying the critical erosion-limited 
components or problem areas; 

• devising effective erosion control strategies; 

• evaluating both the cost of his design and the 
effect of his design on the system performance to 
permit choices between his options; and 

• understanding the effect of process scale on his 
design so he can properly test commercial scale 
solutions in pilot-scale plants and time frames 
(or have sufficient confidence in his design that 
commercial scale demonstration units do not become 
unreliable). 

The engineer has available a wide spectrum of 
background experience to help him with these problems. Most 
of the processing concepts have teen tried before. The 
problems in many cases have been identified. He has some 
empirically based design rules for specific situations. He 
has some help from basic science. Because the handling of 
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process streams containing highly erosive particulates on a 
massive scale and under severe competitive economic 
restraint has not previously been required -- both the depth 
of scientific understanding and the availability of data are 
inadequate. The engineer has 20th Century computational 
skills and equipment at his disposal; but the plant 
designer, and even the component designer, can rarely 
command the time and expertise to carry out the necessary 
design analysis studies. 

A. CRITICAL PROBLEM AREAS 

The first problem of the engineer is recognition of the 
system components which require design attention because of 
erosion or erosion-accelerated corrosion. The classical 
aids -- experience, the engineering literature, and common 
sense -- are all available; but since erosion has not been a 
widespread engineering problem, the experience, the 
literature, and the common sense are not "mature." Typical 
process conditions which alert the engineer to a potential 
erosion problem are: 

• Si~ions~here changes in direction gf_flQW of a 
~rticulat~£Qntaininq_!luid occur: 

Any time a particle carrying fluid changes 
direction, impact between particles and component 
parts may occur. The larger the particles and the 
faster the flow, the more severe the resulting 
erosion damage problem. consider two simple 
examples: 

(1) A pneumatic transfer line is required to lift 
dolomite particles about 100 feet (30m). 
Transport velocities between 50 and 200 fps (15 
and 60 mps) are required to convey the stone. A 
solid loading of 6 lbs (2.2 kg) (of dolomite) per 
100 actual cubic feet of transport gas is used. 
Because of the long lift, expansion joints in the 
lift line were used. Misalignment by as little as 
4 degrees resulted in wearing through an alloy 
lining with a 1/4 inch (6 em) wall thickness in 
less than 50 hours. This situation could have 
been avoided if the plant designer had been aware 
that, for the solid size distribution being 
transported, particle impacts upon a relatively 
ductile alloy at grazing angles would result in an 
unacceptable erosion rate. A lift design in which 
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alignment as well as expansion could be controlled 
(for example, a welded line with expansion 
accommodated by a movable surge pot) would remedy 
the problem. 

(2) A lock hopper feeds coal into .a gasifier 
vessel located below and horizontally displaced 
from the axis of the lock hopper. The designer 
has the choice of two configurations: 

design a design b 

Experience tells the engineer to choose design (b) 
since even though a slightly higher transport 
velocity may have to be used, the rebound of 
particles from the material packs into the blind 
tee and forms an impact cushion. Particles are 
then directed principally down the axis of the 
horizontal transfer pipe. In design (a) , 
particles are directed against the pipe wall 
causing failure in tens of hours. 

These examples, which are simple compared to the 
particle flow through a valve or a gas turbine, 
have been cited to indicate the need to make 
available the experience and the design rules 
which will assist the design engineer in 
recognizing trouble spots. 

• §!~ions in which~particles will be mechanically 
§£raped over surfaces 

The handling of slurry flow, wear on chutes, 
hopper car walls and floors, etc. are examples of 
situations in which the engineer can find scraps 
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of information to guide design. In slurry feed 
service no difficulties are experienced when 
velocities are limited to the range 3 to 11 fps 
(0.9 to 3.3 m/s.) and special precautions such as 
the use of lang radius bends or blind T1 s are used 
to change the direction of flow. How general are 
such design rules? Are there situations-- i.e., 
solids loadings or chemical environment -- which 
will lead to trouble? 

• .f,r~re "let down" situations i~ich e~~ticle 
g~neration, ~celeration, and impac~L-2[ 
£2Vita!ion damage can occur 

A recent article<&> alerts engineers to some of 
the dangerous situations and suggests preventive 
design options. Among tne possibilities are the 
use of chokes instead of orifice plates or valves, 
appropriate design of the downstream low pressure 
reservoir, and the selection of specially designed 
valves streamlined to reduce impingement on vital 
parts and with valve trim selected to be 
substantially harder than the flowing particles. 

• Situations in which either_Ihe R~i£ylate 
loadings, th~impact velocities, or the chemical 
~viro~t are markedly dif~ni_!{Qm pas~ 
~~ence -- §Q_!hat solutiOij§_from the east may 
not prevent future_EIQblems 

Power recovery turbine experience in an erosive 
environment is available. Expander turbines with 
easily replaceable, inexpensive blading, and with 
special inlet design to prevent particulate 
concentration at weak areas of the machine (the 
highly stressed blade roots, for example) are 
working in refinery service. Gas velocities in 
these machines are about half those of a modern 
gas turbine used for electric power generation. 
They operate at turbine inlet and metal 
temperatures several hundred degrees lower. They 
operate in a chemical environment substantially 
free of sulfur, alkali metals, chlorine compounds, 
and low melting ash constituents. The alloys used 
are less expensive, more susceptible to hot 
corrosion, less critically loaded, and easier to 
fabricate. The designer of a power recovery 
turbine is faced with more severe versions of old 
problems as well as new problems in many coal 
processing systems. 
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The engineer must first recognize where he must 
exercise his skill through design and specification of 
materials to achieve a workable and economic system. A few 
examples have been cited to indicate his difficulties, even 
in this first step. 

To help him, the National Bureau of standards is 
carrying out a program sponsored by ERDA-Fossil Energy 
Research to maintain a centralized failure analysis 
reporting system covering materials and components used in 
coal conversion systems. As indicated in Chapter 3, this 
Failure Analysis and Prevention Program: 

(1) analyzes and catalogs pilot plant materials and 
components failu~es; 

(2) advises pilot plants on failure prevention; and 

(3) indicates areas for materials and co~ponents 
research and development. 

ERDA-Fossil Energy Research also publishes a Materials 
and Components N~sl~~te[ to disseminate information 
regarding their programs. This newsletter distributes 
failure prevention experience. 

Many engineering design and construction firms have a 
background of experience and empirical design rules for 
dealing with erosion problems and there is a varied and 
extensive literature (including literature from such diverse 
sources as the railroad industry on use of sand for braking 
and the oil industry for coping with sand intrusion into 
pumps, etc.). In general, the engineering/construction 
industry in the United states places heavy reliance on 
customer experience to provide means for combatting erosion. 
Over the years, major steel and oil companies have 
determined, primarily on an empirical basis, methods for 
.combatting erosion in equipment such as blast furnaces and 
catalytic crackers. This experience is transmitted to the 
engineer/constructor through specifications detailing the 
kind of material, its configuration and its method of 
application in installations intended to combat erosion. 
The engineering contractor then interprets such designs and 
uses the interpretation to apply erosion-combatting designs 
to other similar systems. Discussions with two large firms, 
one active in the basic metals industry and the other in the 
power, petrochemical and refining industries revealed that 
neither engineering firm had written guidelines for 
designing erosion-resistant fluid-solid systems. Both firms 
had design specialists who would, for example, specify safe 
velocities to be used in the pneumatic conveying of fine­
size solids in metal pipes. Information such as: 30 fps 
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(9 m/sec)is a safe velocity for catalyst circulation lines 
in cat crackers, but 60 fps will result in rapid erosive 
failure was provided, and would be used to specify 30 fps 
for conveying limestone into a 15 atm pressurized fluidized 
bed combustion system without any assessment of the 
differences in the systems. 

The Chemical Engine~Handbo~, 5th Edition,(Z) 
discusses erosion only in the most general terms, as though 
it were one type of corrosion. In terms of fluid-solid 
systems, the handbook states "A large, capable manufacturing 
industry supplies complete systems" for pneumatic conveying, 
and makes no attempt to discuss erosion in such systems. 
Likewise, there is no publication by the American Petroleum 
Institute on recommended practices in, or standards for the 
design of, systems handling erosive solids. The API 
Refinery Practices Committee does consider, in terms of 
refinery operating safety, problems that arise as a result 
of catastrophic erosive failure and how these failures were 
combatted. However, no attempt has been made to assemble 
and systematically analyze the various erosion problems 
discussed by the Committee. Apparently, the refiners 
involved regard their individual problems with erosion and 
the systematic solution to those problems as information 
that is proprietary to each refiner. only in cases 
involving serious damage or loss of life, where the 
Occupational safety and Health Administration procedures 
would force information into the public domain, is any real 
information released on specific means used to prevent 
catastrophic failure, and that is only sporadically 
available to those who attend the API Refinery Practices 
Committee sessions. 

Neither a centralized compendia of problem situations 
nor the information needed to quantify the problems is 
available to the engineer who must first recognize that he 
has a problem in a particular system or component. 

B. EEQSION CONTROL STRATEGIES 

The engineer, having identified the problem areas, must 
now devise and evaluate erosion control strategies. He can 
strive to: 

• decrease the number of impacts (through control of 
particle concentration or through equipment 
design); and 

• decrease the damage done by each impact through 
control of (a) the kinetic energy of the impacting 
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particles, (b) the angle of impact, (c) the choice 
of the material to be impacted, and (d) choice of 
the operating conditions, pressure, temperature, 
and chemistry in the local environment. 

This section briefly reviews the body of knowledge at 
the disposal of the engineer to enable him to design 
workable and economic systems. 

1. ~~sing the Number of Impact§ 

In some systems, particulates are present as 
contaminants and removing them from the system is a possible 
erosion control strategy. As one example, coal ash 
remainin~ as an impurity in coal gas and airborne 
particulates present an erosion damage threat to the 
operation of gas turbines used in combined-cycle electric 
power generation systems. Gas cleaning to reach an 
allowable concentration and size distribution of 
particulates is an engineering option. To engineer this 
option, the system designer must have available to him: 

• the correlations between particle concentrations, 
size distributions, and component life; 

• the performance, operating requirements and costs 
of alternative gas cleaning systems; 

• methods for extrapolating the performance of gas 
cleaning systems to new process conditions; 

• an economic analysis to establish the effect of 
the tradeoff between gas cleaning and component 
life on the cost of the ultimate product and the 
performance (energy efficiency) of the overall 
system; and 

• an understanding of the ceilings on cost and the 
floors on performance that competitive methods of 
achieving the same goal place on the process. 

As a result of the Environmental Protection Agency's 
(EPA) recognition of the need for performance and cost data 
on particulate removal systems, the engineer has available 
to him the §crubber Hand~,<3,4) Volume 1 and Volume 2. 
This study presents the performance and operating 
experience, and also reviews the state of the art in 
predictinq the performance of various types of commercial 
gas cleaning systems. A study of these reports and the 
literature will quickly reveal the large amount of 
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additional effort needed to provide the enqineer with 
effective methods of desiqninq workable systems and 
predicting their performance and costs. 

The situation is much more difficult in the case of the 
life and performance correlations for various pieces of 
equipment with particulate loading. Only isolated studies 
are available. To cite an example -- a simplified 
theoretical study to attempt to establish the correlation 
between particle loadings and gas turbine first-stage blade 
life was made by westinghouse (under the sponsorship of the 
Office of coal Fesearch). This study, which required 
guesses as to: 

(1) the performance of gas cleaning systems 
(Fiqure 9-1), 

(2) the erosivity of coal ash at temperatures between 
16SOOF and 20000F (9oooc - 10900C), 

(3) the erosion resistance of turbine alloys 
(Figures 9-2 and 9-3), 

(4) the rebound characteristics of coal ash as a 
function of angle and velocity of impact 
(Figure 9-4), 

employed a simplified two dimensional gas flow field througn 
the turbine stage (neglecting the cushioning effect of 
boundary layer development and the particle concentrating 
effects of secondary flow in the turbine). The study yields 
the data of Figure 9-5, where the angle of maximum erosion 
damage as a characteristic of the turbine material was 
allowed to vary as a parameter. If the "guessed" 
particulate and material characteristics are correct, and 
economics and operational restrictions require first stage 
vane replacement after turbine operation for a minimum of 
10,000 hours, then the degree of gas cleaning that must be 
achieved is defined. This type of study even with guessed 
data for critical components is not generally available on 
pumps, valves, fans, and other vital equipment. The 
engineer requires more such studies along with the erosion 
data needed to quantify them. 

2. Decreasing the Dama_gg_CaY§ed by ~~£h-lme!£S 

In addition to controlling the particle concentration 
impacting the hardware, the engineer can design to lower the 
erosion damage rate. To a first approximation this is 
accoroplished by (1) lowering the kinetic enerqy of the 
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<coal gasification system -combustor dilution 5x) 

Primary Gasifier Cyclone 0. 14 grains/sd 

One Stage of Secondary Cyclones 
0. 07 grains/set 

Two Stages of Secondary Cyclones 
0. 05 grains/ scf 

One Stage of Secondary 
Cyclones and Granular Bed 
Filter 0.002 grains/set 

1 3 6 9 12 
Particle Size Microns 

FIGURE 9-1 Particle Size Distributions at the 
Gas Turbine Inlet Corresponding 
to Various Particle Cleanup Systems 
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E = E 1 + E2, Total Erosion Damage 

Ductile Mode 
E1 = K1 N Cosp)m Sin np 

for P~ P0 

E1 = K1 (V CosP) m for P>P0 

10 20 30 40 50 60 
Impact Angle, degrees 

Brittle Mode 
E2 = K2fV Sin IS) m 

FIGURE 9-2 Erosion Model for Ductile Materials 
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FIGURE 9-3 Erosion Curves Corresponding to Four Angles of Maximum 
Erosion Damage 
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FIGURE 9-4 Particle Rebound Data by Hussein 
(Data from Ref. 5) 
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FIGURE 9-5 First-Stage Stator Vane Trailing Edge Erosion 
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particle before impact, (2) controlling the angle of impact, 
and (3) choosing the material which absorbs the impact. 

Figure 9-6 presents data obtained by smeltzer and his 
coworkers<6> showing the erosion damage measured when an 
aluminum alloy was bombarded at one incidence angle, 37.5° 
by two different types of particles, silica sand and Arizona 
road dust. The curve shows the dependence of the erosion 
damage on the kinetic energy of the particles before impact. 
Halving the velocity of the particles before impact reduces 
the kinetic energy and erosion damage per impact to one 
quarter. Because particle velocity and fluid velocity are 
related, lowering fluid velocities strongly reduces erosion 
damage. However, there is a price to pay -- lowering fluid 
velocities through a pump or pipe decreases capacity. 
Larger equipment is required to handle the same quantity of 
material. Capital costs increase. There is also a limit to 
which velocities can be lowered and still transport 
particles entrained in the fluid. 

Reduction in particle size increases the number of 
particles per unit mass of particulate matter at the same 
rate as it decreases the mass of each particle. On this 
simplified basis, grinding the particles to a finer size 
distribution is not an effective erosion control technique. 
(The secondary effects of being able to transport smaller 
particles at lower velocities, the lower capture efficiency 
of equipment for small particles, and the aerodynamic 
braking of fluid boundary layers slowing micron-sized 
particles, however, will cause reduced erosion damage for 
distributions of smaller particles in some applications.) 

Smeltzer's curve raises the question of the possibility 
of engineering to achieve particle energies below the 
threshold at which erosion damage effectively ceases. Table 
9-1 tabulates the erosion energy thresholds from Smeltzer's 
data, and assuming spherical particles of density 
2.5 gcm-3, gives calculated values of the maximum velocity 
which the particle could have before exceeding the 
threshold. 

The erosion damage threshold is on the order of 200 fps 
(91 m/sec) for these small particles. How does the 
threshold change as particle size exceeds 20 microns 
diameter? Large particles may fragment on impact, 
complicating the situation. The shape and orientation of 
particles striking the surface and the nature of the exposed 
surfaces all influence the energy required to remove 
material. How do the thresholds vary for other impingement 
angles? How do they vary for other alloys and engineering 
materials? Hard quantitative data for design use is rare, 
scattered and difficult to find and often equally difficult 
to apply. ~he literature is filled with screening test data 
that is almost useless for design. Data containing the 
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TABLE 9-1 Erosion Energy Thresholds and Corresponding 
Maximum Particle Velocities to Avoid Erosion 
Damage Impacting 2024 Aluminum Alloy at 3 7. so 

Particle Threshold m v2 

Volume Particle For Erosion Maximum 
Partie le Diameter (n/6)d3 Mass Damage Velocity 

microns em cm3 grams lOllS {fQs}2 _____!Qs 

1 1 X 10-4 5x1o-13 1.3x1o-12 1 X 10-7 280 

3 3 X 10-4 1.4x10-ll 3.5 X 10-ll 5 X 10-S 120 

5 5 X 10-4 6. 5 X 10-ll 1.6 X 10-10 3 X 10-6 140 ,_. 
\0 
0 

10 10 X 10-4 5.2x1o-10 1. 3 X 10 
-9 3 X 10-4 150 

20 20 X 10-4 4. 2 X 10 
-9 

l.OxlO 
-8 2 X 10-3 140 
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precautions nP.eded to obtain defined particle-impact 
velocities and impact angles, on defined surfaces of 
practical importance, which can be combined with 
calculations of the angle and velocities of impact in the 
equipment is needed. 

3. Msterial Selection 

Enqineers should make an intelligent selection of 
erosion resistant materials when considering selection or 
design of components expected to experience erosive 
conditions. 

With an appreciation of the limitations both in 
reliability of erosion properties and the cost, materials 
can be selected specifically for their erosion resistance. 
For instance, the effective lives of centrifugal slurry 
pumps have been increased by several hundred percent by 
attaching ceramic erosion plates to critical areas of the 
impellers. In this example, the significant cost of the 
ceramic inserts was compensated by a significant reduction 
in cost downtime for pump repair. 

The materials selection process involves location of 
anticipated excessive erosion areas in the system and 
estimation of impingement angle, surface temperature, and 
particle velocity. Temperature and impingement angle can be 
used as the criteria to narrow the materials selection 
process. Generally, high temperature (above 1000F (38°C) 1 
and high impingement angle requires ceramics, and 
intermediate temperature (to eoooF (425°C) 1 and low 
impinaement anqle requires metal alloys. Elastomers are 
appropriate for high impingement angle and moderate 
temperature (below 3000F (1500C) 1· 

Abrasion- and wear-resistant alloys can be classified 
as indicated in Table 9-2. 

TABLE 9-2 Classification of Erosion-Wear Alloys 

Tungsten Carbide Composites 

High-Chromium Irons 

Cobalt-Base Alloys 

Nickel-Base Alloys 

Martensitic Steels 

Austenitic Steels 
h 
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This classification can be further reduced to two basic 
types of alloys: (1) alloys with hard particles in a tough 
matrix, which include tungsten carbide composites, high­
chromium irons, cobalt-base alloys, and nickel-base alloys, 
and (2) work-hardening steels, which include both 
martensitic and austenitic steels. Most frequently, these 
products are used in the form of hard-facing deposits on a 
more economical or otherwise required engineering substrate, 
althouqh other forms such as fabrications from wrought 
products, castinqs, or powder metallurgy inserts are also 
employed to reduce erosion, abrasion, and wear in localized 
areas. 

For a variety of materials, erosion resistance appears 
to increase with increasing hardness. This is not true, 
however, within a given class of materials. In metal alloy 
systems, microstructure and toughness can be important 
properties to consider for erosion resistance. For many 
steel alloys for instance, erosion resistance is little 
influenced by different bulk hardness levels achieved in a 
aiven alloy. An example of this effect was shown in Figure 
5-6 where erosion resistance of tool steel is shown 
essentially constant over a fourfold range of hardness. 
Generally, erosion resistance increases with increasing 
carbide content. Microstructure is important in steels and 
cast irons. For a given carbon level, erosion resistance 
tends to increase as one goes from bainitic to pearlitic to 
austenitic to martensitic structures. However, when 
corrosion is involved or when toughness may be a factor 
(large particles, high impact velocity) austenitic materials 
often outperform martensitic steels. For those alloys which 
depend on structure for hardness, those with a fine, well 
dispersed carbide in a high yield strength matrix perform 
best. The erosion process tends to remove hard particles 
from a softer matrix. The higher the ferrite content of 
9earlite, the lower the resistance to erosion. Chromium and 
molybdenum increase the matrix strength and, therefore, 
improve erosion resistance. Althouqh hard, tough structural 
alloys often can provide sufficient erosion resistance for 
energy systems, there is a arowing list of special alloys 
being selected for aggressive environments found in 
developing energy systems such as coal gasification plants. 
A partial listing of alloys beinq considered for coal 
gasification applications is shown in Table 9-3. These 
alloys combine significant corrosion resistance with erosion 
resistance. 

The effect of elevated temperature on erosion 
characteristics of engineering alloys is not well 
understood. It is known that many alloy systems, notably 
austenitic steels, show an increase in erosion resistance as 
temperature increases to a point where loss in yield 
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TABlE 9-3 Candidate Metallic Materials for Application 
in Coal Gasification Plants 

Nominal Com~sition - Percent 
Designation Classification c Mn Si Cr !l:i Mo Other Application 

Ni-Hard• Allm· White Iron 3.30 0.50 0 . 50 2. 50 4.:.0 
Wear parts for 

Ni-Hard IV 
. 

Allov White Iron 3.20 0.50 ). 75 H.fiO fL 00 - pumps, valves. 

15 Cr-3 Mo Allov White Iron 4.00 0.85 0.50 15.00 2.75 
feeders -

Stellite 12 • • Hard Fa!'ing Allm· 1. 80 29.00 
(59.0 Co - - - -
( 9.0 w 

A-285 Carbon Plate Steel 0.20 0.70 

A-204 C-Mo Plate Steel 0.25 - 0. 25 - - 0.50 

A-302 Mn-Mo Plate. Steel 0.25 1. 00 - - - 0.50 

A-:1117 (Grade Dl Cr-1\lo Plate Steel 0.15 0.40 0.40 2.2!'; I. 00 
Shells, heads. ducts -

A-filii C-Si Plate Steel 0.27 0. 70 0.25 

A-5:1:1 Mn-Mo-Ni Plate Steel 0. 25 1. 25 0. 2!l - 0 . 85 0.50 

.... 
:no :!!l 120 Stainless Steel 0.20 1. 00 1.00 2!l.OO 20.00 - \D 

w 
Allov 1100 Wrought Heat-Resistant Alloy 0.04 0.75 0.35 20.00 32.00 - Bat Fe 

A lim· fiOO \\"rnught Heat- Resistant Alloy 0.04 0.20 0 . 20 16.00 72.00 - Bat Fe 

ln!'onel liOI 
. 

Wrought Heat- Resistant Alloy 0.05 0 . 50 0 . 40 
(I. 35 A I Exposed internals 

22.00 60.00 - (Bat Fe and penetrations, 
HK-40 Cast Heat-Resistant Allov 0.40 1. 00 I. 00 25.00 20.00 - BalFe high temperature 

HP Cast Heat-Resistant Allov 0.40 1. 00 1. 00 25.00 35.00 RaJ Fe 
cvclones -

••• ( 5.00 w 
Supertherm Cast Heat-Resistant Alloy 0.50 0.30 1. 70 26.00 35.00 115.00 Co 

(Bat Fe 
50 Ni-50 Cr Wrought Heat-Resistant Alloy - - - 50.00 Bat 

Kanthal Type 15-25 
(3-6 AI 
(Bat Fe 

Allov 400 Formerl1· Monel 0.12 0.90 0.15 - Bat - 31.5 Cu Shell liner 

Trademark nf the International Nickel Companv, Inc. 
Trademark of th<' Stellit<' Division of Cabot Corporation. 
Tr&demark of Engineered Produ!'ts Division of Ahex. Inc . 

:-;1 lTF. : Data from A. :\1 . Hall. Battelle Columbus Laboratories. Columbus, Ohio. 
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properties accelerates. The ductility gained at elevated 
temperatures can reduce erosion through increased fracture 
toughness; however, while benefits may be gained from the 
standpoint of erosion, the concomitant reduction in strength 
may not satisfy the overall structural requirements. 

The use of erosion resistant coating is growing as the 
size of components requiring both structural strength and 
erosion resistance increases. One major factor in this 
trend is economic. Many special alloys and ceramic 
materials whose cost per pound is high can be just as 
effective when used as a coating on a much less expensive 
structural steel. coating systems include hard facing, 
plasma spray and electroplating. The bond between the 
coating and substrate is essential to the success of the 
coating. Therefore, selection of the coating requires not 
only consideration of the corrosion/erosion resistance of 
the coating material but also the compatability or "match" 
between the coating and substrate. 

Because hard-facing is frequently used, the following 
are a description of typical erosion/wear alloys applied by 
the many hard-facing techniques. 

a. TUngsten £!rbide Composite~. Tungsten 
carbide is about 4-weight percent carbon with the balance 
tungsten. It is one of the most abrasion-resistant 
materials and is a widely used "hard" particle. Other 
carbides, oxides, borides, and nitrides are also used in 
composites, but tungsten carbide generally performs better 
and is preferred. TUngsten carbide is generally sold as a 
"tube rod" composed of about 60 percent by weight of carbide 
with the balance being the sheath--usually steel. The 
sheath of the rod is melted onto a substrate and when 
solidified holds the hard carbide particles in place to 
protect the base from erosion. 

Small carbide particles in the tube rods are 
utilized when smooth surfaces and improved impact resistance 
are desired. Conversely, larger particles yield a rougher 
surface, better abrasion resistance, but less impact 
resistance. (Impact often results in fracture and 
subsequent loss of the carbides) • 

Modification of the basic tungsten carbide in 
steel tubes by substituting either nickel- or cobalt-base 
tubes for the steel is a technique frequently used to 
improve the aqueous corrosion or high temperature oxidation 
resistance of the deposit. 

b. High-Chromium Iron§. A multitude of high­
alloy, high-chromium wires and rods are commercially 
available and optimum selection is often difficult. These 
materials nominally contain 2 to 6 percent by weight carbon 
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and 14- to 31-weight percent chromium. other alloying 
elements like silicon, manganese, molybdenum, nickel or 
cobalt are added to enhance specific characteristics like 
fluidity, toughness or corrosion resistance. These alloys 
are recommended to avoid severe abrasion but light impact 
applications such as in moving or grinding earth related 
materials. 

c. Cobalt- and Nickel-Based Alloys. These 
materials are typically highly alloyed with a combination of 
several of these: carbon, chromium, tungsten, silicon, 
molybdenum, manqanese, and boron. The alloys are 
characterized by their resistance to combination 
environments of temperature, corrosion, abrasion, erosion or 
metal-to-metal wear. Hard chromium carbides (Cr 7 C3 ) and/or 
tungsten-molybdenum rich carbides (M6 C) form in a tough 
corrosion-resistant matrix as the deposits solidify from the 
molten state on deposition. 

Nickel-base alloys followed cobalt-base alloys in 
development and were developed basically as a cheaper 
substitute. Frequently, nickel-base alloys contain boron 
and silicon to reduce the melting temperature, to impart a 
fluxing action, and to make deposition easier. 

d. ~ork Hgrdenable Alloys. These products are 
used for severe impact and light to moderate abrasion or 
erosion applications at low temperatures. Nickel, chromium 
and/or manganese are alloyed with iron to provide an alloy 
which work-hardens with impact during service. Thus, a 
tough hard surface is combined in one product. Typical 
applications are in shovels and material handling equipment. 

C. MATERIAL LIMITATIONS AND UNRNOWNS 

'l'he above "rule-of-thumb" guidelines are useful and 
have been successfully employed to alleviate and solve 
engineering erosion and wear problems, but there are 
significant limitations to this state of the art. 

Much of the erosion data and expertise are founded on 
room and near room temperature experience. Elevated 
temperature experience, especially in hostile environments, 
is not curren~ly available. Resistance to deformation 
(hardness) is a key variable in some erosion-wear equations 
and it is known that softening of materials occurs at 
variable temperature conditions so that materials which are 
hard at room temperature may become quite soft and 
susceptible to erosion at even moderate temperatures. 
Recent data from EPRI studies support the corollary that 
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some comparatively soft materials at room temperature remain 
comparatively hard and more erosion resistant at higher 
temperatures, as illustrated in Figure 9-7. 

Elevated temperature classification, even on an 
empirical basis, of existing engineering erosion resistant 
materials is poorly documented. This is required, at least 
on a limited basis, before successful modeling can be 
accomplished to predict a wide variety of condition­
dependent materials. 

Many of the wear/erosion resistant alloys (castings and 
hard-facings) used today were developed seventy years aqo as 
were the specifications which govern their compositions. 
With respect to compositional ranges of alloys, the industry 
is operating under the melting, refining, and application 
technology which is little changed since 1900. Little has 
been done to better define and optimize the major element 
ranges (chromium often has a 4-weight percent range for 
example). The same is true to a greater extent of the 
permissible ranges of minor elements; those elements are 
commonly present as unintentional addition up to perhaps 3-
to 4-weight percent. Modern melting techniques and 
associated control capabilities allow major elements to be 
controlled at least to the 2-weight percent level and minor 
elements to the 1 w/o range and, in some instances, to 0.5 
w/o ranges. 

Tiqhter composition ranges would mean higher costs, but 
improved service and reliability might well justify closer 
controls. Metallurgical form, morphology, and structure of 
commercially available alloys can, and do, vary 
significantly depending upon a) the composition of the 
particular batch as alluded to above, b) dilution and 
technique of application in the instance of hard-facing and 
c) solidification and cooling rates of hard-facings and 
castings. Little has been done to establish the relation of 
these inherent variables to service capability and 
reliability. 

Further, alloy systems are typically modified by high­
temperature exposure, i.e., phases stable at room 
temperature are metastable at higher temperatures. In many 
instances these changes are ill-defined. 

cost and availability of erosion resistant materials 
are considerations if enerqy-producing systems are to be 
cost effective. Traditional erosion-resistant materials 
contain significant amounts of chromium, tungsten, and 
cobalt which will be in short supply at the same time that 
the demand for existing alloys increases in proportion to 
the nation's energy requirements and other applications of 
the scarce materials increase. These are nondomestic 
elemen~s and recently have experienced sky-rocketing price 
increases. The ability to substitute other more readily 
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TEMPERATURE 

FIGURE 9-7 Schematic of Hardness and Erosion 
Resistance of Two Classes of Materials 
as a Function of Temperature 
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available constituents (nitrides and/or borides for 
carbides; iron, nickel or manqanese for cobalt; and 
molybdenum for tungsten) is unknown and requires attention 
if even the current level of erosion resistant capability is 
to be maintained. Finally, the market for and application 
techniques of current erosion-resistant alloys requires 
evaluation. 

Powder metallurgy and especially moderate cost 
expendable powder metallurgy inserts offer promise of an 
efficient method of alleviating costly downtime in energy 
producing systems. Powder metallurgy inserts and components 
can be manufactured from alloys which can be neither 
successfully cast in significant cross sections nor laid 
down by hard-facing procedures. This is a fruitful, but 
poorly developed, area of endeavor. 

Method technology has grown consistently in the hard­
facing and surface technology areas: examples are plasma 
spraying, vapor deposition, diffusion bonding, and submerged 
arc application. 

Laser technology has developed sufficiently so that it 
should be considered as an additional tool for precise 
surface modification to improve erosion and as a method for 
joining erosion-resistant materials to substrates. This is 
a concept which requires reduction to practice. 

D. CERAMIC MATERIALS 

severe conditions in energy systems such as gasifiers 
in coal gasification plants require large sections of 
ceramic materials. This is a complete departure from metal 
alloy systems or coatings in that the material is selected 
for its resistance to high-temperature [over 18000F (980°C)) 
corrosion and its very high hardness. Materials like these 
having engineering applications include aluminum oxide (hot 
pressed, high density), silicon nitride, silicon carbide, 
zirconium dioxide, and magnesium oxide. There are many more 
combinations of oxides, carbides, borides, and nitrides 
having various binders and sintering systems. These 
materials are used in preformed sections which are fitted 
together and mounted on structural metal frames or holders. 
They are also used as wear plates to be mounted in critical 
high-erosion zones of components. Selection and application 
requires consideration of temperature, gaseous environment, 
thermal expansion properties of the mounting system, and 
cost of forming. Shaping can only be done by grinding and 
this is prohibitively expensive for large components. The 
use of ceramics in structural applications, specifically for 
qas turbines, is described in a recent National Materials 
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Advisory Board Report<?>. This report adequately covers 
design consideration. 

E. REPLACEMENT TECHNOLOGY 

Finally, the engineer should consider the problem of 
maintenance and replacement of components subject to 
erosion. Parts such as valve seats, wear plates, etc. can 
be incorporated into a design so that they are easily 
replaceable. Since there is no universal completely 
erosion-resistant engineering material one must learn to 
live with and accommodate to the fact of erosion as a 
cumulative damage process. 

F. SUMMAFY 

At the present time the engineer, faced with design and 
operation of systems in which erosion, corrosion, and 
deposition are major concerns, is supported by a largely 
empirically based technology. Many of the process 
conditions -- high-temperature corrosive environments -- are 
new and there is no relevant background of experience to 
draw on. carrying out an integrated development program 
with an adequate parallel technology development program 
offers the most cost-effective method of insuring that 
demonstration plants demonstrate solutions rather than 
problems. Extension of basic understanding of material 
removal mechanisms from alloys and ceramics, extension of 
understanding of fabrication and application processes and 
extension of design capability in parallel with building and 
operating plants are needed. 
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APPENDIX 

EPOSION/CORROSION RESEARCH PROJECTS 

Active projects on erosion/corrosion identified during 
the tenure of the Committee are compiled in Tables A-I 
through A-III. The listings include not only efforts 
arising from energy conversion activities, but also work in 
other areas which have some bearing on ERDA's concerns with 
erosion/corrosion. The work identified undoubtedly does not 
include all that is under way or completed within the last 
few years, particularly that which is performed as part of a 
system development. However, the compilation was useful in 
indicating the scope of many programs of interest to the 
Energy Research and Development Administration, the 
Department of Defense, the National Aeronautics and Space 
Administration, the National Science Foundation, the 
Department of the Interior, the Department of Commerce, as 
well as organizations outside the government, such as the 
Electric Power Research Institute. 

The compilation is arranged in three tables, covering 
erosive temperature regimes, as follows: 

Table A-I: 

Table A-II: 

Table A-III: 

TABLE A-I. 

Erosion/Corrosion: Room Temperat~re To 
3900F (2000C) 

Erosion/Corrosion: At Temperatures 
Between 3900F (2000C) And 11100F (6000C) 

Erosion/Corrosion: At Temperatures over 
11100F (6000C) 

In this temperature regime, energy conversion programs 
reflect an interest in developing understanding of 
mechanisms of erosion and wear relating to coal-handling 
equipment. Studies are conducted in laboratory and plant 
environments on metals, coatings, and ceramics. In 
particular, improved valve materials, coatings and designs 
are souqht. DOD interest is in developing improved 
materials and coatings for missiles and aircraft components 
subject to erosive wear by dust, rain, and ice. Mechanisms 
of erosion studies are prominent. components of interest 
include radomes, infrared (IR) domes, IR windows, nose tips 
of missiles, leading edges of aircraft structures, turbine 
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fans, turbine compressors, and helicopter rotors. Behavior 
of ceramics and plastic composites are of particular 
concern. Studies of cavitation erosion in hiqh performance 
propellers, machinery, and structures of high-speed craft 
such as hydrofoils are of interest for marine applications. 

In this temperature reqime, energy conversion interests 
are related largely to steam turbine systems and coal 
aasification system valves controlling movement of coal 
slurries and chars. Particular problems include erosion in 
cooling channels caused by high velocity water in water­
cooled turbines. Spalling of oxides in steam turbines is a 
problem. Geothermal brines involve erosive problems because 
of solid particulates. Metals, ceramics, and coatings are 
evaluated. 

Hiqh-temperature erosion/corrosion interactions become 
significant in investigations shown in Table A-III. The 
systems studied include mechanisms of erosion/corrosion in 
coal conversion, high-temperature gas turbines, MHD systems, 
and roilitary-oriented applications, such as re-entry 
vehicles and qun barrels. In coal conversion systems, 
components considered are primarily valving, transfer lines, 
cyclones, heat exchangers, boilers, combustors, and 
gasifiers. Material development and evaluation of 
components are considered relative to resistance to 
combustion products of liquid and gaseous fuels. 

In high-temperature gas turbines, particular emphasis 
on material resistance to oxidation-sulfidation reactions is 
noted in addition to high temperature particulate erosion. 
Materials development and evaluation primarily involves 
superalloys and ceramics. Rotors, stators, combustors, and 
reqenerator/recuperator materials show the greatest 
erosion/corrosion problems. 
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TABLE A-1. Eroston/Corroaion: Room Temperature To 390'F (200'Cl 

PROGRAM OBJECTIVE MATERIAL 1ENVIRONMENT APPliCATIONS 

To conduct an experimental tnvesttption of mecba- Plastic deformation aasodated with eroaion Mecbaalsm studies 
nlsms of wear and erosion. (lltngle and muldple particle impact) of metals 

(copper and stainless steels) will be evaluated 
by electron microscopy. Effects of work-
bardenlng and microstructure w1ll be assessed. 
Apparatus is beiDc built allowiDg aocurate 
measurement of particle velocity and impact 
angle. Longer range plans include evaluation 
of erollton-tnduoed substructure and erosion of 
ceramica. 

To develop NDI teclmlques for coatings iD•situ Wear and process resistant coati.ngs are investi- Oeaeral purpose 
in l.srge scale plants. p.ted by NDI technlques to enable in-llttu inspec-

tion of them. 

To develop understanding of the metallurgical studiee are made of surface-surface oontact Weapoas development 
properties of surfaces ueed iD weapoDB development deformation and adhesion using carefully con-
and tbe generation of desired surface properties by troUed environmental coadltions and sensitive 
cbolce al materials, surface modlflcation, and the measurement tecbnlques appropriate to appU-
forming of new surfaces. cations iD friction and wear, electrical contacts, 

and friction bonding. Electrical oontact arcing 
studies involve the effects of voltap on oontact 
erollton, and material traaefer .,._n arcbiC 
oontacta. 

To iDvesUpte eroaioa at room temperature of Sngle crystals and polycrystal.s of McO. II, ~cbanisms of erollton 
IIOID1DalJ.y brittle materials. and W will be impacted by eoUd spberical 

particles ol bardened steel and Al~ Slncle 
impact studies will be undertaken 
particles with diameters from 1 to 3, 000 
microns impacted at velocities to 200 m/s. 
Mecbanisms involved ta nucleatioa and 
growth of craob will be tnvesttpted. 

To examine the mecbaniem of eroaion of metals by IDflueuce of sample thickness on the depth and Cavitation mecbanlems 
cavitation and the lnfluence of metallurgical magnitude of the restdual ·streasee will be study 
structures on erollton rates. measured. Size of bubblee creeted at 10-30KHz 

will be determined. Relatioublp .,._n 
appUed and residual stresses will be 
determined. 

, ____ 

PERFORMING 
ACTIVITY 

Ars- Nationsl 
Laboratory 

oak Ridp National 
Laboratory 

Sandia Laboratories 

Ulliveretty al 
Kentuck;y. Scbool 
of Enpneerlllg 

stete University of 
New York 
stony Brook, NY 

SPONSOR/ NO. 

ERDA 

ERDA 

ERDA (Division of 
M1Utary AppUca-
tions) 

NBF 

DMR75-10347 

NBF 

DMR72-03227 AOl 

-- · -

I 

I 

N 
0 
w 
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Page 2 of TABLE A-I 

PROGRAM OBJECTIVE MATERIAL.'ENVIRONMENT 

To investigate meobaDlsms of solid parUcle erosion Spberical and oriented cubical parUcles will be 
on slllgle crystals of ceramics and metals. impacted on crystal surfaces at velocities up 

to 3 x 10 to tbe fourth power em/sec. Variables 
to bje studied include parUcle elze and velocity, 
anaJe of implnpment, and cryatallograpblc 
orientation of the target surface. The elze and 
shape of parUcles before and after impact will 
be examtaed to determine if eroding parUcles 
are damaged by impact. A comparison of 
various erosion theories will be inlUated. 

To develop chemical vapor deposition (CVD) Prooedures have been developed to coat ball 
tecbnlques for coattoc ferrous ball valve seats valve aeata with CVD tunceten. Laboratory 
with erosion resistant materials. erosion rates are lees than that of Stalltte 6B. 

Ball valve aeata will be teeted in-eltu in a 
coal gas11lcation plant. Titanium nitride and 
titanium carbide coattocs are belllg developed 
and evaluated. 

To develop feasible designs for large valves for Studies include evaluation of bearing dealgne 
service with lock hopper systems for admlselon of and materials resietant to wear and abrasion 
coal into and release of char from full scale coal in a valve handling pulverized coal and char. 
gasill.cation reactors. 

To mitigate erosive effects of rain and sand on Abrasion-resietant coatings are evaluated 
naval aircraft. by wbirllng arm teets in a rain field. Teflon-

filled polyurethane coatings and elastomeric 
polyurethanes are belllg studied. 

To develop capability for research on rain A rotating arm apparatus has been designed 
erosion damage and for qualiftcation of and fabricated. Impact fracture velocity. 
materials. erosion incubation times. and erosion rata 

dependency on rain intensity, velocity. and 
impact angle will be eetablisbed for 
predlcUOC the behavior of radomes. metal 
coatings, elaetomers. paint. or metale. 

To develop erosion-realetant coattocs for gas Resistance of coatings to erosion by sand is 
turbine components evaluated on a T58 turbine engine first etage 

compres110r rotor. Coatinge include Nl-Cr3C2, 
Al Seal, Sermetel W, and Chromalloy A-12. 

APPlICATIONS 

Basic study to provide 
guidelines for designers 
of materials used in 
energy systems such as 
coal gas11le rs and 
magnetohydrorl)•namie 
generators 

Valve materials for coal 
gasification units re-
qulrloc reeietance to 
wear, abraelon, erosion, 
and shock 

Coal gasification 
reactors 

Rotor blades made from 
fiberglass reinforced 
resin matrix composites: 
radomes: metal leading 
edges of aircraft 

Aircraft and missile 
radomes, leading edges. 
and etructures 

Turbine fan and nom-
pres110r blading 

PERFORJIIING 
ACTIVITY 

Pennsylvania State 
University, School 
of Earth and Mineral 
Sciences 

Rolla Research 
Center 

Rockwell 
International Company, 
Flow Control Division, 
Pittsburgh, PA 

Naval Air 
Development 
Center 

Naval Air 
Development 
Center 

Naval Air Propulslon 
Teel Celltar 

SPO!\SOR :'\0. 

NSF 

DMR76-02733 

Bureau of Mlnee 

Rockwell 
International 
CompaO\· 

NAVAIR 

NAVAIR 

NAVAIR 

I 

to.) 

0 
.c::. 
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Pap 3 ol TABLE A-1. 

PROGRAM OBJECTIVE MATERIAL/ENVIRONMENT 

To develop reldn matrix oompoeitea wtth Inherent Compo.ttea o«d•tntng reinforcements In three 
rellla&aDce to lmpacta by beavy paJUclea (gravel, dlrectlona will be evaluated for realatance to 
metal) u -u uUcbt pantclea (water, &aDd). lm~ot ualng ateellndenten. Materlala to be 

atuclled Include flberglue &1111 carboa flber 
retaforoed reldna. 

To develop underat&Dcllng of re&JIOIUMI to Impact Emplaaiala on atudy1ng reactlona ol polymethyl 
ol polymeric materiala, lnclucllng compollltea and methacrylate, polycarboaate, &1111 e~ to 
polyurethaDe coatlnga. Impact by ateel ball&. Re&JIOIUMI Ia evaluated 

In terma ol brealdng ol material &1111 deoalfloa-
tlon In tile lmpaoted area. 

To develop wear, eroalon, and corroalon Chromium-molybdenum COIItlng ayatama are 
ruUWit COIItlJIIII for titanium alloy a. belllc develaped for application to Tl-8Al-l V-

lMo, Tl-6Al-4V, &1111 Tl-6Al-6V-25D. De-
pclllltlaD t8olultquea ~ eleotraplatiDg and 
&pUttering. Coatluc• OCIIIta1Jilnl 1 &1111 3% Mo 
are 1mJUpd by a blgb velodty atream ol27 
mloraa a.luminum oxide paJUclea to eftlllate 
eroalon behavtor. 

To develop evaluation prooedurea &1111 predlctlve An expertmental/analytloal approach will be 
oapUlllty for tile impact performance of oompo- mounted to tnftatlpte tile Impact perfor-
alte mate riala. Mate rial/ atructural re&JIOIUMI mance ol bomopneoua &1111 advanoed oompo-
&1111 Jocall.aed damage mechanlama wtU be alte matertala. Penetrability of penetraton 
.tudled. made of Al, 6Al-4V-Tl, e~. &1111 

a.luminum relnforoed wtth alumlDa flben 
have been evaluated. Ceramic face/flber 
retnforoed platea for armor are baing 
evaluated. 

To perform paJUole eroeon teat& In tile Naval Teat& will be performed tn tile lOOo-lt. 
8ulface Weapona Center Balllatlc ranpa in hyper-balllatlca ra.np. Eroeon data will 
•'WOrt ol. no~~etlpe eroalon atucllea. be obtained by flytng model& throuch l'll1ll 

or duat and optloally obeervtng tile damage 
In fll&bt. 

APPliCATIONS 
PERFORMING 

ACTIVITY 

Composite airframe Fiber Materlala, lnc. 
atructuree 

Radomea and oompoeite General Electric 
airframe atructurea Company 

(Scbenectady. NY) 

Aircraft oomponellh. Pratt 1r Wbltuey, 
including gu tudllnea Florida Dlrialon 

Armor Naval Re~~earcb 
Laboratory 

Nuetlpe ol. re-eatry Naval Surface 
bocllea Weapou Center, 

Slftr Spring, Md. 

SPONSOR/NO. 

NAVAIR 

NAVAIR 

N00017-75-C-G320 

NAVAIR 
N00019-78-C-0342 

Naval Re-rcb 
Laboratory 

Navy Strategic 
Syatama Project 
omce 

' 

N 
0 
U1 
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Pap 4 of TABLE A-1 

PROGRAM OBJECTIVE MATERIAL/ENVIRONMENT 

To lDYe.Ugate fracture-relatllld impact damqe, Matertalslnclude alumiDa, 111licon carbide, 
such aa brittle-to-ducUle tnuuJ1Uon, fracture allicon Ditride, splnel, a1Ucon, zinc selellide, 
touglaless, strength, magneelum oxide. Tqaten carblde, steela, 

aoll aluminum impacter spheres will be 
employed wttb velodties of 3 and 600 meters 
per seoond. 

To develop underetaDdlng of ceramic materials Target matertals include litblum Ouoride and 
behavior under parUcle impact loading. Analytl- magneelum oxide. Uquid droplets of well-
cal precllcUon, parUcularJ.y ol.lncubaUon atage. deftned cllameter and velocity wlU be used. 

To determine tbe mecball1sms of pitUng of Aluminum alloys are expoeed to seawater at 
aluminum alloys ln seawater at now veloclUes Row veloclUes from 0 to 60 knots wttb controlled 
typical of surface effect sblps. Reynolds numbera. A model for pitUng ls to be 

eetablisbed relaUng o~gen content, velodty 
and boundary layer turbulence to crtUcal pitUng 
potenUal, pltUng behavior, and pit morpboloey. 

To conduct theoreUcal and elql8rimental etudles Elql8riments wlU be carried out to study tbe 
on the dynamics of cavitsUon damage and on tbe pressure behavior across a Oat plate and to 
effect of clllute polymer IIOlutions on lnblblUnc measure poJ.ymer relaxatlon Umes. 
cavitsUon. 

To acbleve fUDda.mental underatandlng of the cavi- Empbaels ls on establishment of scaling laws 
~Uon erosion process. for modeling cavitsUon erosion Intensity; study 

of role of physical properUes of liquid on cavi-
tsUon erosion; lnve.UgaUon of tbe adbeelon 
failure ol. protecUve 0011t1np due to oavitaUon 
eroeon; and study of -ar parUcles produoed 
by oavitaUon erosion ln lubrlcaUnc olls. 

To develop an underetandlnc ol. fracture mecha- QuanUtaUve fractography ls used to cbarac-
Dlama under parUcle impact loacllng. terize impact damap and subaequent fractures 

in poJ.ycrystall1ne ceramics under lndentaUon 
loading. S13N4, SIC, and glau are compared. 

- -----

APPliCATIONS 

Ceramic components 
such as missile domes 

m windows, nose Ups, 
radomes , b1gb tempera-
ture blacl1ng, bearings 

Navy surface effect sblpa 

Navy sblp and macblnery 
elements such aa propel-
len. sbaftinc. rudders . 
struts. hydrofolla 

Hlgh speed Navy craft 
such as hydrofoils , 
superonltstln« propel-
Jere and blgb perfor-
mance macblnery 

IR domes. radomes. 
turbine parts, bearlncs 

PERFOR!'ofiNG 
ACTIVIn· 

NaUonal Bureau 
of Standards 

Battelle Columbus 
Laboratories 

Bell Aerospace 
Company, Dlvlslonof 
Textron Inc. 

Ullivendty of 
CaUfornla. School 
ol. Engl-rtng, 
San Diego, California 

Catholic Ullivendty 
of America, School 
ol. Engineering and 
A rcbltecture 

Ceramic nmsblnc 
Company 

SPONSOR ' NO. 

ONR 

032-535 

ONR 

032-M 

ONR 

N00014-75-C-1087 

ONR 

N000-14-69-A-
0200-6004 

ONR 

N00014-67-A-
0377-008 

ONR 

032-545 

N 
0 
0\ 
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Page 5 of TABLE A-I 

PROGRAM OBJECTIVE MATERIA LIENVIRONMENT 

To improve Ullderataodlnc of tbe mecbaDlam of Tbeoretical and experimentalinveatipttoaa 
cavitatiOD eroelon aDd tbe ability to predict are carried out. Empbaala la on lnveatlptton 
fteld experience from laboratory data. of acalinc lawa for cavitat1011 eroelon, 

atud&' of tbe role of peyalcal propertiea of 
liquid& in cavitation eroalon, and tbe 
concept of eroalon atrencth aa a scaliDc 
parameter. 

To lnveatlgate damage on cryatalline iDOrganlc Calclum fluoride, mqnealum oxide. atlicon, 
materials cauaed by rain, lee cryatala, and germanium aDd aappblre will be expoaed to 
airborne duet at hlgb impact velocltlea. Erosion alncle aDd overlapplnc water drop lmptnce-
mecbanlama will be atudled. ment with an air (1111. 

To define IUetlme and performance llmitations Hot preased alii con nitride. reaction sintared 
aucb as eroalon damage to aid development of ailicon nitride and bot pressed magneatum 
materiala capable of realsttnc exposure to eroelve fluoride will be atudled after impact by con-
em I'OIImeate. To establish erosive modele for trolled numbers (ooe to ten tboU81111d) of 
multiple solid particle impacts on brittle materiala. particles. 

To develop metbode of predictlnc the occurrence Experimentallnveetlgatlon will be conducted to 
and 1ntane1ty of cavitation eroaion ln full scale develop and validate laboratory methods of 
marlDe systems from laboratory testa. predictlnc cavitatiOD damage in prototype eye-

tems. Effort will include development of 
pulae-countlnc tecbnlquea for correlation with 
damage meaaured ln a vibratory teat fadlity 
In water over a ranee of preaaurea and 
temperatures. 

To determine the re&POft&e of plasma apray coated Steel ia plaama aprayed with aluminum and 
steel to cavitation eroe1on in the marine environ- alumina under a variety of conditione. Coetlncs 
ment, and to correlate tble reeponae with coating are characterized and cavitation re&POftM 
cbaracteriatlce and tbe dynamlca of the cavitation measured ualng a vibratory probe in dlatllled 
process. water, eallne aoludona, and aeawater. 

To develop an underatandioc of the 01111et and extent Materiala removal caused by high impedance 
of brittle fracture aDd plaatlc deformat1011 of (WC) projectiles wl1l be studied ln the plastic 
brittle ceramics under alncle particle impact teats. repme. Glass or aappblre apberee will be 

impacted 011 ZnSe, ZnS. aDd MgO targete. 
Nyloo apheree w11l be impacted on ZnS. MgO 
8131\. SiC. 

APPliCATIONS 

Hlah apeed naval craft, 
eydrofolla. auper-
cavitattoc propeller&, 
hlJh performance 
machinery 

Infrared aenaor windowa, 
lnfrared laaer windowa. 
and radomea of mlaallea 
and aircraft 

Gaa turbine component&, 
radomea aDd IR domea 

Navy hish speed craft 
such ae eydrofolla. 
Supercavltatlng propel-
lere and hlJh perform-
ance macblnery 

High speed Navy craft 

IR domes. radomee. 
turbine parta. bearince 

PERFORlllll'G 
ACTIVITY 

Daedlean Aaaoclatea 
Woodblne. Maryland 

Effecta TecbnoJocy. 
Inc., Santa Barbara, 
California 

Solar Dlvialon. 
International 
Harvester Company 

University of 
Michigan, School 
of Engineering 

State Univerelt~· 
of New York. 
Stony Brook. NY 

Rockwell 
International 
Science Center , 
Thousand Oaks , 
California 

SPOJ"SOR 'NO. 

ONR 
NR062-436 

ONR 

032-565 

ONR 

032-542 

ONR 

N00014-76-C-0697 

ONR 

N000-14-75-C-
1018 

ONR 

032-552 

1\) 

0 
-...! 
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Pap 6 ol TABLE A-I 

PROGRAM OBJECTIVE 

To wxleretand materiala behavior UDder particle 
impact loadiog in onler to predict erosioa rates. 
establish material development guidelines, predict 
performance UDder e:11J18cted environmeote aod 
define lailure cooditioos. 

To improve the environmental durability of JR 
aod radar domes iD operating environments 
Imposing severe conditions such as mechanical 
and thermal loading, and impact erosion. 

To develop an wxlerstandiog of tbe dynamic 
materiala properties that govern erosion resis­
tance of brittle materials aod to Infer how these 
properties are Influenced by microstructural 
features. 

To develop Improved ceramic radome materials . 

!IIATERJA L 'ENVIRO:o;:\IEI"T 

Uoderstaodlog Is belog advanced espectally 
In tbe transition from low-velocity. raln­
eroaioa processes to bypervelocity re-entry 
cooditions. Delioeattoo of veloc1ty conditions 
UDder wb1cb static linear formulatioos become 
Inadequate aod tbe sensitivity uf damage to 
microscopic and microstructural materiala 
parameters are defloed. Tbe relation between 
single and multiple Impact pbenomena wtU be 
inveattgated. 

APPLJCATIO!"S 
PERFOR!IfiNG 

ACTIVITY SPOI'SOR :-10. 

Ceramic materiala In IR I Prototype Develop- I ONR 
windows, nose tips, beat ment Aasodatea. 
shields aod turbine Santa Ana. California I N00014-75-C-1036 
blades wb1ch are particle 
Impact loaded 

Efforts are underway to improve the environ- I Misatle radomes 
mental durability of magnesia. Sputtered coat-

Raytheon Company jONR 
NR-oG8-G02 

ings of spinel IMg Al2o41 and fosterite (Mg2S1041 
on magnesia are to be run in a hlgh-flumidlty 
chamber . These materials and silicon nitride 
coated magnesia will be e\1lluated for rain 
erosion resistance. CVD coatings will also be 
assessed. 

Materials Include alkali halides. ZnSe . MgF2 , 
aod Sl3!'14. Plate impact fracture tests -.1U 
be performed and compared with computa­
tional results. Micro-fracture featured wiU be 
qualitatively assessed and correlated with 
computed stress histories. Subsurface fr.ature 
under particle Impact sites wtU be compared 
with computationaUy simulated results . 

&lpersoalc rain e roslon sled testing Is 
conducted on fused atUca, st3N4• SlaJoa aod 
ablative plsattc cooes for stud}1ng materials 
properties effects. 

Ceramic components 
such aa JR windows . 
nose tips . radomes 

Radomes. rain caps 

Stanford Re-rcb 
IDBtltuta 

AMMRC 
MJCOM 

ONR 

032-563 

Army Materials 
and Mechanics 
Research Center 

I 
N 
0 
Q) 

I 
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Pqe 7 of TABLE A-1. 

PROGRAM OBJECTIVE MATERIA L/ENVJRONMENT 

To evaluate materialeamplea and coatlncs Semplea eroded In aled testa will be 
required for lmproftiCl ldgb perfoi'IIWioe rain eliiUDlDed. SUp cut fuaed etlica specimens 
reeletaot radomes which are euler to maes of various denettles will be tested. The 
produce than slip cut fuaed allica. potenda1 of new radome materlala including 

laminates, compoaltes, and coatings will be 
etudled. Quul-tbeoretlcal relatione will be 
developed for use In deelgn and selection 
of materiala. 

To study streugtbenlng mechanisms In ceramics studies are made of the role of dislocation 
requiring reetstance to rain and duet In 1R dipoles and loope In the work hardening 
windows and radomes (1 , e. sapphire md and recovery of sappblre; the effectlvenees 
alkal1ne earth halides). of dopanta In hardening~ eappldre; the 

precipitation hardenlnc of aappblre; and 
the relatlonablp between crystal structure 
and deformation In ap&nele. 

To IIIVeetlpte the eroelon processes In small Factors :affecting ductile eroelon. such as 
tulbomacblnery In order to develop a quantlta- angle of Impingement. particle velocity , 
Uve 111odel which will facilitate the prediction elze. shape and strength will be lnveetl-
of erosion tn future advanoed tulbomacblnery. gated experimentally. Work will be per-

formed to examine effects of target 
materialelze. velocity dependence due to 
the angle of Impingement and aerodynamic 
effect of temperature on eroelon of alloys 
for compreseore and turbines. 

To produce eroalon reeletant ooatlngs on leading Titanlwn boride coatings on titanium alloys are 
edps of helicopter blades. optimized using sand blast and rotating arm rain 

teatlng for application to leading edge protec-
tlon. 

To ioveetlpte meana of removlnc sand and A parametric analyals Is conducted of several 
duet-laden soa'venge air from an Integral engine separator scavenge s~·atems to evaluate the 
Inlet particle separator. thereby improving efflclenc' and reliabtlit~·. The selected 
engine reliabllity and maintainability. system \\ill be designed, fabricated and 

tested. 

APPIICA TIONS 
PERFORMING 

ACTIVITY 

Radomea Tennessee Techno-
logical University, 
Department of 
Engineering Science 

Mlselle 1R wiDdows Case Weatem 
and domes Reserve 

Unlverelty 

Helicopter pe tolblne Unlveralty of 
engines and IUtratlon Cincinnati 
devices for gas turbine 
driven generator seta 

Helicopter rotor blades Solar Division, Inter-
nattonal Harvester 
Company 

Aircraft gas turbine A VCQ- Lycoming 
engines 

SPONSOR 1 NO. 

U.S. Army 
Mlsalle RDioE 
Lab., Redstone 
Arsenal 

DAR COM 
Army Research 
Office 

DARCOM Army 
Research 
Office 

A VSCOM (Army) 

AVSCOM Air 
MobWty 
Research and 
Development 
Laboratory. 
Ft. Euatls 

I 

J 

N 
0 
\0 
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Page 8 of TABLE A-1. 

PROGRAM OBJECTIVE MATERIA I. ' F~\-II!<•~:O.I£1\T 

To develop. fabricate, and environmentally Materials for erosion protection are 
test rotor blsde leading edge elsstomeric reviewed. fabricated Into specimens. and 
erosion protection strip . environmentally te&ted. A polyurethane 

erosion protection strip has been selected. 

To evaluate threat to re-entey· vehicles by Radiative transfer In ice clouds will be 
hydrometeor erosion. To evaluate tbe ability studied. Numerical cloud models will 
of sateWte instruments to estimate be used to Improve sateWte estimation 
characteristics of ice clouds. of cloud Ice content. 

To assess the effect of clouds and hydrometeors Numerical processing and analysis procedures 
on aerospace vehicle erosion. are developed for airborne cloud physics 

Instrumentation. Computer programs are 
developed to permlt anal.\· sis of particle 
distributions, liquid water content. and other 
pertinent cloud physical parameters. 

To Investigate hypersonic Ice erosion of re-entry Carbon-carbon nose tip materials and carbon-
veblcles. phenolic heat shield materials are Investigated 

ln baWstlc ranges for hypersonic multiple 
Impingement Ice erosion and In single particle 
Impacts for modeling testa. Analytical model 
of charlsyer Influence on erosion behavior ls 
being developed. Single vs . multiple impact ls 
being studied. 

To Investigate rain erosion effects on IR window Chalcogenlde materials such as ZnS. ZnSe. 
materials . GaAs, and Ge are being Impacted with single 

water drops and multiple drops for deterrnlna-
t1on of cracking/fracture mechanisms 
wblch result in transmlssion loss through these 
windows. SEM and other microscopy are being 
extensively utilized with computer simulation of 
impact loading. 

---

APPliCATIO~S 
PERFORJ\11!\G 

ACTI\lTY 

Leading edges of Hugbes Helicopters, 
composite helicopter Culver Cltv, Calif. 
rotor blades 

Re-entl')' vehicles Utah l'nlversltv 

Aerospace Vehicles Digital Programmlng 
Service . Waltham. 
Massachusetta 

Re-entl') vehicles AVCO Corporation 

AIrcraft and mlsaUe Bell Aerospace 
Infrared ,.indow·s Compan~· , Division 

of Textron Inc. 

SPONSOR 1NO. 

AVSCOM 
Air Mobility 
Laboratory 
Ft. Eustis 

Air Force Geo-
physics Laboratory 
Hanscom AFB, 
Bedford, Mus. 

USAF 
Geophysics 
Laboratory 
Hanscom A FB , 
Bedford, Mus. 

USAF Materials 
Laboratory 
F33615-74-C-5149 

USAF Mate rials 
Laboratoey· 
F33615-76-C-5125 

--

~ .... 
0 
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Pap 9 of TABLE A-L 

PROGRAM OBJECTIVE MATE RIA LIENVIRONMENT 

To lnve.Upte supeNODlc rain eroaion pe:rfonnaDoe Mooolttbic oeramlca, csrboD-carbclll and quart& 
of oeramtc materials and thermal protecU011 stiles composites are exposed to multiple rain 
materials. at velocities up to 5500 fpa . IDfluenoe of 

lmplngemeDI angle. velocity, heattnc, and 
lnfluenoe ol. materials CODStrucUOD variables OD 
eroaton behavior are determined. 

To deflDe mecbaDieme of erost011 In re-entry MecbaDisms of eroaiODID re-entry vehicle DOse 

materials. tip materials are determined by single Impact 
tests. A comprehensive model wblcb attempte 
to Isolate Individual environmental and matertal8 
parameter IDfluenoes Is belnc developed. 
Dy118.1111c materials property tests and dyiiiUDic 
penetratiOD tests are Wled. 

To develop antistatic, thermal flash reatstant, Polyurethane aDd Ouorocarbclll elestomeric 
nlD erosl011 resistant polymeric coatings. coatings for aircraft radomes are beiDg opd-

mlzed usiDg rotating arm raiD eroaion te.Ung. 
Thermonuclear flash reatstanoe, antistatic 
properties, radar tr&IUimlsaton are a.lso 
required. 

APPliCATIONS 
PERFORMING 

ACTI\1TY 

Mlsatle radomes USAF Materials 
Laboratory In-bouse 
HoUoman Rocket 
Sled 

Re-entry vehicles Effects Technology. 
IDe . , Santa Barbara, 
CaiUorDia 

Aircraft radomee A VCO Corporation 

SPONSOR 1NO. 

USAF Materials 
Laboratory 

USAF/SAMSO 

USAF Matertal8 
Laboratory 
F33615-'16-C-6210 

J 

~ .... .... 
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PROGRAM OBJECTIVE 

To determ!De erosion effects on materials for 
use in geothermal systems. 

To develop aDd test bardsurfaclnc techniques for 
use of mecbanlcallnterfaces wldcb require low 
frictlon movement without self-welding In a sodium 
or ioert gas environment. 

To survey tbe status of titanium technology and 
utilization for steam turbine bladinc. To collect 
information on development, operation, and pay-
off. 

To summarize the occurrence and control of 
steam grown oxide scale exfoliation from super-
beater and rebeate r tube steels. 

To evaluate jet impingement eroe1on caused by 
bleb velocity water in coolinc cballnela. 

TABLE A-D. EJ'OiltoD/CorTOIIloo: At Temperatures Between 390•F (2oo•q And 111o•F (60o•c1 

MATE RIA LIENVIRONMENT APPliCA TIO!\S 
PERFORMING 

ACTIVITY 

Metal carbides, SteWtea, AlN, 8lsN4, SlC, Turbille blades, nozzles lAwrence Uvermore 
MP35N cobalt t.se alloy; vapor-liquid- l-aboratory 
eroetve environment contalninc ftne solid 
parUCI,Ilatea. 

Design data on performance of metal- metal Nuclear reactors ( 1) Westi~~Jbouee 
contact interfaces are required In LMFBR appll- (LMFBR program) Advanced Reactor 
cations. The liquid sodium environment bas Dlvlaloo 
potential of reductoc lubricatl ve oxide scales (2) Hanford Eogl-
allowing metako-metal contact with resultant oeerinc Development 
frictlon, wear, aDd weldlnc. CaDdldate Inter- lAboratory 
face delllps are tested in sodium, alr, alllOn. (3) Llquid Metal 
and sodium vapor, for performance of bard- Enaioeerin& Ceater 
sunactoc matert.ala. Teat data are reduced 
to deslp form and recorded in the ~ 
s~·stema Materials Handbook. 

Titanium bladinc is of Interest to steam turli1De Steam turbiDSs Battelle Columbus 
companies, and bas reached productlon status Laboratories 
in some orgaulzatloos. The eroe1oo relllstance 
of titanium in wet steam appears better thaD 12 
chromium steel and nearly u aood u SteWte 
shieldlnc in some testa. 

A general description of growth rates, mecba- Steam turbines, super- British Electricity 
oisms and morphologies of oxide fllma on beater and reheater International Ltd. 
principal power generation steels will be made. tubes 
The spall1nc processes will be described aod 
the operational failures and problema ar1Anc 
will be reported. A theoretical development 
will be preHDted describing the spallina prooe11 
and the pi"'babll1ty of tube blocking or turbloe 
erosion. 

study ia concerDSd with the parameters of Water-cooled ultra- General Electric 
velocity. 8JIIIe olimpfogemeot, and to a ld&b temperature (Schenectady, NY) 
lesser eldeot with materials includlnc ceramics. turbiDSS 

SPO:o\SOR ' NO. 

ERDA 

ERDA 
Reactor Develop-
ment and Demon-
at ration Dl vial on 

EPRl 

TPS76-641 

EPRl 

TPS76-655 

EPRl 
RP 234-2. and 
ERDA 
E(4t-18) 

~ .... 
~ 
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Pap 2 of TABLE A-D. 

PROGRAM OBJECTIVE MATERIAL/ ENVIRONMENT 

To study wet steam flows, lncludlag liquid fllm Studlea will be made of steam flow put 

behavior. inserted proGJea upon which tbln liquid lllma 
are pnerated, lncludloc problema of fUm 
atabtl&ty and the spectra and trajectory of 
dowutream llquld dropleta. 

To develop wear, abra.alon, and shock-resistant In the coaliUiftcatlon (Synthane) process, coal 
hard coatln&s to protect valves that cootrol coal slurry and char must pua tbJ.'OU8h valves at 
slurries and char removal in the coal guUI.catlon ambient temperatures for the slurry and at up 
process. to 180-y for the chan at preaaurea up to 900 pat 

An lnveatlgatlon ia UDderway to develoP a metbod 
for platlng commerc1al valve ~Dta with 
Ti:&J and for teatlng coated oompoaeDta 1n a 
simulated IUifter enviroament. 

To OODIIJ&re material erosion by aolld and liquid Materials and coatings are tested at tempera-
particles 1n turbtnea. turea from 70-y to 1000-y by imptupment of 

aluminum o:dde abra.alvea. AISI 403 ia uaed 
to check the effects of particle size, veloolty 
and ooooentration. In llquld particle testa, 
oomputaoo ia made of material eroaloo UDder 
laboratory oonditiona simulatln& actual UM. 

To obtain materials resistant to 111gb velocity Metal alloy a, such as oopper-nlckel alloy a are 
sea-ter. evaluated 1n blgh veloclty -water. lDterellt 

11 in velocltiea up to 120 feet per eeOODd. 

APPliCATIONS 

Steam turbtne eroaloo 

Valves 1n ooaliUift-
cation ayatema 

Matertala for turbine 
ooutructioo 

H1ch performance 
marine veblclea and 
uaodated aubllyatema, 
auoh as propeU.n and 
appendqu of b1gb 
performanoe boats 

PERFORMING 
ACTIVITY 

Unlvenlty of 
MJ.clqan, School 
of ED&~Mertng 

Collep Park Station, 
Maryland 

Carner Corporation 

Naval Sbip 
E!lll-rtag Ceater 

SPONSOR / NO. 

NSF 

ENG75-21315 

Bureau of MJ.nea 

Internal 

NAVSEA 

~ 
..... 
w 
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PROGRAM OBJECTfVE 

To develop wear-resistant valve materials. To 
tmprove the understandiDg of erosion and abrasion 
in cod psiflers and to screen a large number of 
exlstillg and experimental materials for their 
erosion and abrasion resistance. To demODStrate 
that best materials can be made into hardware 
wbich will reliably function in gasifler valve 
applications. 

To develop test methods for evaluating metal 
·erosion under conditions of elevated temperatures 
and reactive environments. 

To develop tests and date to evaluate durability 
and reliability of ceramic materials proposed for 
use in coal gasiflcation plants. Studies will be 
made of fracture, streDgtb, deformation, erosive 
wear and cbemtcal degradation reactiens wblcb 
affect tbese properties. 

TABLE A-m. Eroaton/Col'l'Osion: At Temperatures Over IIJO•F tsoo·cl 

MATERIAL ' EN\'IRONMENT APPliCATIONS 

Etforte divided into three subtaaks: erosion Project is directed 
testiD&, abruioo teatiDg, and experimental particularly towarda 
hardware manufacturiDg and testiDg. Eroaton valves for lock boppen 
testinc is done at room temperatures and at operating at tempera-
elevated temperatures under oondltions simu- tures up to zso•c. for 
latins environments expected in spccUlc gasUler char removal service 
areas. Samples are blasted with a gas-propellec at 3ls•c. for advanced 
stream of fine alumina powder at temperatures design lock systems that 
to soo•c. A relative erosion resistance index is will withstand tempera-
compared to Stellite 6B. Tbree-body abrasion tures up to 1ooo•c. for 
testiDg is done on a friction and wear test1Dg pressure letdown func-
macbine. Valve parte of experimental materials tiona, and otbe r requl re 
are tested in pilot plant service. Over 100 mente wbicb ma\ arise 
materials have been eroaton tested ai room In tbe course of gasifier 
temperature and 7oo•c. operaUDg testa. 

Two different erosion testa have been developed. Coal gasification 
A commercial small nozzle erosioo tested was envi ronmentll 
modified to operate to soo•c. A second unit pro-
duces a gas-particle stream at temperatures to 
1ooo•c. Several steels and nickel base alloys 
ba ve been evaluated. 

Multiple particle impact tests are conducted in Coal gasification plants 
flowiDg gas streams to characterize the erosive 
wear behavior of caatable refractories. A 
bigb temperature erosion apparatus baa been 
oooatructed capable of reacblD& 1ooo•c witb 
particle veloc:ities rangiDg from 10 to 100 
m/s. CoalogaeUlcation environments can 
be dupJlcated. 

PF RFOR~IIl\G 
ACTI\"ITY 

Bureau of Mines. 
Albany, NY 

National Bureau of 
Sta.ndarda 

Nlltional Bureau of 
Standarda 

SPO!'\SOR ' NO. 

ERDA 

NBS/ERDA 

ERDA 

~ 
...... 
~ 
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Pap 2 of TABLE A-m. 

PROGRAM OBJECTIVE I MATERIAL/ ENVIRONMENT APPliCATIONS 
PERFORMING 

I SPONSOR ' NO. ACTIVITY 

To study eroaloo claJnap meclwdsms. I Eroaloo damap mechaldsms, tncludi.Dg effects Meclwdsm study O.k Ridge NaUonal I ERDA 
of mtcroatruoture, are betag atudted tn o:dde Laboratory 
ceramics (~03, A~o3-MIO) and in face-
centered cublc metala under sltdtng cootact. 
llubearface claJnap will be evaluated by electron 
mtoroeoopy. Teate will aleo be OODducted in 
corroatve en'flroomeate with ceramics of 
complex mtoroetructure (e. g. , refractory oxide 
brtck). 

To develop a teobntcalJ.y 80UDd basta for under- Experimental effort will build upoo tbe more Coal cooveratoo I Argonne NaUonal I ERDA 
ataDd1ng and dealtng with eroalve wear in coal coo- emptrtcalscreeldng teate performed by MPC/ appltcaUooa Laboratory 
veratoo plants. Tbe eroalon program ts di'ftded DTIU. Empbaats will be placed on more 
into experimental and ana.lytlcal efforts. Tbe carefulJ.y taolaUng and cootrolltag tbe primary 
experimental effort ts deatgned to pro'flde mean- vartablea. Teate are plamled 011 tbe low alloy 
iDiful data 011 eroatve wear u input toto tbe ateell at lower temperatures u well u tbe 
ana.J.ydcal model for ue in materials selection more oorroclon reatatant alloys at blgber 

I I I I 
N 

and plaDt deatgn. temperatures. Tbe anal,yttoal modeltng effort .... 
will deftlop models that can predict oompara- U1 
Uve eroaloo rates fer metall and ceramtoa. 

To evaluate: (1) tbe potenUal of ooaUnr• to aom Ceramic ooaUD(a and t.nlsy refractories are P1lDt or demooatraUon .J ArgoDDe NaUooal I ERDA 
eroaton/oorroatoo problema; (2) tbe current com- betag evaluated for ue in coal plant compo- plant components aucb Laboratory 
merclal capabtltty for aupplytag ooetings; and neate under b1ghly eroatve/oorroatve ooadl- tranafer ltnea, cyclooea 
(3) tbe potenUal of oommerctaJJ.y avatlable refrao- Uooa. CoaUnga include Olddea, carbides, and pump culags for 
tortes for ue u an tnlly tn transfer ltnes. ldtrtdea, and bortdea on substrates of carbon coal cooveraton planta 

steel, ataiDleaa ateell, and higb Dickel alloy a. 
Several ooett.ng teobntquea are under e'flllua-
Uon, parUcularly pllsma-apraytag of vartoua 
o:ddea. 

To eatablisb e~rtng durabWty data on caadl- Metal temperatufta will be tn tbe raage 1100- Heat excbanger and I Battelle Cohlmbua (ERDA 
data beat-excballpr and superheater tube matertala 1800~. Matertala include alloy steels, auperbeater tube Laboratories 
for aervtce in an atmoapbertc fluidized bed ooal atat.nleaa ateela, and superalloya, bare and matertala for a fbddized 
combustor ooatatDlag ltmeatooe as a sulfur aorllent. coated. lo-bed gu and parUcle veloalty, and bed coal oombuator 
To oooduct eroalon/corroatoo expertmenta on parUcle atze will be meuured in a 2-Hnob 
candidate materials. diameter atmoapbertc fluidized bed uldt. 
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Pap 3 of TABLE A-111. 

PROGRAM OBJECTIVE 

To te.t, Identify, and evaluate commercial and 
advanoed experimentel materiala and coatings 
under delllgn conditions simulating advanced fuel 
power cycle combinations. 

To remove particulates from coal-derived hot 
gases, in COIIIIection with fluidized bed processef. 
The objective ts to protect gas turi»nes from the 
erosive and corroelve effects of particles in oom­
buated gases extung from a fluidized coal­
dolomite bed. 

To provide an enctneertng data base on perform­
ance of gas turi»ne nozzle and bucket materials 
In combu.tlon environments of coal-derived low 
BTU gu and liquid fuela. 

To provide 1000 hours enctneering data on the 
corrosion/erosion deterioration of gu turbine 
materials expoeed to the exbawrt gas from a 
pressurized fiuldized bed combustor. Estimates 
of part lives will be made. 

MATERIAL/ENVIRONMENT 

Preliminary evaluation Ia carried out in the KDL 
Solid Fuel Fired Test Furnace using coal feed­
stocks of economic stcnU~canoe. Optimized 
materials will be evaluated in operating boilers. 
Prehmlnary selection of alloys and coatings 
Include materials whose predicted 100, 000 hour 
creep strength Is favorable for 1300-lBOO"F 
advanced power cycles. Metals , coatings, and 
oeramlcs will be lltudled. 

Most stringent effects are associated with 
a1kal1 metal corrosion. Particles under 2 
microns are DOt erosive, but corrolllve effects 
are observed when particles are depolllted. 
Particles larger than 5 microns are erosive. 
but can be removed by separators. 

Initial teste will define problems encountered 
when burning liquid and low BTU gas at 1950"F. 
Evaluation will be made of corroelve effects 
and the likelihood of ash Pluallll coollne boles. 
In screentne teste, 21 materials will be evalu­
ated at 1800"F and 1800"F In emall burner test 
etanda wrtng diesel olla doped with several 
ratloe of Na and K. 

Up to 7000 hours of materials ecreenlng for 
corrolllon will be accomplished In small burner 
riga at 1800"F and 1000 hours of materials 
testing for corrosion/erosion will be accom­
pliebed In a turi»ne test paseap Installed in the 
ERE mlnlplant. Four candidate turbine bucket 
and vane materiala will be evaluated In atmo­
spberes representative of a pressurized 
fiuldized bed coal combuator. 

APPI ICATIONS 

BoUer tubes for 
advanced power cycles 
employing ooa1 feed­
etocks 

Gas turbines for power 
generation 

Gas turi»nee uslne low 
BTU coal-derived fuela 

Gas turi»nes for uae In 
exhaust gae of a pres­
surized fluidized bed 
coal combustor. 

PERFORMING 
ACTIVITY 

Combuatlon 
Enctneenne Power 
Syeteme 

General Electric 
(Schenectady, NY) 

General Electric 
(Schenectady, NY) 

General Electrlc 
(Schenectady, NY) 

SPO!\SOR ' !110 , 

ERDA 

ERDA 

E(49-18)-2357 

ERDA 

ERDA 

1'.) 

1-' 
0\ 
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Pap 4 of TABLE A-m. 

PROGRAM OBJECTIVE 

To develop improved performance, 0011t effeo-
tive metal and ceramic materials for u.ee ln the 
elevated temperature components of coal paUlca­
tiOD systems. To poerate material desip 
criteria by determining the effects of oompoution, 
mlcroatruoture, surface coaditiODS and environ­
ment variables oo the oomblDed erosloo-oorrosloo 
behavior of metals and ceramics ln lllmulated coal 
gasifier enviroomems. 

To determioe the mecbanisms of erosion/corrosion 
ln elevated temperature alloys subjected to high 
temperature, erouve, reaodve gas envirooments. 

To develop topplng cycle teclmology for coal fueled 
electric power plants. 

MATERIALIENVIRON~fENT 

Have developed a teat device to accurately 
simulate all elements of the envirooment wltldn 
a coal gaa11ler, except the operating pressure. 
Have ,refined &DalyUcal expressions for predlc-
t1Dg erosion rates of metals and determined 
eUeota of elevated temperatures on the erosion 
rate of 310 atalnleas steel to 1000"C for a 
number of lmptqement angles and velocldes 
of 100 to 200 feet per aeoood ln neutral gas. 
Have determlDed the oomposition and mor-
pbology of sulflde scales formed on 310 stain-
less steel Have determined the effect of 
markedly dlUereDt metallic microstructures 
of the same hardness on erolllon resistance 
at room temperature. Have determined the 
effect of fabrication of SI.C and st3N4 on tbelr 
erosion relllstance at room temperature. 

Studies are made of the role of alloying ele-
menta ln relllatlng deterioration in gasifier 
environments and the desltpl of low oost alloys 
to reslat degradation while retaining sufflcleDt 
high temperature strength. An erosion/ 
corrolllon teat device bas been constructed to 
simulate temperatures up to 1200"C, reaodve 
gaaes (H2, H2S, CO, cu.. etc.) and gaa/ 
particle flowa obtained 1n coal gaalflcation 
(100-500 fps). 

SI.3N4, SI.C resistance to Qyash debris. 

APPliCATIONS 
PERFORMING 

I SPONSORINO. ACTIVITY 

Coal gaa11lera Lawrence Berkley I ERDA 
Laboratory 

to.J ..... 
Coal gaa11lcation ays- Lawrence Berkeley ERDA -..J 
tems and direct coal- Laboratory 
fired turbine power 
plants 

I Hellcal e.xpander rotors I Lawrence Livermore I ERDA 
Laboratory 
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Page 5 of TABLE A-m. 

PROGRAM OBJECTIVE 

To provide iaformation on materials available 
for use in coal gasU!cation plants. Screening 
tests are conducted in the laboratory simultane­
ously with exposure tests in pilot plants as they 
become available. 

To evaluate corroslon and e I"'ldon of turbine 
materials in an environment slmulattng the CPU-
400 combustor operating on coal. To assist the 
CombusUon Power Company in the analysls of the 
environment 1n the CPU-400 combustor. parttcu­
larl,y in the area of vapor and particulate pbases. 

To obtain fireside corrosion data on beat excballger 
materials exposed In the Exxon Pressurized 
Fluidized Bed Coal Combustor. To formulate 
recommendations and speclflcations on alloys for 
In- and above-bed heat exchanger materials In the 
l!realde environment. 

To develop improved letdown (pressure reductlon) 
valve materials and inslghts on how best to use 
these improved mate rials in coal liquefactlon 
plants. 

MATERIA L'ES\"IR0:\;\1 E!'T APPIICATIO!'S 

Materials to be tested include metals aDd refrac~ Coal gasUication plants 
tortes. Effects of surface treatments will be 
measured. In a high pressure container, 
erodeQts such as cbar. dolomite, and ash 
impinge through tubes on specimens mounted 
on a rotating table. Tests up to 1000 houn at 
1800"F are conducted on materials including 
stalnleas steels, olckel alloys. cobalt alloys. 
ceramic castables and brick. 

After the environment bas been characterized, 
short aDd long term tests will be conducted to 
determine indices for fouling. erosion and cor­
I"'ldon, and for specifically plnpolntlng problem 
areas that limit the life of high temperature 
turbine materials in the environment produced 
by a coal aDd dolomite fired fluidized bed com­
bustor operating at 0. 4 MPa. 

Materials to be evaluated include alloy steels. 
stalnleas steels, and superalloys. Specimens 
will be exposed in the Exxon Pressurized 
Fluidized Bed Coal Combustor at temperatures 
of 1050"F to 16oo•F. Welded joints will be 
evaluated. Specific cosls will be used with a 
dolomite sorbent. Selected laboratory tests will 
be carried out in a fluidized bed environmental 
slmulator. 

The ei'OIIion test conslsts of driving a heated 
slurry of unfiltered Wilsonville SRC product 
In anthraoene oll against the specimen. 
Eroeive wear tests were conducted on eight 
ceramic materials including AlN. Al:!03. 

B4C. SIC, SI3N4• TaC. TIC. and Zr~. 

CombusUon Power Co. 
CPU-400 combustor 
operating on coal 

Heat excbanger aDd 
turbine materials for s 
ooal-tl red fluldlzed bed 
combustion environment 

Letdown valves for coal 
llquefactlon aysteu:a 

PERFORMil\G 
ACTIVITY 

Metal Properties 
COIIDcil. DTRl, 
SWRl 

SPOI'SOR ' NO. 

ERDA 

Solar Division, Inter- I OCR/ERDA 
national Harvester 
Company 

Westinghouse 
Electric Company 

Battelle Columbus 
Laboratories 

Suboontraot from 
CombusUoa Power 
Compuy 

ERDA 

EPRl 

RP458 

fl.) 

1-' 
CD 
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Page 6 of TABLE A-m. 

PROGRAM OBJECTIVE 

To determine the effect of alloy variables on the 
resistance of a material to attack in a b1gh tempera­
ture gaseous envlronme~~t in which both erosion by 
particulates aud corrosion may occur. Design 
criteria will be established rmd new systems 
designed. 

To provide an optimized high pressure letdown 
valve for the ooal liquefaction process by develop­
tog a design solution for the erosion problem. 

To develop alloys with superior resistance to 
( 1) fireside corrosion rmd (2) steamside exfoliation 
scale, for use as reheater and superheater tubing 
in coal-fired boilers. 

MATERIAL 1EN\"IRO!':\I El'T 

Project is concerned with relatively low veloctty 
particles (to 75 feet per second), characteristic 
of ooalflred boilers, fiuldlzed bed combustors 
or gasi1lers, and with oxidizing and reducing 
atmospheres. MetaWc materials are being 
exposed to laboratory environments including. 
ero.sioaln an inert atmosphere, carrollton in 
oxidizing aud reductng atmospheres. 

A letdown valve will be designed and fabricated 
for installation tn a functioning coal liquefaction 
system. After preliminary bench testing to 
verify the operating princtple, the valve will 
be evaluated in a coal liquefaction plant. 

Tbe relative performance of promising material 
ts being determined under the most adverse 
conditions occurring on the fireside of beat 
transfer surfaces. In the sso•c to 1oo•c range 
aggressive liquid phase attack occurs by com­
plex alkali iron sulfate salta produced by ash 
depoldta from sulfur-contalnlng nue gas, with 
aggravated effects due to chlorine rmd carbon. 
A variety of metale and coating systems are 
being exposed to simulated fuel-asb/fiue gas 
mixtures for selected times and temperatures. 

For steamside corrosion, lmowledge ts 
being obtained of scale exfoliation as affected 
by thermal stress rmd elastic strain. The 
effects of surface preconditioning treatments 
011 scale formation and exfoliation behavior 
are studied. Pretreatments include dlffualon 
coatings, conversion coatings, preformed 
oxides aud shot peening. 

APPI ICATIO!SS 

Coalflred boilers, 
fiuldlzed bed combustor 
gasifiers 

PERFOR:\II!'G 
ACTI\lTY SPO!'SOR !'0. 

Battelle Columbus I EPRI 
1 aborator ies/Ste lUte 
Division, Cabot Corp- I 589 
oration 

Coal liquefaction letdown I Consolidated Controls I E PRJ 
valves Corporation 

RP77 

Coal-fired boller super- I Foster Wheeler 
beater and reheater Energy Corporation 

EPRI 

tubes RP644 "' 1-' 
\0 
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Pap 7 of TABLE A-DL 

PROGRAM OBJECTIVE 1\!ATERIAL'£~\'IRO~~I£!\T 

To evaluate ei'Oidve/corroetve effects ariallll Cascade tests are planned to evaluate erosive I 
from combWIUoo of low grade liquid and gaseoua corroatve effects on materials for periods 
fuels derived from coal. nmging to several thousand hours. Fuels 

conta!D eroatve asb and corrosive alkali metals. 

To determ1De the susoepUbility of silicon cartide Two grades of silicon carbide (carborundum 
to acoelerated attack 1D coal combWIUon atmo- KT and !klper KT) are exposed to almulated 
spheres ooota1n1Dg tu.ed coal asb. coal combu.tton atmospheres for 50 and 288 

hours. Samples are coated wltb acid and 
basic coal ash lllld exposed to temperatures 
reacblDg 1450"C. 

To diagnose causes of accelerated corrosion fall- Cori'Oidon chemistry will be studied In low 
uresln operattng systema, to design simulator oxygen activity atmospheres characteristlc ol 
experiments for materiala selection for new sys- gaslfled or Incompletely oombusted coal. 
tems, and to control tbe operattng conditions of Effect of oxygen, sulfur, carbon, and hydro-
systems to avoid accelerated high temperature gen on metal alloys will be defined. 
oorroeton. 

To study the effect of eroaton on the hot cori'Oidon Solid particles will be Injected Into a dynamic 
of superalloys, and In particular those alloys combustor capable of developllll gas velocities 
8tm1lar to cand1date oorroatan-realstant alloys, at 1600"F of 1000 ft/ sec. The combustor will 
wltb the a1m of establlsblng princl ple s that will provide for lnject1111 contaminants such as 
permit the dellp of realstant alloys and coati111s Na2S04 or Na2so 4-NaCl. Materials to be 
1D later program stages. examined Include nickellllld cobalt alloys and 

SI3N4. 

APPliCATIONS 

Power generation 
equipment 

Coal combustlon atmo-
spheres contalnllll fused. 
ash 

Gastfted or lDcolnpletely 
combU8ted coal environ-
ments 

Gas turblDes opera~ as 
part of coal ps14caUan 
or advanoed coal oembwl 
tion syetems 

-- --

PERFfiR~II:'\G 

ACTI\1TY 

General Electric 
(Schenectady, NY) 

Lockheed Palo A Ito 
Research Laboratory 

Lockheed Palo Alto 
Research Laboratory/ 
Ohio State t:nlverslty 

Pratt ud V.'hltnev 
Aircraft 

SPOSSORINO. 

EPRI Contract: 
RP234-2 (1975) 

ERDA Contracts: 
E(49-18)-1806 
E(49-18)-1765 

EPRI 

TPS76-523 

EPRI 

RP716 

EPRI 

RPSU 

~ 
~ 
0 
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Pap 8 of TABLE A-ID. 

PROGRAM OBJECTlVE MATERIA I. ' F:N\'IROK~IEI"T 

To develop improved refractories rel1stant to Tbe temperature rectme will include both dry 
erosion and salt attack for gasUlcatioa and ash gasUlera (up to 2200°F) and sJaaine pai-
combuatioa systems. flera (up to 3200•F). For erosion/corroaion 

applicattoaa, varioua grades of alumina, 
ohromia-alumina, fireclay, aod SiC ref rae-
tortes are bein& evaluated in large Ouldized bed 
and poeumatic transport line test facWties at 
temperatures up to 2200"7 1181111 dead-burned 
dolomite particles. The sJaainc resistance of 
refractories is heine determined with drip and 
gradient slag testa uoder reductnc and oxldizilll 
oondltioaa at temperatures between 26so•F and 
3150•F. High purity alumina, alumina-chromia, 
IIUIIJIIIaia-chromia, SiC shapes. and a phosphate 
bonded alumina-cbromia caatable are heine 
evaluated. 

To investigate mechanisms of corrosion of Coi'I'OIIion mechanisms. in tests to 1200"C, 
refractory ceramics in bot gases such as hydro- will be correlated with differences in micro-
gen and steam. structule, with particular emphal1s on 

second phase compoeition and distribution. 

To investigate kinetics of deterioration of oxides, Mecbanisms of corrosion w111 be studied by 
carbides, and nitrides in coal conversion pro- microstructural exam1nat:ion coupled with 
cess env11"011J11ents . weight loss studies as a function of time in 

high temperature/high pressure envii'OIIJMnts. 

To investipte ceramic materlala' problems in Studles will be made of attack of slag-seed 
ooal flred. open cycle MIID. mixtures on air preheater muerials and 

slag-8MCI corroaon of electrode materials 

To improve the understanding of erosion and abra- Screening is done on laboratory machines which 
sion and to screen a lai'Je number of existing duplicate conditions in lock hopper valves and 
experimental materials for their erosion or pressure letdown valves. Data from over 1700 
abrasion resistance. erosion tests have been accumulated on com-

merdal and experimental materials. includl.ng 
metala. commercial refractories, cartides, 
8lld attrides. 

APPliCATIONS 

Coal gasUlcation sys-
tems includlne sJaaiJII 
and non-slaaine system 
with fixed, fluidized or 
entrained bed reactors 

Coal paiflcation 
systems 

Cod oonvemon 
processes 

Coal-flred. open cycle 
MHO power generation 

Coal gaeUlcation plant 
valves . including 
advanoed design lock 
hopper valves operable 
at 1ooo•c, and pressure 
letdown functioos 

PERFORMING 
ACTIVITY 

West1Dgbouse 
Research 
Laboratories 

University of 
california. School 
of Eng1aeertag. 
Berkeley 

Univemty of Utah 

Univemty of Utah 

Albany Metallurgy 
Research Center 

SPONSOR/NO. 

EPRI 

RP625 

NSF 

DMR75-03611 

NSF 

DMR75-02893 

NSF 

AER72-G35U A03 

Bureau of MlDes 

i 

I 

' 

I 

I 

I 

I 

I 

I 

I 

~ 
~ 
1-' 
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Page 9 of TABLE A-m. 

PROGRAM OBJECTIVE MATERIA l ' ENVIRO:"'.IENT 

To develop ceramic materials that will protect Commercial refractory castables and brick are 
metal from bigb temperatures and the erosive and expoeed to either H20, H2. CO and a simulated 
corrosive atmosphere encountered in coal gastfl- coal gaa14cation atmosphere at 1000 pat and 
catim processes. 1ooo•c for period of 250-1000 hours. Physical 

properties of the materials. includlag erosion 
resistance are measured before and alter 
exposure. 

To perform research and development and provide Attention 1s devoted to problems of developing 
standards service on construction materials for accurate methods of measurements of wear, 
conversion processes and on process chemist11· . corrosion and fracture under severe envtroo-
Durability and reliability of construction materials me.ttal conditions encountered In service. 
shall be studied for conversion systems. Methodology Is developed for measuring cheml-

cal and physical properties related to perform-
ance of matertals for use In energy oooversioa 
systems. Crucial aspecta of the chemistry of 
coal conversion shall be studied to allow 
optimization of coal conversion processes. 

To provide theoretical unde rstandlng of the con- The study analyses frictional wear, daforma-
tact of turblne blades with housings to permit tional aad thermo-elastic effecta In blgb speed 
desip of blade tip seals. (1500 fps) contact of solid materials In 

realistic geometries. 

To screen candidates for use as structural A test apparatus was employed which stmulated 
mateltala in a coal gasifier. the temperature, gaseous envtrooment and 

particle lmplngment conditions of a fluidized 
bed coal gasifier producing low BTU gas. 
stgnlflcant parameters: temperature- 1soo•F, 
particles- coal char. lmplagement velocity-
125 fps. Candidate materials included 
metaWcs. ceramics, and coated -w.ll1ca 
tested for 100 hours. 

APPLICATIO!'\S 
PERFORMING 

ACTIVITY 

Coal paUlcatioo Bureau of Mines. 
prooeases Tuscaloosa Research 

Center, -ru.calooaa, 
Ala. 

Coal conversion National Bureau of 
proceeaes Standarda, Inorganic 

Mateltala Division 

Project Title: 
"Reliability of 
Mateltala for Coal 
Gasification" 

Gas tarbtne and jet Northwestern 
enctne blade tip seals Unlventty, School of 

Englneeriua 

Flllldl&ed bed coal Solar Dt vision, Inter-
pstflers national Harvester 

Compuy 

----

SPONSOR/ NO. 

Bureau of MlDea 

Department of 
Commerce 

NASA 

Argo- National 
Laboratory 

I 

I 

' 

I 

I 

' 

IV 
IV 
IV 
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Pap 10 of TABLE A-m. 

PROGRAM OBJECTIVE MATERIAL/ENVIRONMENT 

To develop coatiogs protectiog superalloys For land-based applications, erosive particles 
aptoat oxldation-sulftdation for 20,000 bours such as aand can be filtered out. Carbon, such 
life. as that arisiog from incomplete combuatioo, 

results in local reductog conditions which 
interfered with formulation of protective oxides 
011 superalloys. Effects of blgh veloctty gases 
011 oxldation-sulftdation proceaHS will be studied. 

To determtne the response of selected ceramic A bumer, operatiog on liquid hydrocarbon fuel, 
matertala to s combination of the corrostve is to be directed by means of a 25 mm diameter 
atmosphere of combuatton product gases, blgh nozzle onto the surface of test samples of 
temperatures, and the erosive action of high- selected commerctal ceramics. Coal ash Is to 
velocity coal ash particles. be introduced into the nozzle, heated and 

accelerated by the bot stream. Sllmples are to 
be moved into and out of the gas stream after 
bumer and ash condltiooa have been set and 
stabilized. 

To evaluate commerctal practices with respect to Resistance of commerctal refractory materials 
al;lraston restatance at elevated temperatures. To to abrasion at high temperatures is a maJor 
study mechanism of abrasion and its relation to concern in coal gaatftcation processes, MHD 
bot hardness. conversion, and blast furnace operatlollll. 

Abrasion resistance is determtned by a self-
abrasion technique. Hot hardness and impact 
resistance are also evaluated. 

To screen a large number of metallic and ceramic Same as previous entry for Solar (sponsored by 
matertala for erosion-corrosion in a simulated Argonne National Laboratory) except that the 
coal gaslfter envirooment. number of testiog bours Is 1000. 

To control refractory erosion/corroston in Work involves reaearch/eogi-rlng/destgn and 
process vessels. evaluation of vendor-supplied matertala In order 

to (1) develop satisfactory refractortes for new 
larger blast flll'nace units; (2) overcome prob-
lema aaaoctated with argon/oxygen degasslJIC 
process for stainless steels; (3) improve 
refractories for cootinuoua caattog. 

APPLICATIONS 

ut1Uty tDStallatlooa 
bundn& corroetve 
dlattllate fuea. 

Mechantams of corro-
stve/erostve attack by 
combuatton gases 
contatlllog coal ash. 

Coal gaslftcatton pro-
ceases, MHD coaver-
sion, and blast ful'll&ce 
operations 

Fluidized bed coal 
gaslftera 

Steel productioo 

PERFORMING 
ACTIVITY 

General EIN&ric 
(ScbeaeoWiy, NY) 

Sot.r Dimlon, rnter-
national Harvester 
Company 

Untversity of llltnoU, 
Department of 
Ceramic Eogl-riog 

Solar Division, inter-
national Harvester 
Company 

U.S. Steel Research 
Center, Monroev11le, 
Pa. 

SPONSOR 1NO. 

Jnter.l 

~wreDOe 

Uvermore 
I.abontory. 
Untventty of 
caltfornta 

Refractories 
Inatttute 

Uaioa C.dJlde 
Corp., Nuclear 
Dlvt.lon 

Jnter.l 

1\) 
1\) 
w 
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Pap 11 of TABLE A-m. 

PROGRAM OBJECTIVE MATERIAL/ ENVIRONMENT 

To estabUah allowable particulate mel cbemical Cooled turbine alloys - combusted coal ps 
cootamlnaat levels for rellable operation of gas contalnlJIC alka11 metal compounds; sulfur 
turbtnes on ooal ps. olddes; mel hydrosen chloride; and micron, 

and submicron ash particles. 

To improve marine ps turbloes by evaluating lnvestiptiona are made on the effects of 
alloys . ceramics and coatings promising improved erosion by aea salt mel carbon particles on the 
resistance to hot corrosioo attack In marioe llfe of superalloys and coatings in turbines. 
envtronmeats. Also hot corrosion resistance of MCrAIY and 

ceramic coatings are evaluated In buroer rigs. 

To develop erosion-resistant materials for re-entry Re-entry veblcle nose tips are eroded as a 
vehicles. conaequence of hypersonic re-entry through lee, 

snow, and clouds. Refractory materials are 
of Interest. i.e •• carbide/carblde-grapblte 
composite struatures. 

To develop olddation and erosion-resistant seals Seals, which mate aplu.st rotating superalloy 
for gas turbloes. turbine blades mu.st resist tbe rmal shock, 

abrasion, mel erosion, at temperatures to 
3000"F. A graded ceramic-metal composite 
conatsttng of Y 20astabUtzecl Zr02 &Drl 
)llchrome Is beln& developed and evaluated. 

To perform coupled analysts of the heat-t1'1UUifer Eldsting computer ondes wtll be converted 
rates, shape change, In-depth conductloo, and by the contractor for use In the Naval 
particle erosion eflecta oo nose tips of Surface Weapons Center, \\bite Oak, Md. 
maneuvering re-entry vehicles. 

To determine the increase In thermal input into a All poaslble beat 111CJ118ntaUon souroes wtll be 
- tip and to Isolate sources of this Input, when evaluated. A tbeoretical approach will be 
an erolllve field Is encountered at blgh speeds utillzed to account for beating levela resulting 

from erollive fields . Resulta will be expert-
mentally ve rifted mel used to calculate the total 
recession of noae-tlp material durinc re-entry 
fllght through an eroetve atmospbere. 

-- -

APPli'CATIONS 
PERFOR:'If!NG 

ACTIVITY 

Gas turbl- Weat1Qcboue 
Reaearcb mel 
DeveklpmeDt 
Center 

Gas turbllles for NayY Naval Sbl.p 
ablpboard propulsioo EIIIPMBriDC Center 

Noae tipa of re-entry Naval Surface 
vehicles Weapons Center. 

White O.k. Md. 

Gas tlft'b'IDe bMde sew Pratt and Whi!Dey 
Aircraft 

JU-elltry yehiclea Pro&Gtypa Develop-
meot Aaeoctates, 
Santa Ana, CalU. 

Re-ent~ DNe t1pe Sc1ence Appll cat101111, 
lac., 
El Sel\llldo. CaiU. 

SPONSOR/ SO. 

WHUJIIbouae 
El.eotric Corp. 

NAVSEA 

NAVSE.A 

Naval Air 
PJ'OIIU}IIlon Test 

NOOlfO-C-41586 

Naval Surface 
Weapona CeMir 
Wblte O.k. Md. 

Naval Surface 
Wnpooa Celltiar, 
Wblte Oak, Mel. 

N60921-74-C-
0357 

(\.) 
(\.) 

~ 
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Pap 12 of TABLE A-m. 

PROGRAM OBJECTIVE MATERIA I .I ENVIRON~IENT 

To develop an Wlderatandlag of the impact damap Damap pattel'llll are studied In carbon-carbon 
and erosion of carbon-carbon compoeites. composites after projectile Impacts and static 

penetration. Impact teats are done In a steep 
temperature gradient. 

To Identify the extent of chemical reaction A ballistic compressor Is under construction 
between propellant gases and gun steel, to capable of produclag gun chamber P-V-T 
determine the moat eroetve coodltions of conditions. Tbe extent of cbemlcal reaction 
propellant gases, and to determine If surface or solution of constttuent gases with gun 
crackiag Is due to solution of gases. steel Is belag determined. 

To obtain details of the erosion mechanisms Eroded surfaces will be aimulsted by expoalag 
flam near surface characterization of eroded gun steel to various pure gases and burnlag 
steeL To search for a theoretical tecbntque propellants. Measurements will be made of 
wldch would enlarge the lmowledge of oxygen, nitrogen, and carbon depth profiles 
cbamiaorption, a process occurrlag In gun and correlations will be sought between tbeee 
tube eroaton. profiles and baWsttc parameters, as well M 

steel surface coadltions. 

To measure die amount of erosion wear from a A 20 mm gun barrel will be modified by 
real gun bore surface by observlag the loss of driWag 3 boles Into the barrel at different 
radioactive isotope from that surface. locations. A proton beam will bombard the 

three spots through the holes. Tile barrel 
will be flred and the loss of Intensity of 
gamma-radiation w1l1 be correlated with 
wear loss. 

To JDrmulste and teat s mechanism of gun A ftoite element beat transfer code Is used 
barrel erosloa based on formation of a to calculate the temperature profile In a gun 
melted layer on the barrel surface. barreL Tbe code Is used to calculat.e base 

temperatures for weapons In wblch the rate 
of erosion limite barrel life. lnvesUgation 
will be made to determine tf a melted layer 
forms and how deep the melted layer Is 
compared to measured rates of eroaton. 

APPliCATIONS PERFORMING 
ACTIVITY 

Re-entry vebicle noee RockweD lnternatioual 
cooes and launch veldcle Salence Center, 
roclalt nozzles Tbouaand Oaks, 

California 

Gun barrela DAROOM 
Materlala and 
Mechanics 
Research Center 
Watertown, Mass 

Gun barrels Aberdeen Provtag 
Ground ARRADCOM 
BaWstic Reeearch 
Laboratories 

Gun barrels Aberdeen Provtac 
Ground ARRADCOM 
BRL Applied 
Mathematics and 
Science Laboratory 

Gun barrels Aberdeen Prov1J1c 
Ground ARRADCOM 
Ballistic Reeearch 
Laboratorlea 

L_ ____ - ---- '----

SPONSORINO. 

ONR 

023-570 

Army 
Matertala and 
Mechanics 
Reeearch Center 

ARRADCOM 

ARRADCOM 

ARRADCOM 
Balllsttc 
Research 
Laboratories 

I 

I 

1\J 
1\J 
U1 
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Pap 13 of TABLE A-m. 

PROGRAM OBJECTIVE I MATERIALIENVIRONME!'T APPLICATIONS PERFORMING 
I SPONSOR ' NO. ACTIVITY 

To refine teclmiques used to meaaure the Impact experimeatll will be performed using Projectile impact aod ABRADCOM ARRADCOM 
response of project1les durtDc aormal aud tungsten alloy rods with dUierent amo110ts of erosion llaWstic Research Balllstic 
obllque penetration of armor. To describe aod swqlng to determlng tbe extent to which Lllba • • TermiDal Research Labs., 
test reladoosbip between penetrator erosion aDd respooee measurements can be related to EGecta Dlv. AberdeeD Provtoc 
material property. effectiveness of the peoetrators against G1'041Dd 

roDed bomopneoua armor. Selected 
metala will be uaed to reveal how material 
properties influence beat. Observations on 
recovered peoetrators will establish nature 
of shear in terms of properties UDder 
lnvestiption. 

To study the load carrytnc aud wear characteris- Tbe wear characteristics of g1ld1og metal Projacllle rotatio( Armcom Research Armcom Beaet 
dca of rotatloc band materiala at veloaldes and ii'UII are determined. Tbe test rig is a baDde JXreotorate, Weapons lAb. , 
a1milar to projectiles for the first few iochea pin- disk wear testing macbine employtoc Watervliet Watenollet, 

I 
..., 

of traveL a luge diameter gUD-stllel disk revolvillg at Areeoal Areeoal ..., 
high speed aDd a small pin of the test 0\ 
materiaL 

To measure the amount of erosion wear from I Tlae radioactive isotope eo56 w11l be Owl barrela DAR COM DARCOM 
a 1110 bore surface by obaervlnc the loss of produoed in the bore surface. A proton Balllstic Ballistic 
radioactive Isotope from that surface. beam will be used to produce this is04lope llodelloc Dlv. Research 

from Fe56. Loas of material from the Allerdeen ProvlDC lAboratory 
Bllrfaoe will be measured by moaltortDc Otouod 
the lou of gamma ray activity as the 1110 
.. &red. 

To develop a lOKW tu:rboalterutor for bigbar I Sub8tltut1oo of8l3N4 guide vanes for super- Molltle power ...,zy Solar JX'rislon, loter-1 MERADCOM 
temperature operation and 6000 houre betwMn alloys; Ollldlzilll envlroomeat, dust iogeadoo. systems national Harvester 
overbaula. Company 
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Pap 14 of TABLE A-m. 

PROGRAM OBJECTIVE MATERIA L/EN\"IRONl\IENT 

To increase wear lives of cannon tubes. Tubes are plated or lined with varloua 
material& and ftred. TIM: effects of wear 
and erosion are observed and evaluated. 
Tbe 106 mm M68 tube is used. Cobalt-
ahunina. cobalt, and chromium coatinp 
have been evaluated. 

To improve the oxidation characteristlca of Poroatty and bonding strength of the powder 
a atntered powder. rub-tolerant. turbine shroud will he varied. Products will he subjected 
materiaL to rig tests including eroaton. oxidation 

rub tolerance. and strencth. 

To evaluate the particle acceleration performance Flows produced in the beat facility direct-
of two Arnold En&lneerlng Development Center injection nozzle will he used as a test bed for 
facilities designed to provide a combined ablation- particle diagnostlc techniques at high den.aities. 
erosion environment. Tbe initial etrort will he ooncentrated on luer 

velocimetry. 

To develop a oombined ablation-eroaton arc Major areas of interest l.Dclude nozzle 
facility and associated diagnostic technlquea. research, arc facility calibration. and 

operation of an arc heater with a liquUled 
pa auppl.y. A dust injector bas been dealpled. 

To collect and analyze range test data on A data collection system ia to be established 
erosion. ablation under re-entry oondltions. baaed on computer prograJIUI. Predicted 
Experimental beating rates and beating rate surface temperatures will be compared with 
dilltrlbutloas will be determined. experimental data. Machine sketcbes w1ll be 

made of the geometric and isothermal 
contours of the noaetips, to compare 
thermal with geometric features. 

To develop a basic mechanics model of compoaite Extenaton will be made of the thermodynamic 
materiala based on constltuent propertiea iD order theory of elast1c-plastlc wave propagation at 
to predict failure and damage under dynamic loading, ftnite deformation to predict stress and deform-
including erosion resulting from high-speed particle ation flellis in carllon-carbon composites. 
impact. Exten.aton will be made of present oontinuum 

theory to predict failure modes and damage. 

- ---- -

APPLJCA1:10Na 
PERFORMING 

ACnvtTY 

GuntubH WatarYIIet 
AI'MMl 

Gas tllrilbe ahrou«M Union Carbt«M 
·eorp •• Cleveland 
Oblo 

Ablation .... rosioa ARO, lnc. 
enviroameat Amold APB 

AbladYe .... roetve re- ARO Inc., Amold 
entry veblole environ- AFS 
menta 

Re .... ntry nosetipe ARO lnc. 
A mold AFS 

RDobt nozzles and Univenllty of 
hypersonic veblclea California, 

t. Jolla, CalU. 

SPONSOR/NO. 

Watarrllet 
Araenal 

USAF Aero 
Propulaon Lab. 

Amold Enp.eq 
DeYelopment 
Ceat.er 

A mold 
Enclneelilllr 
Developmeat 
Center 

A mold 
EncineeriJIC 
Den~ 
Center 

APOSR 

- --

N 
N ..... 
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Page 15 of Table A-m. 

PROGRAM OBJECTIVE MATERIALIENVIROS:\IENT 

To determine the basic mechaalsm of erosive Composite propellsnt test samples will be fed 
buml.Dg by formulating a theoretical model lnto the oombustion zone. A range of 
deacrtblng the important cbemtcal and physical chamber pressures, gas velocities, mass 
phenomena. Results will be verlfled in erosive fluxes , and pressure gradients will be tested. 
buml.Dg experiments. Design of the expetlment is guided by s 

computer simulation of the pbysical 
processes. 

To develop and verify an accurate method of An e:dsUng, two dimenllional, multispectes, 
predtcUDg propellsnt burn rates in erosive lamina/turbulent shear layer computer 
envlronmente. program will be modifted to include boUDdary 

layer effects with mass inject1on and 
surfaos rouglmess . A simple name sheet 
analysis of the combusUon process will be 
utilized. 

To develop and verify an accurate method of Specially formulated propellsnt samples are 
predlcUDg propellsnt burn rates in erosive burned in an erosive enVironment. Hlgh 
enVironments. speed photography is used to study bum 

rates. A tbeoret1cal model of the erosive 
burning process is being developed and 
programmed. 

A PPtiCA TIONS 

Rocket weapoos 

Rocket weapon 
systems subject 
to erosive 
burning 

Rocket Weapons 

PERFORMING 
ACTI\1TY 

PeiiiUiy lvanta 
State Un1 vendty 

Aeronautical 
Research As80Ciates 
of Princeton, 
Princeton, N. J. 

Atlantic Research 
Corp. , Alexandria 
Va. 

SPONSOR INO. 

AFOSB 

AFOSR 

AFOSR 

t\) 
t\) 
Q) 
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