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AN OVERVIEW OF MATERIALS SCIENCE TODAY IN RELATION TO the D iv i s ion  of Basic En e~-gy S c i • n n e s .  The recent one
THE MATERIALS WORLD on (“ramics is ce r t a in ly  an excellent su m m ary  of the

kit ’s of long-range reoe .rch :1rtirient to the app l  ice—
John B . Wachtman , J r .  t i o n  of ceramics in energy technolog ies .  0 H  ~nd EPA
Director .  Cen te r  fo: Mater als Sc ion’ in  r e spond ing  to t h e i r  r e s p o n s i b i l i t ie s  un h’r t b ’
Na t iona l  P j reau of Standards  ox i c  Substances  ~snt ro. Act have e s tab l i s h e d  a Cb ’m i -

cal I n for m a t i o n  ‘;yntem whi ch  inc loden inf rmation cur- h
standard x—ray D•l t te rr s st ~‘roat ,nterest f’r

r,i t’rialr ide,~t if i ’at  ion in genera • an wel l  the
ident  i f  it at  ion of t o x ic  sul stan’ es. The i~ .par - tr~snt of
Transpor t a t i on  r e c e n t l y  held a ‘ onferi n’ ’ on A Iv atved
Automot ive  Technology . Of the  th ree  w’ k .hoV one cnn-
cen t ra ted  on s t r u c t u r e s  a r d  mat i ’r ia ls ,  .1  is  p r or ’ ’,l -
jn,’s will be very interesting when i t  is issued . TheABSTRACT 
p~ partment o~ Defense has , of cour - , ’ , tnany materia~ n
at tivitien but I would like to rter ,t i o n  es p ’~’ i i i  lyMaterials science can I’ cli n it ied into three 
Defense Advanced Research Projects Agent y •irid j t $broad - -it”gc ri ’s to facilitate di cussing it in r’ la— 
“iterials program which I t - i s  h~~en sumrSIr 7 r d  in an‘ion to the cycle of materials use . These categories 
excellen t ‘~vervi ” w ~~~1fr by i t s  01 r • ’  t ’ .r , Dr . A r-l ’ r~are Materials Trinsformation Science , Materials Struc- 
Rement . The Iiationa l Science F’tur,dation i t , of coar se ,ture/Property Science , and Materials Durability Science, 
the largest single supporter of l i - i c  sc i~ -n t i f i ’Disr ussion of the relation of materials science to the 
research in materials , and every year sponsors , seriescycle of materials use usually takes place in a U. S. 
of workshops on selected top ics whi :ti it believe , to benati onal c’,rtext .

R e c or i t l y  many aspects of th is  relat ionship were of greatest in te res t .  I understand that they are c,Ir-

discessed in an international context by persons from rently considering some such activity on mat er i - u s
substitution. The National P it-eu-i of tan-i.u rls pr~~~ramthirty-four countries and summarized in workshop 
on materials focuses on the science un terly ing s,,t,’rial sr01 r ,rrs . Ar analysis of the main results in the light

of current themes in materials science hill be pre— processing, structure/property relationshi p, and
materials durobility. It is a rneasurment- and data-sented . 
oriented program . The Department of Interiar hat: ,
strong materials program related to mining and extrac—
tive metallurgy in particular . They also chair the

Today I would like to present a broad prospectus Committee on Materials.
of current trends in the relation of materials science A unique activity in the materials field and oneand eng ineering to economic and policy concerns. This of great interest is the Domestic Minerals Policy
is an enormous subject. There is a great deal of 

Review undertaken at the direction of the President.
activity at the national level. Slide 1. This slide 

This review deals with the issue of materials supp lyand the nex t one give a partial listing of current and all of the manifold implications. Unfortunately ,
reviews or similar overviews. 1 have put two activitiea it has not been rel eased so that I can not quo te any
of the Nationil Academies first because I think they results from it.
offer a useful basis for a broad p~.rmpertive talk . The materials societies of this country play , of

The National Materials Advisory Board has comp iled course , an importan t role including such societies as
a list of teir critical issues in materials, This list the Chemical Society which is not thought of as being
provides a good framework ~or sty talk. I will go primarily a meterials society but has strong materials
through their list illustrating it with examples f~om interests. Let me Content myself with one example in
the other sources listed on these slides. I am going 

this field. The Federation of Materials Societies , an
to emphasize examples from the International Materials 

unthrella organization of some fifteen materials socie-
Congress. You are probably more familiar with our 

ties , runs a national conference on materials ooiicydomestic materials activities and I think some foreign every two years and the proceedings are of prime
viewpoints will be of most interest, 

reference to the materials policy interface.
The Congressional agencies have extensive policy- One approach to a materials overview talk would be

oriented materials programs. These are very wide- 
to attempt a brief summary of ea,Th of the programs listedranging but can perhaps be typ ified by two features , 
on the lest two slides. I prefer instead to try t- goFirst, an attempt to identify and analyze materials through in terms of the ten critical issues in materials,problems which have national significance. Second , a as defined by the Natioral Ma~ erials Advisory Board ,concern with hcw the Government deals with these pickirg out examples from the work of these various

problems, including how effactively its resources are agencies to illustrate them in some cases , but attemp —
coordinated and utilized. ting ‘Then possible to pick non-U.S. examples because I

A good overview of the activities of these three think they will be ef n’ost interesT to you .
Congressional agencies is given in the Proceedings of Slide 3 lists the first three of the ten mostthe 1978 Henniker Conference on National Materials c-i txsal issues in materials as developed by the
Policy. Nationa l Materials Advisory Board, I want to walk

The Executive Branch agencies, Slide 2 , have a through th€se ten issues simply giving you the title
wide range uf studies on the techiric d technical- of each at this point . I will then come back , describepolicy interface in relation to materials , The Cos-- each issue ir a li tt le more detai l , and give examples
mittee on Materials, so—called “COMAT ,” has just comple- of pertinent activities. The first three issues all
ted an inventory of materials research in industry which concern innovation in the materials field and the
supplements their recent inventory of materials research processing of ma terials , The first issue is the
funded by the Federal Government. The Department of adequacy of ma terials procsssing research an opposed
Energy has a wide range of studies underway; I think to research on other parts of the cycle of materials
three are especial!y noteworthy: the Coal Conversion use , The sec:nd issue is the adeauacy of long-term
Materials Workshops which are held every FaLl ~t the research as opposed to the ‘horter range research to
Na t ional Bureau of Standard s, the recent Solar Energy solve Immedia te problems. The thIrd issue concerns
Materials Workshop whose proceedings are about to he the alleged need for better cooperation between indus-published , and the Materials Council Workshops run 
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t r y ,  government , and un ive r s i t i e s  in research and rock are reduced since only the concentrate need be
development to steet foreign compe ti t ion where , in some removed . Also, the remaining material can be used to

f cases , the cooperation is -ery good. backfill the mine and reduce the problem of mining
Slide ‘~ , The next two issues concern materials waste disposal. Another area is that of giv ing

( in “elation to energy. As defined by NMAB , these two increased attention to retreat mining by rebbing the
ar( the question of the energy required to produce supporting p illars in worked-out areas accompanied by
materials and the consideration of and reduction of backfilling with the mining and processing wastes to
thc te costs when possible. The second concerns the minimize subsidence of the surface. Finally , the
eff ctjveness of Federal support mechanisms in devel- whole top ic of automated mining, includin g remote
op i u g  improved energy conversion techndlog ies such as sensing and control , is very promising for use with
nuclear power or coal gasification or solar energy. thin seams and in hazardous conditions .
The next pair of issues concern health , Safety, and Slide 8. On the subject of beneficiation , Dr.
the environment. The first cnncerns the need for llewnham of Australia used figures developed by
better m ethods to detoxify materials , store , or dispose Rattelle to analyze the possibility for energy savings
of them. The second concerns the need for better in this stage of the process for aluminum , cement , lead ,
comparative assessment of the risks associated with zinc , or copper. His conclusions stand out from this
the processing and use of materials, slide , that the principal opportunities are in the

Slide 5. Finally, the last three critical issues comminution , that is the grinding of cement and copper
concern supply, recyc l ing ,  and materials availability ore and in the flotation of copper ore. In any case ,
in general. The first is the issue of the potential the potential savings though significant are still a
for conservation in the use of materials and is one of relatively small fraction of the total energy requited
the issues under which the question of corrosion to produce the finished material except in the case of
abatement and lifetime extension comes up. The ninth copper where, as you might expect from the use of low-
issue is the need for and the question of whether it grade ore , comminu tion is a substan tia l f rac t ion of
is possible to have improved predictive capability for the total energy required .
supply and demand of materials. The tenth is the Slide 9. Dr. Newnham went on to describe an
issue of what options there are for reducing our approach being followed by the Australian Mining
import dependence in addition to the ones already Energy Association . Essentially this program aims at
covered under the first nine issues, tailoring the primary mining itself to the production

Slide 6. Let ’s turn now to the first issue in of ore of controlled characteristics. That is, the
somewhat more detail. The Board stated that , “More drilling and blasting should be carried out to produce
emp hasis on materials processing research is needed , and optimal size rock to reduce the subsequent comminu-
especially research on innovative processing techniques tion energy required. To do this they are couplirg
that would result in major improvements in productivity programs on seismic measurement to get more accurate
rather than marginal development of existing processes, prediction of the fragmentation characteristics of the
While much effort has been expended on materials rock to be broken up with better modeling of large
propertie~ research, there appears to be a lack of volume explosive fragmentation effects. Combining
research on the methods of producing and forming these two they hope to be able to tailor the mining  to
materials to give the uniform, high property values the particular ore characteristics.
necessary for reproducible , high performance products. Slide 10. Another non-U.S. viewpoint is summar-
As a result, materials Processing improvemerts are ized in this slide on the Finnish program in grinding
often only of an incremental natui’e anti without major and classification . Professor Laurila of the Academy
significance. To cite Only two examples, after years of Finland points out that energy used in comminution
of modest advances major  new technology is now needed , is generally electrical energy and therefore savings
both to extract the metal values from low-grade ores in this type of energy ar~ more importan t than a s imple
and to reduce metal removal (machining) costs. Produc- percentage value based on total energy might indicate.
tivity in materials processing must be enhanced by He estimates that industrial grinding processes con-
such ~mproverneruts if the lJ,S, is to remain an effec - s-ames the order of three to four percent of the total
tiv e competitor among manufacturing nations.” electrical energy developed in the whole world and

I am cure the members of the National Materials that cement alone requir es close to one percent of the
Advisory Boa.’d were well aware of such exciting and total world electrical energy . He ranks the others in
ac t ive fields as rap id solidification , or laser order of importance as the grinding of wood , iron ores,
proceceing, or thixoc-’isting and rheocasting. The coal, non-ferrous ores, and wheat. The Finnish program
Board surely did not mean to imply that tneDe is no is directing attention toward the optimum distribution
activity in innovative fields but rather that such of particle sizes which is needed for subsequent
activity is the exception and that more effort is processing of material and toward designing the grinding
needed in these areas and to fina and support additional and classification stage to produce a close approxi-
areas , including the very important area of processing nation to this distribution as efficiently as possible.
materials from low-grade ores. Their approaches, as summarized on the slide , include

Slide 7. In this connection, the results of a two-stage classification , dewatering by automatic
workshop held in March at the International Materials pressure filters, and dry processing. Professor Laurila
Congress are of interest. There were ten workshops at states that the use of two-stage as opposed to one-stage
that conference, ,one of which dealt with materials classification with recycling of the rejected portions
science and technology for more efficient mining, of the classification, allows i ncreaser in th e capaci ty
processing, and recycling. In the area of mining the of existing grinding machinery by twenty-five percent

‘ 
workshop drew attention to the overriding concern with and at the same time reduces energy consumption by up
economics rather than with energy efficiency in mining to twenty percent . He points out that es.tensive
but noted that impr-ove’sents in energy efficiency are mineral resources exist in arid countries with limited
possible. In capsule form, their conclusions are or no water supply and that additiona l work Is needsi
indic ated on Slide 7. The workshop suggested that on dry proces’iog. The use of pneumatic classification
selective mining of the most concentrated areas of an in conjunctioa with two—stage classification leads to
ore body is a promising technique , but that it requires improved control of finds in improved dusting control .
improved remote sensing and capability for in situ Slide 11. Turning now to later -.tages of pl oces-
analysis to determine where these most promising areas sing, let us consi- ’er Ihe preparation of advanced
for selected mining are located . Ano’her approach is engineering materials beginnin1’ with ceramics and going
to use in-mine preconcentration so th&t the energy on to metals and polymers. The Division of Materials
coats associated with moving the full weight of the Sciences of the Department of Energy han recencly
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sponsored a number of workshops under the Council on tures could be supporting long-range studies , or the
Materials Science , the workshop on high temperature total national research effort could be increased to

J ceramics , for example. This Council concluded that  support more funding of long-range research. Such long-
‘the major and overriding problem of high performance range research should be related to important needs and
ceramics is that components with desired properties have a reaso,uable probability of success.”
and microstructure cannot be reliably and reproducibly Slide 1~~. The question of how sor b research -r~n~
manufactured.” In exploring this subject the Council tributes to innovation and productivity and to economic
focused on processing from powder rather than the growth in general is one that is much debated. A ppar-
mel t because this is the major form of cerarn i’c proces— ently it is difficult to demonstrate a simple quant iti-
sing and focused in particular on microstructure tive functiona l relationship but five economists
development and cont~’cl. They listed a number of quoted here have concluded that “ h’ contribution of
areas in the physics and chemistry of particles where RED to economic growth and productivi ty is positive ,
fundamental research is needed bet drew attention significant , and high. ”
espec i a l l y  to “what are the inter—particle forces and Slide 15 show~ data c omp i led by the National S’ience
mechanisms that cause particle agglomeration?” and , Foundation which and was quoted .;,‘ Dr. Arthur Itueche itt
“what are the physical—chemical characteristics of a paper on investment -ut-I innovation . Dr. Ruerhe points
solid-fluid interfa es?” For the rheology and proper- out that RED spending in the United C’ate ; as a fraction
ties of particulate assembly they again listed a number of gross nationa l product has been ‘1’ - lining since IOht .
of areas but drew special attention to “what are the A further, and very important point , is that approxi—
particle , f :iid , and interfacial factors that determine sately half of the PE.D in this country is in support of
the structure and flow behavior of solid-fluid systems defense . In Japan and West Germany, by contrast , the
under various external forces?” For microstructure R&D budgets for defense are minima l a.id virtually all
evolution itself they drew attention to the question of the r RED funds are aimed at promoting economic
“what are the effects of solid ~tate reactions , second development and the advancement of knowlt ’lge. Dr.
phases , and phase transformations on densification Rueche goes on to paint a rather grim pict’sre in terms
mechanisms and microstructure evolution?” of technical manpower. He states that Jap in alone with

Slide 12. A recent analysis at the National less that, one half the population of the J.S. may have
Bureau of Standards of very promising new families of by now as many engineers and scientists working in RED
materials for which the technology is develop ing and activity as the entire United States. The U.S. effort
an improved science base would probably result in high appears not to have grown between 1970 and 1976 while
payoff are listed in this slide. These include two in contrast Japan ’s efforts increased by about fifty
types of polymers , polymer alloys, that is blends of percent .
polymers , and biaxially oriented polymers. They Tne third critical issue shown in Slide 16 is
include three types of processing applicable primarily closely related to the second . The National Materials
to met,,ls but in some cases with potential for ceramics Advisory Board stated that ‘ mecha n isms must be estab-
as well, These are rapid solidification which can be lished to promote cooperative materials research and
used to prcduce material with at least one small dimen- develo7ment among industry , government , and universities.
m iss including powders , sheets , and surface layer’s, ‘A t present there are adversary aspects to the
with combinations of composition and structure not government-industry relationship which discourage coop-
obtainable by other methods. The glassy metals and erative materials research and development . If this
the rapidly solidified powders of unusual phase relationship could be improved and closer ties estab-
composition plus the new forms of glasses obtainable lis ued with universities by both government and industry ,
by rap id quenching or molecular beam deposition techni- it would appear that the U.S. materials science and
ques are promising areas here. Thixocasting and rheo- technology base could be strengthened .
cast ing are exciting areas with promise for the shap ing “American industry engages in few cost-sharing
of metal parts with increased processing control materials RED activities with government participation .
directly to net shape. The dual phase steels are , of The Japanese , on the other hand , encourage close cooper-
course , an extremely exciting development for the ation between industry and government in the develop-
transportation industry and I will come back to those ment of new materials technology in, for example ,
a little later, electronics and steel. University participa tion migh t

Slide 13. Let ’s turn now to the second issue, be made easier by greater funding for cooperative
The National riaterials Advisory Board stated that “the studies with industry or by tax incentives that would
increasing 1~r’sssure on materials research and develop- offset business grants to support academic research.
ment to show short-term results must be reduced if Cleare:’ understanding of or relaxation of anti-trust
long-term technolog ical and economic benefits are to barriers to intercompany RED might also be usefal.”
be realized. Slide 17. One example of rather clearly iden t i f i e d

“With the increased emphaais on short—term, imme- needs for gc’~ernment/industry/university cooperation is
diately usable results in both industry and government , provided by the analysis carried out by Dr. Harris
long-term research necessary to supply innovative Burte of the Air Force Materials Lebora~ories. Dr.
answers to present and future materials problems has Burte found a strong need for focused fundam~ atal
been curtailed . When manufacturing companies face a research , that is, for research aimed at improving the
profit-squeeze , reseerch is usually one of the first science base in areas of perceived technological need .
activities to be reduced to improve current earnings. In particular he found a good case for the need for
Any surviving research personnel are often reassigned work th the two areas of processing science and the
‘o look either for ways to solve immediate production science underly ing advanced means of nondestructive
problems or for new products that will goon have an evaluation.
impact on profitability. The same situation has Slide 18. Let us turn to some international view-
developed in federal funding of research; although the points. Dr. Umberto Colombo, Head of the Ital ian
most recen t federal budget requests show some modest Atomic Energy Commission , presented a talk on “a view
increase in research monies, the trend for many yaars on stra teg ies for internationa l coopera t ion ” at the
has been to reduce rest-arch fund8 . This pattern of International Materials Congress. Dr. Colombo con-
dimirished research by both industry and governme’.t has trasted the free market strategies with those of the
contributed to a reduction of inno’,ation in materials planned economies, pointing Out that both have advan-
technol-~gy in the U.S. that is a factor in the slacken- tages and disadvantages. In the free market case, he
ing of domesic productivity’~ Either a larger fraction points out that the very virtue of the short-term
of present materials research a,ud develcpment expendi- responsiveness causes difficulties with anticipation
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of long- term t rends.  In the planned economies , on the f u t u r e  price rise , and the uncer ta in ty  of supply are
other hand , their attempt to plan for long-term trends saucing great pressures to increase the energy effi-

‘ I causes them to lock in to rigid plans and carries the ciency of materials processing.
danger of an over-—c ommitment to a wrong strategy. His Slide 22. Unfortunately the effort to increase
sugge-’tion, in essence , was that a strategy which ne energy efficiency is complicated by the simultaneous
called technological pluralism should be followed In need to improve pollution control. According to Dr.
essence, he suggests that cooperation between countries iichida ‘-if the Ni ppon Steel Corporation , the Japanese
and long-range planning focus on the development of ha-ia put into effect an extremely progressive pollution

$ options , but that the decision to implement these control program. I’ ll show you some slides on the
options be decentralized as much as posOible. results in a few mom”nts, but let us concentrate now

Slide 19. It was interesting to have at the same on what it has cost them in ter.ns of energy efficiency.
In ternational Congress a view from the Socialist Bloc. They installed extensive flue gas desulf-arization and
Dr. George Koranyi from the Ministry of Heavy Industry dust and soot control clean-up devices. As a resin t
in Hunga ry discussed cooperative projects carried out it increased the energy rer,uired by 100 kwh per ton of
by the Council for Mutual Economic As-,istance made up crude steel , which is about 16 perceni -f the total
of six Socialist Bloc countries. He listed a number energy required by the Japanese stee r industry .
of activities in the energy and materials area and I Slide 23. At the same t~ me that their energy
have selected four which I think will be of interest requirements have been going up 16 percent to control
to you. These are the mechanization and automation in pollution , they have had a program to reduce overall
open p it mines and the recultivation of the environment energy ccnsusption hy 10 percent and they have met
afterwards. The second area is completely mechanized their 5oal. Dr. ichida lists the following areas of
m i n i n g  techniques for mining at great depths. The energy saving : improved blast furnace fuel rate ,
third area is the development of advanced methods for increased BOF gas recovery , increase in the ratio of
coal gasif ica ticn , and the fourth area is the develop- continuous casting processes used , improvement in
ment of new catalysts. reheating furnaces , increase’i use of continuous anneal—

Slide 20. The fourth critical issue concerns the ing and processing, recovery of waste heat , and improve-
increasing energy casts for producing materials . The sent of rolling yield . Dr. Uchida states tha~ the ç eak
National Materials Advisory Board stated that “the of expenditures on pollution control has been passed ,
problems associated with increasing energy costs for suggesting that the Japanese steel industry is in m very
processing materials need to be resolved , strong position to continue its very successfui world

“The large and sudden increases in energy costS , competit ion and that any hopes thit the need 10 meet
most extreme where oil and natural gas are involved , pollution requirements in Japan wili reduce the r com-
haie made the production of most materials more exp:n— petitiveness are probably docmed to disappointmen t.
give, The increased fuel costs have affected not only Slide 214. The fifth critical materials issue
the primary reduction , melting, or material synthesis identified by the llatio~al Materials Advisory Board
costs, but also all of the energy-intensive subsequent concerns materials in energy systems and the way in
forming or fabricating costs. In some cases alterna- which the Federal Covernment has supported work in this
tive materials with minimum ‘energy content ’ might have area. Let me emphasize that the following quotation

j to be found for use in fu ture designs, and the rosul- from the National Materials Advisory Board is not
tir.g changes in materials technology would probably necessarily my own view.
require long lead times and new capital investment . “The means by which the Federal Government supports
Such substitut ion might rend er some old production energy-related materials projects should be defined .
capacity obsolete or underutilized with accompany ing “Much attention and substantial federal funding
economic and social dislocations. In other cases, the heve been devoted to t’ rlergy programs , inc luding some
proper form of energy for processing a given material limited investigations related to materials for energy
may cease to be available , again bringing about dis- systems and the effects of higher energy costs on
ruption with sociotechnicaj, consequences , materials. There is a serious need , however , for

“Environmental costs are also linked to energy decisions regarding both the kinds of energy-related
‘-osts where fuels used in materials production require mate:”als projects the federal government should support
extensive poll ition abatement expense to meet EPA and the ways in which such programs should be supported .
regulations. :n some cases the legislated regulations The projects range from long-range materials research

‘ 
have exceeded the technology available or the cost of for future energy systems through development of
meeting the regulations has exceeded the capital materials for demonstration plants to investigation of
available (as in the copper industry).” current materials failures in tradi tional fossil  fuel

Slide 21. Let us look at the probable future for generating plants. Federal participa tion has taken a
energy costs as seen by the World Bank. Hei e we have variety of forms, but usually has been limited to either

‘ 
the cost of petroleum from 1970 through 1977 , both in in-house materials studies in the DoE national labor-a-
current dollars , the top figure in each of two cases , tories, to direct grants to universities and industries ,
and in current dollars, the bottom line in each of the or to procurement contracts to industry . Hot only do
two eases. The firs , case is projected to 1990 on these funding mechanisms need study as to their effec-
the basis of an OECD growth rate of three and one-half tiveness, but the various cost—sharing possibilities
percent which is the low extreme considered by the offer ed by the Cooperative Agreements Act of 1977
Bank, and the other , an overa l l  growth ra te of ~,9 should be examined.
percent, which is the highest case that they consider “The problem of suitable materials for energy
plausible. In the low case in constant , i.e. inflation generation systems is a critical one as many of the
adjusted dollar”, they predict the price of oil not to energy producing processes have serious materials limi-
rise a t all , although in current dollara it will more tations. This appears to be true for solutions to both
than double . In the high growth ra~e case, the price near-term energy problems such as coal conversion and
of oil ~ncreases about 25 percent in constant , infla- to long-term energy problems such as cost-effective
tion adjusted dollars, but it nearly triplea in terms solar electric energy.”
of current dollars. This somewhat tranquil view of the Slide 25. In this connection it is interesting
future makes one wonder if eeoTomists in examining the to notice that apparently some U .S. firms are now more
history of the black plague would find anything more interested in at least a limited form of cooperation
than an example of the smooth operation of the working with the Federal Government in energy—related materials
of laws of Cur piy arid demand . At any rate, the price research.
rise which has already taken place , the ,rospects of
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Slide 26. The s ix th  c r i t i c a l  issue concerns the and heal th  posed by the processing and use of many
need to detoxify . “to r e , and dispose of hazardous materials  t h a t  were long regarded as harmless. Much
materials. The N.~tional Materials Advisory Board found detailed data on hazardous materials is now being
that “safe and efficien t means must be established to collected by more and more sensitive methods , and risk/
detoxify, store, an-I dispose of hazardous materials benefit ratios are being used increasingly to provide
ran ging from nuclear ~,astes to hazardous chemicals , a basis for dt-sision—making as to which materials should

“There are great disparities in the ways in which be used or not used in specific circumstances. 1Jn~ of
various hazardous materials are disposed . Some of the classic problems that remains is how to classify
theae materials are dumped in landfills , some are materials as human carcinogens based on (1) expensi/e
burned , some buried at sea, some are stored in tanks or anima l tests , or ( 2 )  less cos t l y ,  rapid laboratory
ponds awaiting either new technology or a decision as to tests. The communication to the pub lic of the results
what disposal technique is acceptable. Part of the of such technical  studies is ca m - I icated by tL~
variation is due to lack of knowledge of the long—range emotional response that th~’ subject stim ulates in many
‘.-ffects of the materials , thus some of the differences people. ”
seem fr-rn lack of agreement as to the risks involved. Slide 31. Let me give one example of the diffi-
There also appears to be only a small body of disposal culties associated with risk assessment. These
technology available to help solve the problems .” pictures show asbestos in block form and in fiber farm .

Slide 27. Turning again to the paper by Dr. Presumably the d ngers to health are -rasriciated with
lichida of l’[jipon Steel Corporation , we see here results the fibrous form and tolerable limits are ther”far--
on sulfur oxide control. The upper figure shows that based upon techniques for collecting dust samples -is
in 1973 they here well above the standard of 0.14 ppm analyzing the number of fibers per unit volume of the

~-37 concentration. By 1977 they have gone well below sample. Unfortunately , this  may resu l t i n over ly
the air quality standard ar’d are now apparently in strict enforcement . Slide 32 shows a picture of talc
compliance. The lowar part of this slide shows a which also oucurs in block form and in fibrous for-rn. ,
measure of the em i ssion from the steel works. The two The question is, are talc fibers hazardous? If not ,
lines on this slide indicate reduction in the content can one distinguish in sampling be tween the ta lc f i b e r s
of sulfur in the fuel used and in the sintering ores. and the asbestos fibers? This is only one examp le of
Thus , the g.,iod results on sulfur oxide control are the thorny technical problems both in materials
schieved oniy partly by clean-up and in part by improve- science and medicine to be faced in this important
-cent in the qual3ty of raw material. fhere may be a but very difficult area .
problem for t e  future here if these relatively clean Slide 33. The eighth critical issue concerns
raw materials rise ir, price, conservation by better design , substitition , and

S ide 28, again from Nippon Steel , shows results recycling. The ‘ational Materials Advisory Board said
on dust control. Here the use of bag houses and pre- “the possibilities for materials conservation by better
cipitators ha~ reduced dust emissions in l97~r to about design , substitution of less critical materials , and
20 percent of their value in l~70. Again , the Japanese recycling need to be determined .
program seems to be very thorough and effective. “There is a need to conserve materials more effec-

Slide 29. Turning to another and very difficult tively by evolving eng ineering and desi gn approaches
area of hazardous material disposal, we have the ques- so as to build prod ucts that can be: made from readily
tion of nuclear waste disposal, a very urgent question available materials, made more repairuble , more readh y
which will remain an urgent question even if commer- maintained , more reliable in opera t ion , longer lived ,
cial nuclear power did not develop in the Un~ted States , and more easily recycled. Adequate attention should
There is so much military-related nuclear waste to be also be given to consideration of the tremendous
disposed that this islue must be dealt with in any materials savings that might be possible through roduc-
case. The conventional technology proposed until quite tiOC of wear and corrosion. (It is estimated that
recently centered around the use of glass as a medium corrosion alone costs the U.S. $70 billion per year.)
to contain the hazardous radioactive wastes. This is The need for the conservation of certain critical
a practical technology in the sense of the ability to and strategic materials aiso requires that a i,etter
cast and handle a large amount of waste in practical approach to substitutability be developed; at the
form in glasses. However, the stability of the glass presen t time no genera l. methodology for- anticipating
and its solubility under long—term geological condi- substitution exists, so each situation tha t arises is
tions have come increasingly into question. Perhaps treated in a specific , ad hoc manner.”
th~ most telling general argument against glass is Slide 314. An interesting example of substitution
the geological argument that obsidian glasses found as practiced by a foreign country i s provided by Mexico .
in nature are all geologically relatively young, Mexican aluminum use is 90,000 tons per year of which
whereas some crystalline forms of material are very 50,000 tons are produced within Mexico from imported
cncient indicating much greater long-term stability, bauxite and 140,000 tons are imported. At the same time ,
Thu s, in the last few y-tars, intense activity on Mexico produces 270,000 tons of zinc per year of which
ceramics as a storage medium has developed. The problem it uses 70,000 tons , and exports 200 ,000 tons at a
is to finc’ synthetic minerals which, on the basis of relatively low price . They would like to reduce their
geolog ical evidence, would be stable under geological importation of aluminum and increase their value added
condi t ions  for long times which would permit the in the case of zinc so they have developed a special
inclusion of a substantial amour’t of waste atoms in series of alloys in which they use large amounts of zinc .
their structures , and which could be processed in a Thus, they are able to reduce their aluminum content and
practical manner. Some of the leading research programs aluminum-zinc alloys to the range of 17 to 140 weight
include the so-called supercalcine work at Penn Ctate percent , apparently with acceptable properties for many
Uriversity and the synthetic rock work at Australian applications. This is not an alloy which is likely to
National University. find widespread use in all countries , bu t for Mexico ’s

Slide JO. The seventh critical issue concerns particular situation it seems an ingeneous development .
better assessment of environmental , safety, and health Slide 35. Another example of substitution s m di-
risks. The National Materials Advisory Board said cated by an analysis presenite l by Dr. Becker of the
“the environmental and health risks in processing and Mobay Corporation. He compares a fender liner made out
use of materials need to be better determined , better of three materials, ei ther steel , aluminum , or plastic.
applied to regulatory decisions, and better explained He presents an analysis of the energy required in uni ts
to the public, of equivalent gallons of gasoline to manufacture the

“in the last few years the public has become quite item and the energy consumed in five-year operation on
aware of and concerned about “he threats to environment an automobile. The sum of these two figures gives the
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t o t a l  e; erg-j . For steel , W i -  see tb -i t if requires 3 gal— 1970 , and for b a ux i t e  alone am,-r r’ t - ’ - a n n u r a ’ - I i t~~,- - .
ions of gasoline ~o make the 15-pound ~-irt and 11 g i l l o n s  l i s t ed  here , he c;,,es the 199’- prices being sorest,, ’

I
t’, opera te, giving a total of lL. gallons gasol ine  hi gher tha n  b o t h  the 1970 and the- 1978 prices , I-sr
e q u i v a l i - r t .  For a l u m i n u m , the 5-pound ~‘art requires  the  gene.’il index af  metals an d minera l s  he f ’,res’-e s
6 g a l l on s  of gssoline  equivalent  and consumes 4 gallons an increas’-’ fr,,m current level of 90 to a i c i e l  af
in ; . r c r a t i c r , l e a d i n g  to 10 gallons t o t a l .  For p l a st i c , 126 wh ich  is ‘;t i l l  consi’ ler ab ly  less t h a n  tha t  i n ,  i 9 7 0 .
the  part WO~ ~d wei gh s l i g h t l y  more , 6 pounds , w a - r i d  The view from t h e  W a r - I  it Bac. ~ s r -ems to h~ th en , t o

I requir- .  2 gallons gas equiva len t  t o  manufacture , and l roo ; e ’ - t of ru n—out , a v r - r ~rg e ~rices r i s ing  ~n re- i l
would consume 5 gallons over the f i v e — y e a r  - r ; i er -a t ion .  term s but not t~ t h e l ’ - v e l -  It , w i t h  n w a r n h r , p  ~h at
On t h i s  basis the to ta l  for  p l a s t i c  would make i t  super imposed or t h i s  may b’ lar r”- short - ‘-‘crc f l u~ ’pre tr — r - ih l e  on an energy basis alone.  However , t i ’  tions in supply and rice .

I - ic c - - ’ n -ion is more complicated than indicated here. tii-Ie ~1, The te rn - h an-I f i n a l  c ri” i c al  io n ;
One aspect of th i s  f u r t h e r  cornpl ica t i ’  n is indicated corcerns a c t i o n s  tb -it could be ta~-r ’ n t o  r ’-d-j ’-e  th e
in the next  -r u de.  cansequences of these short -term but  possib l y r y

Sl id e  36. Here we see a plot of t ens i le  strength - . r n i sh i n g  f lu c t r a t  ions  in snipp y and ‘i”~and . Tb ’
vs.  fo rmab i l i t y  for  various s teels .  This i l lus t ra tes  Na ti -inal Mater ia l s  Advisory Board said that “ i t  ‘he

I the  exc i t ing  promise of the so—called dual phased U . S .  must depend to a greater  ex t en t  on i t s
steels which allow a combination of high strength with materials resources , th e  e f f e c t s  or, in -I rstr ial  :t i v i ’  /
high formabi l i ty .  Subs t i t u t i on  of such steels mi ght should be considered , as wel l  as - , ‘-eps th0t m igh” be
significantly alter the comparison shown on the presious taken to ameliorate the possible c’--n setren c es.

I sl ide . “If  ma te r i a l s  supply t o  tb’ inited ‘“ates be-s~mec
qiide 17 , T u r n i n g  now to r e c y c l i n g ,  it ii inter— increasingly curtailed , the alternatives ‘.o imc- ortc

eating to look -it -i forei gn situation . Elaine Nor-in of 51st be carefu l ly  considered . These w o u l d  i n c l u d e
the French Scientific Mission states that the French not only ‘sore intense c o n t in g en cy  p lann ing  for con n er—
goals are to reduce copper imports by SO it tons or vat ion , subs t i tu t ion, and r e c y c l i n g  of o~~r -ateg ic

I approximate ly  15 percent . It is interesting to notice materials , but also the development of low—grade are
tha t  t h e y  cur rent ly  recycle only 35 percent of t he i r  deposits that  may not be economical ly  -i t’ r - r ’-t ive  ‘it
copper in co: tr - i -;t to the Uni ted  States where we recycle present . The rat ionale  For a na t iona l  stra teg ic and
about öl p e rce n t .  For ; aper they want to increase c r i t ica l  materials  stockp ile should be ‘- ho u g h t f u l l y

I 
recycling from 1.8 million tons to 2 .3  mil l ion tons,  explored and its real costs and benef i~~s examine-I
In glass they are hop ing for a more than f i v e - fol d  closely as well as those of the a l t e rna t ives .”
increase in recycling , and ii polyvinylchloride for an In commentary , it may be said tha t any of these
increase of 100-fold . To encourage this the French options involve substantial investments which will
government has provided assistance in f inding 0ome have value only in the case of contingencies which may

I pilot plants and is supporting research in areas such or may not occur. The issue of stockp iling, f ar
as the reuse -if copper wi th  impuri t ies,  example , has been economically modeled and the a t t e m p t

Slide 38. The ninth critical issue concerns pre- to calculate an economic best strategy requires data
ictive capacity.  The Nationa l Materials Advisory on supply and demand e last ic i t ies  plus probabi l i t i es

I Board stated “A sound pred ic t ive  capability must be of occurrence for emergency situations which are
provid ed to warn of impending or possible changes in guesses at best. The problems with this issue app ear
mater ia ls  supp ly and demand on both a national and to be more polit ical than technical and I do not
g tobal basis, propose to discuss them any fur ther .

I 
“Mater ia ls  shortages can develop rather suddenly This rap id survey of the ten cr i t ical  issues in

if the analysis of materials supply and demand is not materials as seen by the National Materials Advisory
carried out wi th  adequate data arid by probir’g, thought-  Board certainly does not do jus t ice  to the many
ful techniques. Such predictive systems require not materials programs which I listed at the beg inn ing  of
only complete and detailed information from both govern- this talk . I hope , though , it has g iven a useful

I ment and indust ry ,  hut also a means of quickly communi— perspective and that some of the illustrations have
eating the results of the anal~sis with a consistent been interesting.
record of accuracy to be credible and effective. It Thank you very much.
is particularly important that such systems be respon-

, sive to the effects of al ternative government policies
that may affect supply or demand.”

Slide 39. The Materials Economics Workshop at the
internatTonal Materials Congress considered the supply
and price of materials and came to the conclusion that

I there was no prospect of a near-term run-out due to any
fundamental shortage of materials. They foresee
instead instabilities in supply and crises because of
long lead times and large investments required to open

f up and bring into production new sources of supply.
I Slide 140. In conjunction with this workshop,
I Mr. Sing’I-r of the World Bank made a predIction of the

price of selected metals and minerals in inflation-
adjusted 1977 dollars . Dr. Singh ’s predic tions ~re for
the long-term and do n o t  inc lude  short-term f l u c t u a t i on s .

- 
Bearing this in mind it is in teresting to note tha t for
coppor he foresees a price in 1990 in constant dollars
about midway between the prrsent price and the relatively

- 
high price of 1970. For iron ore, aga~n he sees an

I intermediate price; that ~s, he is not forecast ing
for these two commodities that the relatively high
prices of the 1970 period wi l l  re turn by l~i9O. For

• tin he forecasts a drop to a price level Intermediate
betw een the present price and the lower 1070 price. For

- nickel  he foresees a recovery almost to the levels of
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SCIENC E IN THE Y EAR 2000

L. C. Kravi tz , Direc tor
Air Force Office of Scientifi c Research
Oepar tmen t of the Air Force
Boili ng Air Force Base , D .C . 20332

Research planning for the Year 2000, as suggested This talk describes a method of structured 
-

in the tit le , sounds like a contradiction in terms. On thinking designed to guide resource allocation fot~
one hand it is not unreasonable to expect current basic areas of basic research spanning life sciences ,
research effor ts to have yielded exciting technologies physical sciences , and information and mathematical
by the Year 2000. On the other hand , it is quite im— sciences . The method assumes that although we per—
p robable tha t any examinat ion of today ’s basic research calve ra pid change in the world , this perception is
scene wculd permi t us to foretell the areas of greatest driven by transitory parameters and that beneath it all
rev olutionary change which will occur 20 years hence, there exists very funda mental factors which change in
The dilemma of scientific prediction , or that of the fairl y predic table and inexorable ways. It is upon
pl anned breakthrough , has been likened to the problem this fundamental set that we focus our attention. The
of the surfboarder trying to select from a sea of rip— fundamental factors include , for  examp le , the dem—
pies the most promising potential wave upon which to ography of population groups , the existence of popu—
mount. lation groups in specific land areas , the food ,

Those who doub t the difficulty of this problem climate and natural resources distribution in the
need only examine in retrospect the predictive power World , and travel routes which connect populations
of an observer 20 years ago. A t that time we did not with land areas and natural resources , etc. Through
know of integrated circuits and could not anticipate an analysis of the geo—politica l impact of these
the grea t potential of this technology, our imagination fundamental fac tors , several key planning pos tula tes
being limi ted by discre te components and ceramic vacuum for basic research were derived . Five of these postu—
tubes. Much of modern electrooptics had yet to be born lates were addressed to some extent in this taP- . The
and the biological revolution had not yet begun . We five postulates are: (a) that the United States will
were living in an era of energy p len ty arn d environmenta l continue to find itself in a numerically adverse situ—
aband on . Wha t we f ind commonplace today was thus quite scion in terms of both military force and popula t ion
beyond the predictive ability of the observer of 1959. with respect to potential opponents ; (b) the denial
For tuna tely, however , to spi te of their inability to of energy and material resources will become a common
pr edict the future in detail , research managers of the feature of international relations; (c) economic con—
40’ s and 50’ s are responsible for having laid the f l ic t  beyond that normally associated with inter—
foundation for all of the rapid advances in computa— national trade could become coimnonp iace; (d) space
tional and optical technology which burst open in the systems will cor,tinue as a military asset of growing
60’ s, their inability to make detailed predictions Importance; (e) computational devices and systems , as
notwithstanding , well as the science of computation and artificial in—

The problem of planning a research investment telligence will expand opportunities and capabilities
strategy has much in common with that of managing a for those nations in leading positions to utilize this
diversified portfol io of investments. In both cases power.
the power of hindsight greatly exceeds that of fore— The final step in this planning process requires
sight. And , rejec ting serendipity, in bo th cases we that the five pos tula tes be projec ted in to terms which
search for fundamentals to guide us in long term in— relate to the Air Force mission. This projection
vestment planning. results in the identification of a number of fields

In the area of national defense , d i f f i cu lt ies are of basic research in which crea t ive science should be
compounded by the need to accoun t f or rapid changes in stimulated and supported in anticipation of future
international affairs. Along with , and perhaps driven changes in required Air Force capabili ties. This
by, technology the world’s poli tical scene has changed strategy of supporting basic research in broadly de—
considerably during the last 20 years and may be f ined , but carefully selected , areas chosen on the
assumed to continue to follow quite unpredicable poli— basis of fairl y predic table geo—political fundamentals ,
tical paths. Meanwhile, resources for research have is the strategy which appears to be the best able to
diminished , resul ting in even greater demand for develop a scientific and technological posture capable
rational means of identif ying areas deserving of ex— of responding to the unpredictable unfolding of
panded resource investments while , more painfully, also poli tical events.
selec ting areas in which resource contraction can be
a f fo rded.
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CORROSION , THE SILENT SCOURGE when account is taken of the more thorough treatment by

sectors  of the  economy , -Personal  Consumption , Govern—El to Passag lia 
NB S—B CL , par ticularly with respect to the final demand

Deputy Dire ct or , Center for Materials Science ment , and Private Fixed Capital.
National Bureau of Standards

DEFINITIONS AND METHODOLOGY

DEFINITIONS — In order to carry out the directives
of the Congress it was first necessary to define the
“economic effects. ” The definition of these effects is
ver ’, closely re la ted to the costs  of cor ros ion .  The
economic e f f e c t s  were taken to be -

“Those resources (materials , energy, labor ,
capital) which , in the absence of corro8ion ,
would be available for alternative uses.

- This means simp ly that  in the absence of corrosion , re—
ABSTRACT sources of mate r ia l s , ene rgy ,  labor and cap i ta l t hat a r e

now used because corrosion ex i s t s  would become ava i l ab l e

Corrosion causes the users  of d u r a b l e  goods to incur fo r  o ther  uses.  The year l y cost of these resources  t hus

cos t s  for  the i r  maintenance and rep lacement .  When best becomes the total cost of corrosion. This definit -’n

p r a c t i c e  cor ros ion—cont ro l  technology is used , these of the  to ta l  cost of corrosion , imp lies tha t  the  base-

costs are unavoidable , and wi th  constant economic fact— lin e for the accountin g is a hypo thetical corrosion

ore such as d i scoun t  ra tes  and tax s t r u c t u r e s , can onl y f r e e  world .

be reduced by technological development . When best In addition , however , we need to take into account

pract ice technology is used , a portion of thes e cos ts is t h a t  some of these costs ar e avoidable in the sense of

avoidable.  An estimate of these costs for all sectors the Hoar Stud y. Hence we also define the avoidable

of the  U . S .  economy wil l  be presented . Data wil l  be coats  (or e f f e c t s )  as

‘ 
~i~ ven for  the  producing sectors as well as for f inal “Those resources (materials , energy, labor,
demand . The costs  will  be given for  corrosion ma intern— capital) that would be available for alternative

ance and control , fo r  equipment rep lacement when such uses if economic best practice were used even1-
rep lacement is because of corrosion , and for  redundant where .
cap i tal  equi pment when such redundancy is required Economic best pract ice  means a minimum l i f e — cy c l e

because of corrosion,  cost .  It the re fo re  balances f i r s t —c o s t  aga ins t  l ife-
time and total  maintenance cos ts  and does not mean the
use of the most corrosion resis tant  ma te r i a l .  Indeed ,
in some cases , it may be economically be t te r  to use a
more corrosion—prone material than a more resistant one ,
if the f i r s t  cost is s u f fic l ’n t ly  lower.  Not ice  that

In earl y 1976 , the U . S .  Senate , in its report on the baseline for this account ing is a hypothe t ica l
the appropr ia t ion  bi l l  fo r  the National  Bureau of best prac t ice  world , in which everyone uses economic
Standards , dire cted that institution to embark upon a best practice. This implies wha t is certainl y known to
stud y of the economic effects of corrosion. The corro— be true , namel y that not everyone in the  real world uses
sion group a t the Na t ional Bu reau of Standard s (NB S) is economic best pract ice.
a technical group tha t had not prev iously conducted any The difference be tween the total costs and the
formal economic studies. Henc e a contract for the study avoidable costs gives what are called the presentl y
was let to the Ba t te l l e  Columbus Laboratories (BCL) unavoidable costs.  The signif icance of these d e f i n i t —
which has both economic and corrosion expertise. The ions is that avoidablr costs can be reduced by the
s t a f f  of BCL and NBS worked very closely together in application of presently exis t ing corrosion control
d e f i n i n g  the scope of the work and in the collection of technology, and hence the ir reduc t ion involves technology
d a t a .  In the f a l l  of 1977 , BCL delivered its repor t (l)  t ransfer,  while the presen t ly unavoidabl e cos t canno t
to NBS. From this report , NBS prep ared its own report be reduced with presentl y available corrosi on control
fo r  the Congrees(2) and in the process extensively re— technology and hence their  reduct ion  requires research
vised some of the f igures in the 8CL report. This paper and development .
is a summary of the resu 1,ts in the NBS report. -

J Corrosion, defined for the purposes of this stud y 
ELEMENTS OF THE COSTS OF CORROSION — - The p r inc ipa l

as the de grada t ive interac t ion of a metal wi th its elemen ts of the costs of corrosion are given in Table 2.

environmen t , is onl y one of a number of degrada tive These elemen ts app ly to both the total and avoidable

- 
processes such as wear , fa t igue , frac ture , ul tra violet costs. They are broken into four categories :

degrada t ion , etc., tha t affect materials. Corroaion , Capital Costs, which app ly to consumer items as

however , is unique in tha t a significant number of well as industria l and commercial equipment , include

studies of the costs associated with it have been costs associated with shortened lifetime , any exces s

carried out.(3—l4). These are listed in Table 1. The capaci ty that may be required because of corrosion , and

mos t thorough and importan. of these studies is that 
the costs of any redundant equipment tha t may be necessary

listed under U .K. (6,7), the famous “Hoar Repor t.” This because of corrosion.

stud y came to the conclusion that the to tal cos t of Control Costs, includes costs of maintenance and

corrosion in the U .K . for 1970 amounted to 3.0% of the repair and cost s of corrosion control (cathodic pro—

Gross National Produc t (GNP), anc: that 23% of the total tec t ion , water trea tmen t , etc.)

cos t (or 0.69% of the GNP ) could be saved by use of Desiin Costs , includes the costs of special materials

pres ently available corrosion knowledge. In the (stainless steel , copper alloys, etc.) when used because

terminology of the NBS report these latter costs are of corrosion , Co sts of extra materials used (heavier

“avoidable ”. Where it is possible to make such an sec t ions on beams , etc.) and special processing.

est ima te, it will be seen that the total costs amount to 
Associa ted Costs , includes such item s as loss of

2—3% of the GNP , wi th approximatel y 20% of this avoid- 
produc t , resea rch and developmen t , in su rance , and the

able. As will be seen below , these results are complete- 
cos t of maintaining the inventory of parts and equi pment

ly cor.sistent with those obtained in the NBS—B CL stud y,  needed for corrosion contro l . I t does not include the
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coat of the items in the inventory since this is account— avoidable costs negative , which merely means that the
ed for under control and repair costs, first cost of equipment would increase , although the

METHODOLOGY — The methodology used for the study net savings to the economy wi th  best pract ice would be
was input—output analysis, in which BCL has extensive $1OB. The avoidable costs are about 0.6% of the GNP
expertise. For this purpose the economy is divided which is also in good agreement with the studies listed
into 130 producing and service sectors , plus final in Table 1.
demand . Producer Cap ital . which is normally considered The uncertainty in the results arises primarily
a part of final demand , was handled somewhat differentl y from the uncer ta in t ies  in e s t ima t ing  re l iably the l i f e —
in this stud y, in that producer capital was considered t ime of equipment . These lifetimes are not well known
to be an inpu t in to produc t ion( l ) . The economy was even in the present world , and in add i t i on  e s t i m a t e s
modeled as a s teady s t a t e  economy. The year chosen was need to be made in both the corrosion—free and best—
1975 at hypothetical full employment. The study was not practice cases. This inevitably leads to a wide range
a scenario” study. That is, no attempt was made to of uncertainty. References(l) and (2) should be con—
redistribute the costs; they were simply collected . It sulted for details. -
was thus a comparison of three static cases: 1975 at full SPECIFIC SECTOR RESULTS — The r e s u l t s  for  s p e c i f i c
emp loyment ; wha t 1975 wou ld have been in the absence of sectors are given in the NBS report(2) and in more
corrosion , and what 1975 would have been with  full beat— detail in the tables appended to the BCL report(l). In
p r a c t i c e  use by everyone,  any stud y of this kind , individual  sec to r s  have more

The results will be presented as follows : uncertainty than the over—all figures , since in the
Final Demand Sectors — These are Personal Consumption over—all figures, error s will tend to cancel. In thia

Expend itures (PCE), Federal Government Expenditures (FGE), section , representative figures will be given for each
and State and Local Government Expenditures (SLGE). of the sectors studied .
The costs for these sectors will be presented by the Personal Consumption Expenditures — The most
item of equipment and buildings for which the costs are significant of the total coats for personal consumption
incurred , e.g., automobiles . The elements included in expenditures are given in Table 4 and the avoidable Costs
these costs are primaril y cap ital costs and control costs in Table 5. The largest item is in automobiles , which
and some parts of sssociated costs where applicable, appears in two places in these tablea. The entry under
Design costs do not apply to final demand directly. They “au tomobiles” reflects effects of corrosion on the life
are borne in manufacture and are included in the next time of automobiles , which is on the average 9.6 years ,
item , and estimated to increase to 13.6 years in the absence

Intermediate Output (I/O) — These are the costs of corrosion (l,2). However , the distribution around
inc’~rred as inputs by the producing and service sectors this average can cause serious uncertainty(2). The
of the economy. They include primarily design costs ent ry under “Au tomobile Repair and Service” represents
and con trol cos ts, with associated costs being a expenses for repair and service caused by corrosion.
smal l  portion. They are presented by the sector bearing All other entries contain both capital—associated costs
the cost, as well as Maintenance and Repair , except for Miscella-

Pr iva te Fixed Cap ital Formation (PFCF) — These are neous Chemical Products, Maintenance and Repair Construc—
the cap ital costs borne by the producing and service tion, and Personal Repair Service , which are solely for
sectors of the economy . As previously noted cap ital maintenance and repair.
costs are those occurring because of shor tened l i fetime, Government Expenditures — The most significant of
excess capac ity ,  and redundant capital. These costs are the total costa for the Federal Government are given in
presen ted by the sector producing the capital. Table 6, and the avoidable costs are given in Table 7.

The very larg e bulk of these costs are bor ne by the
RESULTS Depar tment of Defense which haa custody of by f a r  the

largest amount of equipment. The largest single cos t
OVERALL RESULTS - The total costa and the is for aircraft , which is estimated to be the single

avoidable costs for all sectors are given in Table 3. largest item of capital equipment in the Federal Govern—
Columns are given for the BCL results and for the NBS ment. This cost arises because of redundant equipmen t ,
results derived from them as described in reference(2). with the following reasoning. Approximately 307. of the
An est imated range of uncer tainty is also given, time, aircraf t are no t dep loyed since they are undergo ing

The total costs are $69.7B, with a range of $52.7— tnainteUance, transfer , etc. It is estimated that 20%
86.2B. This amounts to 4.2% of the GNP, which is in good of this time is caused by corrosion , and hence 6% of the
agreement wi th the studies listed in Table 1, when time aircraft are not available for corrosion—related
account is taken of the more thorough coverage of the reasons. Therefore, to maintain a cer tain striking
BCL—NBS stud y. The largest Costs are in Intermed iate force , 6% more aircraft are required than would be -

Output and in Pr ivate Fixed Capital Formation. The necessary in the absence of corrosion . The yearly costs
pr imary d i f f e r e n c e  between the NBS resul ts  and the BCL associated with the procurement of these a i r c ra f t  form
results arises from the treatment of the life t ime the bulk of these costs. The other large cost is Govern—
of automobiles and other capital equ ipmen t by BCL . Inent Industry. This includes the activity of civilian
Reference(2) should be consulted for details, employees, part of whose duties is the maintenance and

In the avo idable costa , a significant change was repair asac~cia ted by corrosion in aircraf t, ships , etc.
made by NB S from the BCL f igures , primarily because of For further details reference(l) and (2) should be con—
the l i f etime assessmen t fo r  various items of capital sulted . In general, the Federal Government has good
equipmen t , no tabl y the automobile(2). In addition , an corrosion control.
unknown factor labelled Y is included in the NBS resulta.  State and Local Governments are not presented in a
This arises because BCL eat ima t ed tha t best practice separate table. The total costs from Table 3 are $2.48,
could be achieved without any change in input to the and the avoidable costs are estima ted to be $0.9R. The
manufacturing sectors as compared to the present situ— largeet single item i~ in Building and Repair Construe—
at ion. That is, there would be no changes in useage of tion which is almost totally for highways.
stainless ~tee1 , copper , coatings, etc., and implies Intermediate Output — Representative total and
that first cost would not change. This view is not sub— avoidable costs for Intermediate Output are given in
scribed to by NDS , and the factor Y is 1is ted to account Table 8. As previously noted , these costs represent
for this. This factor is presently unknown, but is added inputs (special metals , corrosion allowance,
roug hly estimated to be about $68. With this value of special coatings, etc.) required by the manufacturing
Y, the avoidable costs are SlOB , with the wide range of sectors because of corrosion, and corrosion maintenance
$2—408. This value of Y wakes the Intermed iate Output and repair of the equipment and buildings in the pro—
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ducing and service sectors. A small amount also goes for SUMMARY ANI) CONCLUSIONS
insurance and other assoc iated costs.

This sector was the most thoroughl y studied and I t  i~ estimated that the total costs of corrosion ,
the  total  costs are the best known , as is evidenced by and hence i ta  economic e f f e c t s , are  4 .2% of the  GNP , with
the  small u n c e r t a i n ty  of ± 3%. In many knowledgeable a range of 3 . 2 %  to 5 .2 % .  The avoidable costs are
ind ustr ies sop histicated in corrosion control, such as estimated to be about SlOB , or 0.6% of the GNP w i t h  a
Pe troleum R e f i n i n g  and Elec tric Power , very good data very broad range of 0.2% to 2.4%. The range of both
are available, these estimates could be reduced by further stud y. By

With  respect to the  avoidable cost , however , the comparison of these resul ts  with previous studies , and
situation is quite different. As previously noted above because in such studies the errors will tend to cancel ,
under Over all Co sts, the avoidable cos ta include only it is bel ieved that these results are representative of
ma in tenance and repair , and the figures shown in this the total costs of corrosion in the economy. I t  is also
table and in Ref . (2) are the BCL estimate of how much believed the total methodology developed is better than
could be saved by the producing and service sector by has been used in any previous stud y. First , it prov ides
better maintenance and repair. Since the total costs a framework for determining costs , and second it provides
include a l l  inputs  and the avoidable costs include onl y a sound and proven economic model for  de te rmin ing  t he i r
maintenance and repair , this accounts for the low value economic effects. As more and better data become
of avoidable costs. Moreover , in the capital equipment available, they can readily be added to the present data
producing sectors (Fabricated Structural Metal, General to make the estimate of coats more precise. However ,
Ind ustr ial  Machinery,  etc.), the achievement of best two deficiencies still exist in the study.
prac tice may actually increase the total cost , hence First , the question of added inputs required for
leading to a negative avoidable cost for these sectors, best pract ice  needs to be determined in de ta i l  and the
This leads to the factor Y in Table 2. No attempt waa reault~ dis tributed to the various f i n a l  demand sec tor s
made to redistribute this factor to the relevant indus— to get a net cost for those sectors. This can be done
tries, and hence even for these industries in Table 8 with fur ther  stud y .
the avoidable costs include onl y mail3tenance and repair.  Second is the problem associated wi th  l i f e  t ime of

Private Fixed Capital - Finally,  Table 9 gives the equipment . We do not , u n f o r t u n a t e ly ,  know the ac tua l
most significant total and avoidable costs borne by the range of life time of products in the economy , even in
producing sectors fo r  capital  costa .  These costa are the present world.  A determinat ion of these l i f e  t imes
caused prima r ily by the effects of corrosion in reducing would be useful not only for improving the accuracy of
l i f etime of capi tal items , but a small part is caused the present stud y, bu t many other stud ies, such as, e.g.,
by redundant equipment. The listing is by the sector materials conservation, total availability of scrap, and
that produces the cap ital. A listing by the sectors the effects of other degradative processes, such as wear
using the equipment can be obtained from the “Industry and fracture.
Indicators” discussed in R e f .  (2). The rather large Despite these qualifications , it is bel ieved tha t
uncertainty indicated for these costs is caused by Un— the Congress has been given a good overall p icture of
cer ta in t ies  in the life time of equipment as previously the economic e f f e c t s  of corrosion. The results  in
discussed in Section 3.1. ind ividual sectors can unques tionably be improved , but

F I it is believed tha t the overall  resul ts will prove to
- be correct——certainl y within the error limits stipulated .

TARLE 1
Cos t of Corrosion , Varioue Nations

Nation Year Cost Avoidable % CNP

‘ 
USSR 1969 6 B Rubles

$6.7  B

Wes t Germany 1969 19 B DM 4.4 DM 3
$6 B 8.15 8 (0 .75)

T Finland 1965 150—200 M Markaa —— — —
- $ 4 7 — 6 2  M —— —— 

-

UK 1969—70 £1,365 B £0.31 B 3

r - - $3.2 B $0.74 B (0.69)

Sweden 1964 0.3—0 .4 B Crown 25%

- 
$58—77 M

India 1961 1.54 B Rupee
$320 M

Australia 1973 $470 M —— 1.5(3)
$550 M

USA 1947 $5.5 B —— 2.3
1965 $15 B —— 2 . 2
1975 $9.7 B —— — —

Japan 1977 2500 B Yen
$9.2 B —— (1 .8 )

11



Table 2
Some Elements of the Costa of Corrosion

Capital  Costa
- Rep lacement of equ ipment and buildings
— Excess capacity
— Redundant equ ipmen t

Con trol Costs
— Maintenance and repair
— Corrosion control

Design Costs
— Ma terials of cons truc t ion
— Corrosion allowance
— Special processing

Associated Costs
— Loss of product
— Technical support
— Insurance
— Parts and equipment inventory

Table 3

- Summary of Results

‘I’Otal Costs (SB) Avoidable Costs

BCL NBS BCL NBS
Sector BCL Range NBS Range BCL Range NBS Range

PCE 22.8 —— 15.8 1 0 . 3 — 2 1 . 3  15.9 —— 4.9 3 .8—15 .9

FGE 8.1 —— 7.9 6 .2— 9.6 1.7 —— 1.7 0.8— 2.5

S/LGE 2 . 9  —— 2.4 1,2— 3.6 0.9 —— 0.9 0.5— 1.4

10 24.5 —— 24.5  2 3 . 5 — 2 5 . 0  2 .0  —— 2 .O—Y 
- 

— Y— 2 .0

PFCF 24.1 —— 19.1 11.5—26.7 12.5 —— 6.2 3 .0—19 . 1

Total 82.4 —— 69.7 5 2 . 7— 8 6 . 2  33 .0  —— ( 15 .7_ Y) * (8 . l— Y )—4 0 .9

5The value of y is a matter of speculation, but assuming it costs between 10 and 70 percent of
the expected final demand gain for best practice (extra coatings, etc .) ,  Y would be between
51.4 and $9.6 B, and the total a’voidable costs would be between $6.1 and $14.3 B, or about
10 and 20 percent of the total cost. Note that these values of ‘1 could make the avoida ble 10
contribution negative . This would mean an increased coat to manufacturers in a best practice
world , to *chi•va a net savings to manufacturer , plus final demand (lif.—cycl. coat s).
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I
Table 4 Table 7

Total Costs - Personal Consumption Avoidable Costs — Federal Government
Mill ions of Dollars Mil l ions of Dol lars

Misc . Chem. Products 159 Gen. Ind . Mach. 74
Au tomob iles 8800 Au tomobiles 77
Trucks , Buses , Etc.  2090 Trucks , Buses , E tc .  77
Ships & Boats 143 Aircraft 557
Household App liances 848 Ships & Boats 408
Radio, TV , Comm. Equip. 662 Sd .  Inatr. 53
Maint . 6 Repair Con -,t . 992 Plaint . & Repair Const.  75
Personal & Repair Serv. 331 

- 
Gov ’t .  Indus t ry  224

Auto  Repair 6 Service - 2075

Table 8

Intermed iate Output Costs
Mill ions of Dollars -

Table 5 Total Avoidable

Avoidable Costs — Personal Consumption Fabricated Structural Metal 1046 6
Millions of Dollars Screw Machin Prod. & Stamp . 681 2

Misc . Fabricated Metal Products 589 3
Automobiles 2800 General Industrial Machinery
Tc uck , Buses , Etc. 500 & Equipment 668 20
Ships 6 Boats 83 Special Indu str ia l  Machinery 532 1
Household App liances 344 Furniture and Fixtures 608 3
Maint . & Repair , Const. 347 Petroleum Refining 882 30

- 
- Personal Repair Serv . 115 Steel 728 15
Auto Repair Serv. 726 Automobile 1350 22

Electric Power 2690 56
New Construction—Public Utilities 1485 32
Wholesale and Retail Trade 606 272
Finance , Etc .  617 280

• Table 6 - Table 9

Total Costs — Federal Government Private Fixed Capital
Millions of Dollars Millions of Dollars

Metals 262 Total Avoidable

Gem . m d .  Mach. 144

‘ 
Au tomobiles 208 Fabricated Structural  Iletal 1044 548
Trucks , Buses , Etc. 309 General Hardward 282 106

Aircraf t  2460 Enginea and Turbines 334 67
Ships & Boats 905 General Machinery 851 447
Comm. Equip. 1033 Farm Machinery 1221 224
Sci. Ins t r .  103 Construc t ion Machinery 1415 283
Ordnance 224 Automobiles 3640 1370
Plaint. & Repair Comet. 375 Trucks, Buses 2006 401

Gov ’t. Industry 1494 Aircraft 227 45
Railroad Equi pment 267 140
Ind ustr ial  Controls 340 68
Service Machinery 568 213

I
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ABSTRACT

In recen t  years  maintenance costs have genera l ly  s a t i s f y  our needs In innumerable ways. It is , howeve r ,
exceeded acquisition costs in the life cycle of aero— appropriate that some portion of fundamental—research
apace sys tems.  As usable system l i f e t i m e  has in— a c t i v i t y  in the  count ry  be mot iva ted  by perceived

‘ 
creased , corrosion problems have become a major factor needs , and the purpose of our analysis was to deter—
which presents  a new fundamecta l  challenge to the re— mine whether there were 

~~J2~ £!2! in such need-
search c o m mun i t y .  Through a series of AFOSR/AFML cor— related n a t i o n a l  a c t i v i t y .  The c u r r e n t  “N a t i o n a l
rosion workshops , a number of new and promising d i rec-  Symposium on Wear and Corrosion ” is also obvious ly
t ions fo r  co r ros ion  research were i d e n t i f i e d , and concerned with need—driven science , and a (eview of
approaches fo r  cur rent  development where outlets for the Burte—Kelley study and i ts  f ind ings  is appro—
current research exist were specified. A four—co l ’imn p r ia te .
tabular format listing General Problems/Needs , Windows , The process used was to prepare two straw men ,
Reduction to Practice/Development Possibilities , and one identifying long—range generic needs and concerns
Focused Research Needs was found to be particularly for aerospace—materials technology and the other list—
useful. “Windows” are specific applications where the ing specific needs for fundamental knowledge in sever—
R&D can be I mmedia te ly  appl ied.  The key ing  on windows al broad areas or discipl ines .  The fo rmer  was der ived
to indicate research directions and focus discussion from planning studies and personal knowledge; the
has been u t i l i zed  successful ly  at several subsequent  l a t t e r  was generated during a budg4t—allocation exer—
~~ ien t i f i c  meetings . While  the original study was cise being conducted to define the laboratory program
done speci f ica l ly  for  the Ai r  Force , the approach for a future fiscal year. For examp le , if  proposed
could be used for any large organization. Examples of new development programs were rejected by the labora—
curren t ~c6D needs and possibilit ies a C given, tory senior management because there was no adequate

- knowledge base to support the proposals even if the
goals were desirable , a need for knowledge could be

Despite significant economic incentives (1), and identified . Ongoing or successfully advocated new
a growing national attitude that it is also morally development or application programs were reviewed to
proper tn conserve finite resources and avoid waste , identify instances where ft was felt that the avail—
corrosion R&D is not a rapidly expanding field (2). ability of additioral knowledge would increase the
It has begun to receive increased attention , but many probability of success or make the reculta more
of those who might use its results are often disen— generally useful. Proposals directly from the work—
chanted with its past perfo .-mance or future potential. ing level to ob ta±~ more fundamental knowledge to
Those who are attacking its prnblems from a fundamen— point the way fo r  f u ture developments were obvious
tal point of view still seem to be relatively “few additions to the growing list of specific needs.
ard far betw,~en.” All the items iden t i f i e d  were sor ted in to a se t

‘ 
Two years ago Frank Kelley and one of us at the of disciplines or multidiscip linea . For each i tem

Air Force Materials Laboratory undertook an analysis the following question was posed : ‘ I s  there a m ini-
of the health of the materials-science base in the mum level of act ivi ty consis t ing of two to f ive fun—
Uni ted  States from the viewpoint of the needs of the damental research groups (deçending upon our judge-
aerospace industry. Among the stimuli for this was ment of the importance and difficulty of the item)

• the recognition that as a result of obviou-i require— doing productive work in the general topic of the item
men ts to reduce cost and increase reliability, man y which might yield knowledge which could be incorporat—
sources of R&D support were providing large resources ed into development programs or engineering use in
for relatively short—range , “pu t it in to use” develop— five to ten years?” Note that this decoupled from
ments. There was concern as to whether this was an the cpecific need for knowledge which generated the
inverted pyramid resting on an inadequate base of i tem. If there were not a minimum number of two to
fundamental knowledge. It should be clearly under— five such groups (each consisting of at least one
stood that this was an analysis from the viewpoint active professor and several graduate s tuden ts ) ,  the
of need; it did no t address tha t por tion of the science topic was ident i f ied  as being a g~~ and lef t  on the
base (often referred to as truly basic) which is know— l i s ts .
ledge driven and motivated by the extent of new under— The st r aw— men lists thus generated were then
standing which can be obtained irrespective of the iterated through more than SO industrial and univer—
predictability of i ts  u t i l i t y .  The letter portion of s i ty  groups throughout the country. The indust ry
the science base should be judged on the quality of peop le were usually asked to focus on the areas where
the investigators and research , not its re levance to ~~~~ could identify a need for new funda mental know—
definable need; and we do not imply that need—related ledge , i . e . ,  what was l e f t  of f  the lis t s .  The univer—
work should be supported at the expense of such truly sity people were usually asked to focus on the assess—
basic work. The most a f f l uen t  society in history ment of whether minimum productive t i c t i v it y  was under—
should support a very significan t, truly basic acti— way in a specific topic. Both were asked to comment
vity. It will enrich our culture and inevitably on the long—range generic needs a id concerns . The
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early proposals were expected to generate controversy Table II — App licability To Aerospace Needs
and additional input . This indeed occurred , and such Of The 1977 Materials-Science Base
inp”t was incorporated into successive versions of the
long—range needs and lists of specific gaps. As the Inadequate Marginal Adequate
ra te  of change decreased , t e n t a t i v e  conclusions were
drawn and exposed to the i t e ra t ive  process, which now Processing Science Metallur gy
included people who had been instrumental in earlier Ceramic Science
reviews of materials science and technology such as Polyme r Science
the COSMAT study,  other government agencies , and Se”
lecr ed gatherings of knowledgeable individuals such as Surface Physic s Mechanics Solid State
the Materials Advisory Board and a meeting of repre— and Chemistry Physics
sentatives to the Federation of Materials Soci,.ties.

Table I shows the major long—range generic needs Thermophysics
and concerns at a late stage In the process , af ter and Chemistry
which there was almost no disagreement with the state-
ments shown . Note that the first two items are tech— NDE Science
nicat needs; the last three are Institutional concerns.
Eventually in the iterative process there was little
further change in the relative sizes of the lists of different potential uses of materials science and
gaps under the nine disciplines or multidisciplines technology were involved. It is believed that the
eventually chosen as a “table of contents” of the conclusions indicated in Table 11 need not be re-
materials—science base. (These disciolines/multi— atricled to aerospace and are generally applicable.
discip lines shown in Table II changed during the itera— The lo’~g l is t o f gaps under ‘ Su r f a c e  Ph ysi cs and
tions until most participants indicated comfort with Chemistry ” was in large measure due to a general per—
and accep tability of the set shown.) The final con— ception that relatively little of the work underway
clusions, based upon the relative lengths of the lists was really relevant to comp lex degradative processes
of gaps and consistence with long—range needs , are such am corrosion and wear. This was not surprising
shown in Table II. Note that “Su r f a ce Ph ysics and to many of those who participated in the survey since
Chemistry” was an area of broad need with many signi— the problems involved can be very difficult. It is a
f i c a n t gaps, despite the fact that much good surface risky area for a young professor on tenure track.
physics and chemistry is underway at American Univer— For older , well—es tablished peop le there of ten seems
sities. (It should be re—emphasized here that the to be a eeling that such “complex ’ subjects are some—
purpose of the study was to identify areas of gross how inelegant and to be avoided. Sources of support
inadequacy. This does not imply that even more effort for fundamental research often seem to share this
in solid state physics would be undesirable , rather feeling. A major cencern was the generic problem in
t h a t  the  p o t e n t i a l  of th is  discip line is well recog— materials technology of life prediction and accel—
nized  and that there are very few topics in it where erated testing (Table III). Many environmental fac—
at least minimum e f f o r t  is lacking~ ) tors , ma terial condi t ions , and design/configuratior.

specifics interact in very complex ways to produce
‘t ab le  I — Long—Range Ceneric Needs And the observed res -i t .

Concerns of Aerospace Mate—ials
Technology Table III — A Generic Problem - Life Prediction

And Accelerated Testing
Few new sy stems wi l l  be in troducec~ in the f u ture ;

current systems must las t longer — Need fo r  f a il u re models

— high acquisition costs , mair .tenance costs — Complex and multidisciplinary

Elasto metric seals and sealantsAir Force continues to require materials which are Corrosion
used near their  limits where fa i lure can be Lubr ica tion
disastrous High— temperaLure coatings

Creep—fatigue—environment interaction
Changing natu re ~f industrial research shifts major Superalloy sburden for hig~1—risk , innovative research to Advanced composi tesfederal ly  funded progranm Abla tors

Industry/university interface is weak

Effectively coupled , multidisciplinary programs at 
Even applied corrosion R&D is not at present at~

universities are rare due to institutional 
adequate national activity. Very short range problem—
solving activity is rarely expanded to provide under—

barr iers standing o. application beyond the immediate situe—
- tion. Only moderate resources are available for

exploring the reduction—to—practice possibilities
Although the analysis was initiated to evaluate inheren t In existing knowledge which might provide

the health of the materials—science base from the view— generic new capabilities. The auchors have often had
point of the Air Force in particular and the aerospace diff iculty defending existing——much less expanded-—
industry in general, it became apparent during some budgets for work of this nature , despite the experi—
initial visits to materials producers and fabricators ence that in recent years maintenance costs have
serving several sectors of the economy that the re— approached or even exceeded acquisi t ion costs in the
sults might be similar for all sectors. The long— life cycle of aerospace systems . Granted that a
range needs and generic concerns shown in Table I bet ter  application of exis t ing technology in initialare as applicable to the needs of new energy genera — design and production could y ie ld  more maintainable
tion or conversion technology, f or examp le , as they hardwa re than in the past (3) ,  many areas must sti ll
are to aero space. Therefore , during the later i tera— exist where usefu l ly  improved materials , protectivetions , individuals and companies representing many
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processes, inspection or liie prediction methods , criticism raised was that in~.ufficient evidence cx—
etc. , could be developed. In addition , there is the Isted to adequately relate the  r eac tions  of the Nb—fl2
i n c r e a s i n g l y  important problem of how to manage large system to a low—alloy steel - H2 system . However , it
existing fleets of aircraft. For these it is too late Is better to have the temerity to present such deas
to incorporate a better balance between acquisition to a critical audience than to remain silent. Un for—
cost and maintenance cost into the initial design . tunately, many were reluctant. This , of course , was -
Ce rta in l y ,  new technology arising from new knowledge expected and a suitably informed environment plus
should help reduce the maintenance Coats. Yet there leadership by a few bold peers hel ped overcome it.
have been too few ~~~ d suggestions from academic On the other hand , disc-issions of ongoing re-
research institutes or industry which effectively search and its possibilities were som&-t irnes subject
combine significant technical possibilities with a to the valid criticism , “You are ignoring s!gn i f i~ ant

f 
clear recognition of realistic needs to propose parameters or phenomena.” An examp le is some of th~
attractive app lied R&D programs . work stimulated by field failure~ on the mecbanlsm c/

Recognizing these deficiencies in both need— hydrogen enibri ttlement of high—strength steels due to
driven fundamental research and development—oriented environmental re&ctions where the hydrogen pickup,
activity, the authors have initiat t-~ (4) or parti— in fact , came from incorreci plating procedures.

* cipated in several workshops or other forums in the Many fai liiic ~; in h i gh—screr’gth low—alloy—steel parts
last few years to encourage a better identification (7) have , upon careful anaiysis , been traced to hy dro—
of both needs and possibilities for such corrosion gen at trapped metal—coating icterfaces during. the
R&D. The approach used was to stimulate both the electrolytic plat ing processes . This hydrogen ml—
horizontal (mechanics , chemis try, metallurgy, etc- ) grates into the lattice and may not be removed during
and vertical (research , production , test , maintenance , baking—out procedures. Elegant analyses of hy drogen
engineering) interdisciplinary coupling which was felt embrittleman~ from environmental reactions at the
to be necessary.* The goal was Increased enthusic’s surface and subsequent stress—corrosion cracking are
for working in , as well as ccpport for , corrosion R&D. simp ly irrelevan t to this problem. Another example
The insights gained fron, these experiences and some derives from the recognition , in recen t year s, tha t
illustrations of both the problems and the rotentiar relevant en”ironrnents for localized corrosion are
will now be presrnted. significantly different from bulk—solution environ-

The wor ’tshops attempted to bring together met,ts which are used for representative corrosion
fundamental—research scientists working in the various testing. Brown and co—workers demonstrated (8—10)
disciplines which might be appropriate , acquisition that tha so—called occluded cell or crevice coul-i
and logistics engineers , and field—level main— he simulated in the laboratory and obtained results
tenence personnel, Managemen t and resource— - far different frc m those predicted by ordinary reac—
alloca tion peop le fr om both government and industry tion kinetics based upon bulk solutions. Solution
were often included. It was hoped that the “scien— concentrations often are unexpectedly high and the
tists’ would describe the reduction—to—practice possi— predominant crevice isolated hydrolysis reaction
bili t i es  e m e r g i n g  f rom cu r r en t  research in a su f i i—  

+
ciently evocative way to capture the i nt e r e s t  ‘snd N + nH 2

O M(OH) n 
+ n il ( 1)

j stimulate the imagination of the engineering and user -

people. Simi arly, it was hoped that the user corn— results in acidic occluded cell media essentially
munity would describe their n~eds in aufficient detail independent of the bulk rolution conditions and pH.
to do the same for the scientists. Ideally, there Kruge r (11) points out that new approaches to cor—
would be a synergistic effect to help define both new rosion require consideration of this relevant chemis—
development possibilities and specific areas where try in the isolated crevice, In addition , the rele—
fur .damentai rc3earch migh t be fruitful. Although vant alloy composition and structure which recognizes
these were sign if i c a n t euccesses, there was also con— localized differences in phases present , the relevant
s~ derable difficulty. electrochemical mechanisne- and electrochernical poten—

Many—— if not most——of the individuals who were tials for expe’iments which accurately portray the
expected to provide scientific possibility input were initiating anion absorption ptocess , and the subse—
hesitant to “open up” or rea 1.ly try to stimulate the quent study of relevant protective films all must be
interest of the user people. Suggestions of novel considered. Thus , localized corrosion processes re—
approaches frequently ca~sed inhibiting criticisrn . quire a whole new understanding of the phenomena to
For examp le , the need for systematic studies øf the be studied. The appropriate use of Pourbaix—type
role of hydrogen In metals often arose. The advent potential — p11 diagrams for  descr ib ing corrosion proc-
of new analy tical tools wi th improved precision and ess l2)  also requires thi s unders tanding
sensitivity for hydrogen determination has been help— The natural reluctan~ce of the “scien tists” to
ful (6). Progress in the 1960’s in processing out appear naive in front of the “eng ineers ani  users”
hydrogen from high—strength steels and the develop— was intensified by an apparent real lack of infor—
ment of alloys such as 300M with increased tolerance mation flowing to them about actual needs and in-
to hydrogen has also done much to eliminate the ser— service situations. Project Pacer Lime is an A4 r

P 
vice failures which focused attention on this area. Force outdoor corrosion exposure test program which
Nevertheless , problems with high—strength steels in seeks to classify base environments according to
use today end lack of adequate understanding suggests their corrosion severity. The results are to he
that new research approaches should continue to be used to establish logistic and manning requirements

‘ 
sought, One proposal was to model hydrogen distribu— and washing cycles in the corrosion—control p”ogram
tion and effects using Nb—02, since this may be an fo r  the d i f f e r e n t  Air Force bases . In conjunction
effec tive way to study the surface/environment inter— with this effort , an interim Corrosion Severity
actions, surface  catalysis and reaction inh ib i t ion , Classif icat ion Index of base environments  was devel—
and related etabrittlement reactions using a system oped from climatological data and educated guesses
t h a t  is analyt ical ly easier to invest igate.  The as to the relative importance of various environmen—

- 
t al factors (13) . For the past f ive  years , outdoor

________________ atmospheric tests have been conducted at  ten USAF
*It  is in te res t ing  to note tha t deapite the large nu m— bases located geographically in diverse environments.

Metal—coupon test data have been obtained from theseber of people working in corrosion in the USSR , the
sites in the hope of relating exposure results toneed for similar coupling activity was very evident

to a recent visiting USA delegation (5) climatological data in order to develop an improved
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Cor.oston Severity Inde~c with experimental validity. When attern[ting to apply this approac h to focused
The collected data are currently being analyzed and fundamental research , it is, of course , rarely possi—
it is prematcre to draw final conclusions. However , ble to def ine  s p e c i f i c  windows fo r  spec i f i c  f i r st -
the task of clearly demonstrating how such re su l t s —— g e n e r a t i u n  use, N3t only does the t ime sca le  i n v o l v e d
even when complete——could be used to impact actual AF prohibit it but also, as has often been said , ‘I f one
operations was not thoroughly accomplished and , as a can define the outcome of a fundamental research pr o—
consequence , there was considerable skepticism about ject , it may not bc worth doing, ” As the research
th is program. A s a  result the idea was superior to proceeds, the predict ’Ior~ of wha’ is possible will
its e~cecution. Without management attention , inter— change , and the goal or window must be modified. How—
est was lost as personnel were transferred in the ever , it is possible to expres.s goals in terms of
five—year span . The rep lacement peop le of ten knew 2~~entia1 windows . One can postulate how new know—
little of why the program was initiated and what was led ge concerning corrosion mechanisms under different
to be accomplished or of the re3ources necessary to conditionr would lead to the requirement for different
complete the study. The collection of data suffered methods of accelerated testing and then ask who would
accordingly. The lesson in. that a goal must be under— use the new tests if they were developed. This , o~
stood by the user as well as the initial planner , and course , requires an intimate knowledge of the state—
this often requires improved definition of the goal. of—the—science in order to predict what mig ht he poe—

Criticism of more applied activities often took sible and an alert awareness of how this can and does
the tone , “Who cares.” An example is the development change with t ime . Such an evocative way .f describing
of Improved anodized coatings for aluminum alloys by the potential for a particular area of research can
the use of fused—salt anodizing. The program itself help not only to generate support but also to pravide
was technically successful , and improved anodized the integrating emotional issue——the enthusiam build-
coatings were developed (14). Using a nitrate— ing— —which will help overcome many of the institu—
nitrite eutc-ctic bath , an anodized layer was produced tional barriers to corrosion research mentioned pr --
on high—strength aluminum alloys which was superior vioualy. The goal provides a focus for interdisci-
to the current commercial procedures such as sulfuric— plinary cooperation , enabling people from diffi-rent
acid anodizing and surface-conversion coating treat— fields to find a common ground for communication
ments. Unrortunately industry interest was in opti— An examp le of current use of a potential window
mizing among several different existing anodizing is work underway to develop realistic accelerated
t reatments (sulfuric acid vs. phosphoric acid treat— testa which correlate with service experience to rank
ments , etc.) and not in the development of a new aerospace materials in terms of their resistance to
process. Investment requirements , prior history, specific t ypes of corrosion. It is expected that
iner tia , and competitive processes have all resulted initial research efforts will define what is possible .
in no real “need” for application of the ongoing For example , it appears that the important atmospheric
research effort, pollutants for corrosion fatigue may be SO2 for high—

It became apparent quIte early that the current strength steels and nitrous—oxide compounds for high—
pacing activity in iefinin g new directions for cor— strength aluminum alloys (15). The next step is to
rosion research and development was in identifying determine whether the effects of these pollutants can
needs rather than in suggesting possibilities , All be accelerated in a realistic manner. If the results
too often needs were expressed in such general terms of these studies are promising, a specific window will
that they could do little to stimulate——much less be chosen to guide final reduction to practice , e.g.,
guide——fundamental research. Requirements such as a test to predict  the relative behavior of landing—
“We ticed better test methods” or even “We need im— gear steels, In this case one would have to consider
proved accelerated test me thods ,” “We need better how specific steels , heat t rea tments , protect ive  coat—
corros ion—resistant landing—gear alloys ,” “We need ings , hardware conf igurations , and actual usage pat—
ne.rine piping material development ,” or “We need terns would influence development of a specific test
better anodizing procedures for aluminum” not only method .
are of little help, as indicated above , bu t also can- The authors have been involved in con tinuing
be misleading, attempts to stimulate the definition of windows or

With in  the Air  Force the term “window” has been potential windows . These should come both from the
used for seven-a l years to help illustrate needs and recogniied needs of the user and from those needs
guide more applied activities. 

- 
It is that part of stimulated by the possibilities suggested by funda—

the goal of a dvelopment or evaluation program that mental knowledge. Unfortunately, the e f f o r t required
can be expressed as a realistic poten t ial app lication to derive these from generalized needs has been too
or even a specific first—generation use of the tech— sparse in the past , and the task is often very diffi—
nology . Defining a credible window involves answer— cult. The requirement for realistic accelerated tests
ing diffic ult and sometimes embarrassing questions mentioned above is also an example of a window which ,
such as , “Even if I successfully meet these technical as often expressed , is too broad and vague to preci—
goals , who will use my - product and for what applica— pitate/initiate major research or reduction—to—
tion? Does it o f f e r  s u f f i c i e n t  potential beyond the practice efforts, It can present a limitless quagmire
existing state—of—the—art to overcome inertia due of opportunities. A real need is contained in the
to the normal reluctance to change or the risk of requests of Air Force operational commands to the
eventual failure? Hdw will it fare against competing laboratories and in similar requests from many indus—
developments?” A suitable window provides a baseline tries to their respective R&D establishments. Upon
against wh ich the new technology can be evaluated, examination , however, the goals are frequently ob—
The poss ibi l i ty  of actual near—term production and scure . Does one desire tests for large components,
use stimulates enthusism in both program participants small components, or labora tory test specimens? Is
and potential  sources of support. The problem , of the real environment known? Are f i e l d  f a i l u r e  data
course , is to d e f i n e  a speci t ic  potential in i t ia l  available? Have mechanisms of field failure been
application that will provide these advantages and identified? Unless clarified , these fac tors can
also be s u f f i c i e n t l y  s t imula t ing  and generic that  it drive the research in i r r e levan t  di rect ions  or cause
can act as a vehicle for advancing the technology critical aspects to be ignored . Clearly one must
along a broad f ront  toward potent ia l  uses well beyond divide the broad need into smaller subsets; many win—
the window selected.  dows should result. A good example of this is the

one given previously of corrosion—fatigue studies
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being directed toward increasingly specific conditions approaches , research on new inhibitor systems to fur-
as the :esearch progresses. ther expand the options is also being conducted (19).

An example of an oft—stated window which can be A difficult—to—satisf y window that should stiau—
potentially misleading Ia in the request fron. Air Force late focused need—driven fundamental research is in
-isers to develop nondestructive evaluation (NDE) for the area of paint strippers. Standard aircra ft coat-
de tec t in g corrosion under pain ts and paint condition . ings are too difficult and too costly to remove ; the
This has been interpreted as the need for evaluation process is slow , and the chemical stri ppers in current
of substructure deterioration and for residual paint use do not meet current EPA/OIISA pollution safety and
protectiveness. Cosmetic appearance has been denigrat— toxicity requirements . Since the Air Force requires
ed as a r equ i r emen t  by the laborator~~s since paint complete depaint and repaint cycles on aircraft every
fil ms are often protective even when they look decrep-- five years, an impor:ant realistic window exists to
tt. However , development of a method which ignored use new technology; however , developrant efforts are
cosmet ic  q u a l i t y  would never be ar c ,-p t ed  by t he  f i e l d ,  l i m i t e d  by a l ack  of approaches~ Research is requ i red
Even If maintenance people could ‘ - convinced that on top ics such as s o l v e n t - - p a i n t  r e a c t i o n s  and the
Ippearance is unrelated to protact~~venesa , sppea.ance synthesis of waterborne paints and biodegradable non—
is a legitimate concern of a field commander. A sut~- toxic solvents which Ire non—corrosive to the metal
stantisl R&D effort is now being p lanned on new NDE surface. In th, long range , the d -velopment of cross--
methods for corrosion in aircraft. The above examp le linked high— performance polymers whirl have €-.~sily
illustrates the importance of well—defined windows depolymerizable (by conditions not met in service)
fo r  such a program,  bonds f o r  rapid  removal of the  p a i n t  ~i 1m b y m i l d

Despite such d i f f i c u l t i e s, success has been chemical agents might be the optimum approach.
ach ieved in iden t if ying windows and potential windows The authors have experimented with several for—
and using them to help define new directions for cor— mats for organizing the inputs to coupling in a man—
rosion research and development. An excellent example ne’ which will aid in defining and displayl,g both
of act ionable windows s t imula ted  by new poss ib i l i t i e s  the needs for additional input and the possibilities

{ caste f rom p recen ta tions  at the Corrosion Workshops (4 )  f o r  p ro f i t ab le  research or development programs. A
of the results of prior inhibitor research . New i n h i —  recent verison tha t  nas been found to be u s e f u l  in a
bitor systems ‘,ased upon a borax—nitrate—nitrite svs— variety of forums and for areas such as processing
ten, for steels with additions of small amounts of and NDE science as weli as corrosion is shown in
metasilicates , poly phosphates , and mercaptobe.nzothia— Table IV. Its use will be deectibed it’ a somewhat
zole for use with aluminum and other alloys have beer- simplistic and provocative manner. IDe heading
exp lored in the laboratory. These were effective “General Problems/Needs - essentially provides only
under condi t ions of crev ice cor :oaion , corrosion fa— a table of conte,&ts Predicting material behavior
tigue , and stress corrosion in addi tion to general  or the corrosion cos ts f o r  a f lee t of a i r c r a f t are
corrosion inhibi t ion (16—1 8) . Air  Force maintenance well—known needs; but as has already been indica ted ,
peop le at the workshop described a new auto.nated rinse generalities such as these a~e n’,t enough . The
facility at MacDill AFB in Tampa, Florida. The Navy actionahle inputs to coupling are emerging possibili—
had r insed a i rcraf t for some t ine , particularly aboard ties described in an evocative tianner or needs des—
aircraf t carriers and at places such as Jacksonville cribed as well—defined windows or poteniial windows.
Naval Air Station where most of the missions are over The outputs are needs for focused research , the possi—
salt water. Although the Air Force had not usad rins— bility of a development , or the requirement to better
ing p reviously,  it was anticipated t~.at it would be define windows or possibilities.
effectt-,e in removing dirt , soil , and evaporated salt , When a possibility and a wIndow find a match in
etc., resulting from operation and parking of aircraft each other , there Is a high probability that an ap—
near the coast. The wash water at MacDill AFB is con— plied reduction—to—practice program can be proposed
sidered to be hard (200 mg/i as CaCO3). Thus, where and will find s-.lppor t and come into being (remember
entrapped on an F—4 a i r c r a f t  scheduled for  automa tic how care fu l ly the need represented in the window was
rinsing,  the water itself constitutes a corrosive defined). The inputs leading to the previously des—
medium. cribed program on evaluating inhibitors for wash—

• The possibilities from the inhibitor research and rack rinse water are examples. Table IV provides an
the needs of this facility led to a f i rm window for i l lustrat ion of where match  ng window with a possi—
evaluat ing and demonstrating inhibitor effectiveness bility emerging from curr ent ~,iowled ge/ techn iques
in actual service. Inhibitor” developed specifically has resulted in a development effort (ind cated by *),
for MacDill water am the in i t ia l  port of a reduction— The window was the desire of the Air Force to schedule
to—practice program are currently being added to the major maintenance (the cost driver being corrosion
rinse water, and the effects upon reducing corrosion repair) based upon n ned rather than fixed time inter—
maintenance costs are being tracked, initially a vals (isochronal) or number of f1yl’~g hours. This is
group of 50 F—4 a i r c r a f t  was involved in the test pro— applicable to the C—14 1A and many other current inven-
gram. Another reduction—to—practice effort has been tory aircraft of average age excaeding approximately
initiated to develop and evaluate inhibitors for the 10 years. The new possibility was the use of modern
bilge or lower bay areas of large cargo aircraft. ccaputerized a.~alytical techniques to examine service
Here again , a wel l—defined window to reduce the known maintenance data.  The development program (20) ana-
coat of repairing corrosion damage around areas near lyzed all data believed to be relevant to corrosion
latrines and galleys in aircraft such as the C—l4lA damage and showed that costs are a function primarily
and C—5A emerged, Water collects in these areas due of base location and it8 attendanç environment rather
to drain holes becoming plugged. Inexpensive nontoxic than mission type and number of flying hours . The
inhibitor systems are required which can be easily result , now being implemented , was to permit a more
applied and have a reasonably long life. These could valid scheduling of progranined depot maintenance at
be water—displacement compounds which currently have extended intervals.
some problems related to limited life and toxic car— When windows can be defined but no possibilities
tier agents, packaged inhibi tors which have problems are available , a stimulus to focused fundamental re—
with caking and controlled aolubility release, or search becomes evident, The problem of developing
special corrosion—inhibitive coatings which have toxic standard test methods for stress corrosion of aluni i—
solvents, cost , and weight problems. Recognizing the nun, (21) to permit in te r labora tory  cor re la t ion  of
inadequacies of current reduction—to—practice results is also illustrated in Table IV. Past
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Table IV - Format For Organizing Information For Coup l i n g

Reduc tfon—To—Practice/ General
Focused Res earch Needs Development Possi b i l i t ies Window s P rob l em s/N eed s

Simulated Atmospheric Specific Asperts Of Acceler- Predicting Materials
Testing/Environmental ated Teats For Localized Behavior
Acceler ato rs Corrosion , Crack Propagation ,
Corros ion Mechanisms or Cenera l  Corros ion

Relevant  Mechanisms of S t anda rd  Test Methods  U seab l e
Stress Corrosion By Different Laboratories

Computer  Analys is  of M a i n —  Cost Models For Programmed Predictive Models
tenar’ce Cost Data Depot Maintenance , C—1 4L A

New H y drogen Probe Hydrogen  E m b r i t t  l i -mI-n t
Development F a i l u r e

FUTURE OUTLOOK

a t t e m p t s  to- demont -t ra te  such a c a p a b i l i t y  by round— The discussion to this point  has been concerned
robt~ test  programs have gene ra l l y  bee,, u n s u c c e s s f u l ,  w i t h  development.  a c t i v i t i e s  or need—dr iven  f u n c l ar n en—
A d & i t i o n s l  round robins , w i t h o u t  improved u n d e r s t an d —  tal  research . d e f in i ng  new d i r e c t i o n s  f o r  t r u l y
ing o~ the sources of vac iance , woulu probably not be basic researea has not been considered. However ,
fruitful. The r~quf red focused research into stress— the authors would like to suggest that the b e t t e r
corrosion mechanisms——specifically to identif y the definition and pursuit of need—driven work will have
c o n t r o l l i n g  pa rame te r s  for better test methods—— an inevitable influenc~t upon the knowledge—driven
remains to  be done . A word of caution is in order; work. The latter tetids to focus on simple exp~ ri—
although an existing window can stimulate fundamental rtental conditions , with or.ly one paramete r  b e i t g
researcl~, it can also r~ sult in rest ’ict~ ve goals i~ varied at a time . By exp lor ing comp lex , m u l t i p a r a —
taken too literally . The previous discussion of meter situations , the need—driven work may often
“potential ‘~indows ” a?plies. The need for more encounter new phenomena ; and the lure of understand—
oeused research against a subset of potential win— ing these phenomena can provid~ a refresh ing stimulus.
dows for accelerated testing is also indièated in For examp le , the chemistry of condi t ion s  in a crevice
Table IV. Before attempting the development of spe— can involve high , non—equilibrium salt—concentrations
cific test methods against a specific window , it is and possibly unusual diffusion rates (11). Also , the
often necessary to obtain more knowl.~dge. As pre— focusing of pain t—degradation studies to relate di—
viously described , some effort is underway such as rectly such factors as pecmeability and ion diffusi--
that using envi r~-nment a l  po l l u t an t s  as accelerators vity to corrosion—initiating processes appears to be
of the corrosion reactions . More effort is also leading to new fundamental understanding of thin—
required on corrosion mechanisn.s to indicate direc— film behavior and diffusion through thin—film bar—
tions for realistic environmental acceleration of s-iers (22).
corrosion reactions by increasing reaction rates The outlook f-,r corrosion research and develop--
without substantially altering reaction mechanisms. ment should be brig~it. Society ’s need for such acti—

When possibilities eeem to be emerging but no vity is clear . A broad range of new research tool”
windows -.re forthcoming, there is a stitnult’s to bet— and approaches from many discip lines can b~ brough t
ter exanine needs or to exercise creativity cbout to bear including new sophisticated methods for sur—
potential new uses. As previously me.,tioned, desp ite face analysis in the study of real (service—failure
much progress, hydrogen embrittlement is still sum— related) degradation mechanisms (19,22). Too often
pe”ted to be the cause of many field failures. Recent tI.e use of tools such as Auger analysis , ESCA , the
developments of new methods for hydrogen probe anajy— ion—probe , etc., remalus wi th the more esnter ic ele-
sis with improved sensitivity and precision (6) con— ments of the research community. Another possibility
stitute a reduction—to—practice possibIlity but ape— is the use of surface—chemistry modification by ion
cific windows for their use lack defir,ition. As a tmplantation to improve corrosion resis’:ance without
result , it is difficult to obtain support for new R&D alteration of substrate properties——an opportunity—
efforts. Perhaps these methods should be developed driven possibility. Some initial work in this tea 

-

and app lied in order to understand actual failures has been done , and the resul ts are encouraging ( 2 3 ) .
such aa those in high—strength bolts. It is possible to scale up suen laboratory procedures

Of ten , of course , the situaticn is not so simple as demonstrated by industrial, ion implantat ion of
as those implied above. Cases will arise where there semiconductors on a mass—production scale (24).
is a need for both a better definition of the window Finally, as discusred etrlier , e f f e c tive coup ling
and for an improved knowledge base to support a reduc— between corrosion science and technology and use——
tion to practice. This has been a difficulty with although often difficult——can be encouraged . An obvi—
the Pacer Lime Project discussed previously. In ous key to this will be the horizontal and vertical
addi tion to poor def i n i t ion of the window, there interdisciplinary individuals who can describe possi—
was insufficIent definition of tesearch requirements. bilities In evocative terms , who can help to define
No stressed or scratched specimens were used ; no windows , and who can conve rt the complex scientific
painted specimens were used; and personnel were problems presented by realistic windows into terms anII
generally untrained . The reduction to p actice components significant to more specialized investiga—
suffered as a result, tots. Attendees at this symposium and future reedmrs

are challenged to accept some of the responsibilities
of such a role .
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NEW ERA S IN MOLTEN SALT CORROSION RESEARCH less than 3,000 hrs operation (1).* Corrosion costs
o f t h i s  m.-i g ni t u d e  may pa le  in t o  I n s i g n i f i c a n c e  in the

R. L. Jones and K.  H.  S tern  f u t u r e  however when , as an example , coal gasification
Naval Research l aboratory or li quefaction plants , some of which are projected at
Washington , 0. C. 20375 $1 billion or more each , come under attack.

Molten salt corrosion research is sponsored by

~evi-ra1 government and non—profit agencies , including
notably the 1)epartment of Energy (DOE), the Nationa l
Aeronautics and Space Administration (NASA), and the
Electric Power Research Institut e (EPRI), as well as
the Navy . The gas t u rb ine  engine m a n ui s i - tu r er s  and
other industrial firm s, and •- ,-rt ai n university groups ,
have also carried on substantial research. As a re-
sult of this , and of earlier and foreign work , there
is a considerable literatur - in the form of reviews ,
books, and conference proceedings concerned with fusedA~STRAC’T salt corrosion in the diff erent areas such as f i r e s i d e
corrosion (2,3), gas turbine hot corrosion (4,5,6),Navy sponsored - .tudies on the problem of sea 
coal conversion (7), and MUD (8 , 9 ) .  However , the  cx—salt—induced “hot corrosion” in ship pr opulsion gas 
tent of research is not nearly so grea t  as in aqueousturb ines  have b rough t  together  new data  and concepts 
corrosion study, and it has suffered in some degreewhich advance the unde r s t and ing  of m e t a l — s a l t  reac— 
from being “c o m p a r t m e n t a l i z e d ” , w i t h  the broad view oft ions under hig h temperature condit ions.  These studies 
molten sa l t  p hysical chemis t ry  not a lways  apprec iated .show the impor tance  of apply ing basic physico— chemical  

Our purpose In the present  paper Is to provide aconcepts  to the sy s t ema t i c  s tudy of mol t en  salt 
brief  review of certain fundamental aspects ~f moltencorrosion . In t h i s  review the re levant  p r inc ip le s  
s a l t  physical  chemis t ry  which essentially represent aand techni ques a r e  presented and t he i r  a p p l i c a t i o n  is 
central  theme fo r  a l l  areas of mol ten  s a l t  corrosionillustrated through a discussion of gas turbine 
study. Short descriptions of some of the currentcorrosion, 
instrumental methods in fused salt research will also
be given , and the paper s~ill  close w i t h  examples of
application in Navy sponsored gas turbine hotMOLTEN SALT CORROSION was first recognized as a prob— 
corrosion research .1cm of serious economic consequence with f ireside

boiler tube corrosion in coal—fired steam generat ing
I. BASIC PROPERTIESplants in the 1940’s. It haa since reoccurred -ia

troublesome “hot ” corrosion in gas turbines , especially
A. PURE SUBSTANCES — Only a relatively smallfor those operated in marine or other salt—contaminated 

number of substances Is involved in molten salt corro—environmen ts, and is now projected as a threat to many 
sion. These include first the salts themselves:of the systems (coal Easification, MIlD, fluidized bed

combustion) proposed for the new energy technology. NaCl , Na
2

SO
4 
and K

2
S0
4 

in turbine and fireside corro-
— Molten salt fuel cells and batteries , sal t proc essing sion, K2S04 and K

2
C0

3 
in MMD where they arc- used as

ba ths , solar energy storage by mol ten sal ts, and many seed materials to make the hot gas conductive , car-
other  energy relevang systems are also candidates for bonates in various industr ia l  processes i n c l u d I n g  fue l
salt—induced corrosion. In future years as the quest cells and to a minor extent , fluorides and phosphates.
for fuel efficiency forces uS to ever higher tempera— Because Na,S04 

is formed so easily from ever—present
tures and larger plants (with huge capital investments), NaCl , 0 afld su l fu r  in fue l s , by f a r  the largest  re--
molten salt corrosion will become potentially even more search ~ffort has been concerned with this salt.cr i t ical , and we may anticipate a new level of need to Gases which affect molten salt corrosion are those
understand , and to develop mater ia ls  and means to which are present e i t he r  as reactants  or p roduc t s  in
combat , corrosion by fused salts and slags. salt formation and decomposition , ma inly SO , O

2~ 
and

Gas turbines represent , in a sense , a middleground SO and to some Cxtent  salt ,vapors.  F inal~ y we have
between the-old and new energy technologies and serve th~ metals and ceramics whose corrosion is of concernto give some Insigh t in to the economics and problems and their corrosion products, pr imar i ly  oxides and
involved with salt—induced corrosion. There are manY sulfidea . Although not strictly salts and thus not
advantages in using gas turbines for ship propulsion, part of this review there is an area of research in-
and the U. S. Navy is currently adding several classes volving corrosion by s-lags (10), i.e., silicate melts
of gas turbine powered ships (to cost in excess of $30 which arise from impurities in coal. Fortunately the
billion) to the Fleet. Because of the cost , and the i~iat of materials ir,volved in corrosion processes isstrategic role these ships will play, there is great not long because the complexities possible are diffi—
Navy concern to insure that their performance will not cul t enough to unravel so that the task is not nearly
be compromised by sea salt derived hot corrosion of the complete after mote than two decades of effort.
gas ‘~urblne engines . Siit,ilarly, industry and local There are two general  approaches to the s tudy  of
governments are making heavy investments in gas tur— corrosion: thermodynamics and kinetics. By f-jr the
bines for elec tricity generation and non—aviation largest effort has gone into the first of these.
mechanicai. power , with more than $8 billion being spent 1) Thermodynamic Data — Although corrosion pro—
worldwide for new installations alone in the period cesses are genera l ly  f a r  f rom equ il ibrium , e.g., gases
197a—1979. SubstantIal difficulty with hot corrosion pass through the sys tem, condensed phase reactions
has been observed with many installations . It has been produce concentrat foc gradients , thermodynamics in
estimated , for example , that more than SOZ of repair many cases is the most reliable guide as to what may
on electric uti lit) gas turbines is necessitated by
salt related corrosion , with reblading (at coSts of
$70 ,000—lOO ,000) being required in some cases af ter Number In paren theses designate References at end of

paper .
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I be expected to occur in a corrosion system . Th is is eq’-ilibrium vapor the rate is given by the Hertz-
because it frequently predicts what the corrosion Knudsen—Langmuir equation (19)
products are likely to be and because some regions of
the system , particularly the salt—substrate interface , J ( 2s) 1/’2 P(M/RT) ~~

’2 - 

(4)emay be close to equilibrium . Moreover , even for sys— -

tems not at equilibrium , thermodynamics offers much where P is the equilibrium v~por pressure and M the
guidance as to what may be expected when the system molecular weight of the effusing species. When more
is displaced from equilibrium , than one species is involved , as In decomposition ,

Al though not all the data required are equally eq. (4) must be appropriatel y modified . For vaporiza—
reliable , nevertheless there exists a body of critf— tion into a vacuum or inert gas the flux may he less
cal l y evaluated data of a l l  the s t and ard  thermo dynamic  than and i5 expressed in terms of vaporization
functions over a wide range of temperature in the  c o e f f i c i e n t  a :
JANAF tables (11). More specialized compilations are
also available (12 , 13) . Thus , a lack of knowledge of a J/J , a < 1 (5 )
thermodynamic da ta  for  pure substances is r a r e l y  an eq .
impediment to corrosion research. Vaporization theories are thus theories of a. Theo—

2) Vaporization and Therma l Decomposition — When retical aspects of this subject have been extensively
salts are heated they vaporize and/or decompose. discussed (20).
Examples of vaporization are Experimental studies of vaporization and decompo-

sition have largely been confined to solids (21 ,22)
NaC 1 (1) NaC 1 (g) and (NaC 1) 2 (g) ( l a )  but r ecen t ly  there  have been soni c t h e r m o d y n a m i c  s t u d i e s

of m o l t e n  s u l f a t e s  (15 , 16 ,17 , 2 3 ) .  KInetic studies
Na 2SO 4 ( 1) — Na

2
SO
4 

(g) ( ib )  have largel y been l imi ted  to a lka l i  ha l ides  ( 2 4 )  and a
s tu dy of Na 2 SO 4 is in progress (25) . I n d i c a t i o n s  are

In decomposition the salt “molecule” breaks into frag— that 0.1 < a < 1 for these salts.
ments. Perhaps the most important single decomposi— B. SALT MIXTURE S — Salt mixtures enter corrosion
t ion r eac t ion  in mol ten  salt  corrosion is research in two ways:  (a) the technology may r e q u i r e

a molten salt mixture , e.g., binary or te rnary salt
Na
2

SO
4 
(1) Na

2
0 (1) + SO

2 
(g) + 1/20

2 
(g) (2a) melts in fuel ceiis , or (b) -i multicomponent melt may

or Na 2 SO4 (1) = 2Na(g) + S0
2
(g) + 02 (g ) (2b) 

be formed as the resu l t  of cor ros ion  processes.  For
example , in the corrosion of a l loys b y Na 2 SO4 ,  the
( l iqu id )  suif ides of several a l loy  components  may fc,rm ,

since Na 0 is also relatively unstable . These pro— or vanadate Impurities in the fuel may dissolve in the
ceases a~ e important  because the gaseous products may su l fa te  phase.  The q u e s t i o n  of p r i m a r y  i n t e r e s t  is
themselves be corrosive (NaC1 , SO

2
) or because the range of temperature and composition over which

equilibria such as (2) a l ter  the acid—base character— solid and l iqu id  pha ses are formed . This informationF istica of the melt (see below) and thus affect is largely embodied in phase diagrams . A large co l—
solubilities and reaction paths. lection of these has been compiled by Voskresenskaya

Vapor pressures of alkali halides are easily (26) which is readily available. A continuing series
calculated from existing thermodynamic data, called “Phase Diagram s fo r  Ceramic ists”, issued by the

Decomposition equilibria for the major  classes of National Bureau of Standards (27) also includes sys—
oxyanion salts (sulfates, carbona tes, ni tra tes , teas containing oxides and silicates .
ni tri tes , and all the oxyhalogens) have been calculated Phase diagrams also constitute a frequently over—
(14a ,b ,c ,d ) ,  but the equilibrium constants must be looked source of thermodynamic data on melts. In many
carefully -‘pplied when the salt is liquid. Thus, for cases it has been assumed tha t sal t mel ts behave
reaction (2a) the equilibrium constant is ideal ly ,  i.e., obey Raoult’s law. Only rarely has

this assumption been tested experimentally and it may$ K — a~~~0~P50 P
0 

(
~

) lead to erroneous interpretations of reactions and
solubility parameters. Methods for using solid—liquid

since in pure Na 2SO 4, aNa SO 1, and the oxide equilibria for activity calculations are well
established (28).

ac t ivi ty in the mel t is c~ea~ ly a function of gas C. SOLUBILITIES
composition . Oxyanion salt molecules in the vapor 1) Gases — Gases commonly dissolve in melts and
state have only recently been discovered (l4c,15 ,16, l7) this solubility i~ usually expressed in terms of the
and thermodynamic information on them is still scarce . Henry ’s law constant

The subjec t of therma l decomposition has fre—
quently been considered from its obverse aspect:
thermal stability, floes a particular salt exist at a
certain temperature? For ~ given salt this problem where X~ represents the gas s olu b i l it y ,  

~~ 
t he p a r t i a l

can be considered in terms of eq. ( 2 ) ,  but it is pressure , and the un i t s  of K.~ are consistent  w i t h
in9resting tha t salts of a particular oxyanion, e.g., and P
SO4 , d i f f e r  greatly in the temperature at  which de— 

~ases dissolved in me l t s  a re  of importance to
composition becomes observable. It is well known that corrosion since they may affect react ions occurri ng at
the higher the polarizing power of the cation the less the melt—substrate interface, or alter the melt compo—
stable is the anion. For example, Cs

2
SO
4 

is the most sition , particularly when they involve an equilibrium
stable sul fate and SnSO4 the least stable .  A quanti- such as (2). For example, NaCI d issolved in Na SO

4
tativ’e theory of this phenomenon applicable to all affects the corrosion of alloys (29)~ 02 

dIssol~ ed in
oxyanion salts which decompose endothermically to an melts containing the oxide ion (0 ) reacts to form
oxide and a gas has been developed (18).

The kinetics of molten salt vaporization and dc— peroxide (O
2

2_
) and/or superoxide (0 ), (30,31). The

corrosive properties of these specie~ may d i f f e r  f r omcomposition is a field still in its infancy although
it is of importance for corrosion, since in real eye— tha t of the or ig ina l  02 ion. Var ious gas solubility

teas the equilibrium vapor Ia rarely present and - data in molten salts have been collected in the Molten

vaporization usually occurs into a fast moving gas Sal t Handbook by Janz (32). The recent work by

stream . For a substance vaporizing into an Andresen (33) on the solubility of SO and 0 in
2 2

I



Na SO is also of considerable i n t e r e s t .  Flengas and c
Bl~ ck~Bo1teo have discussed the solubility of reactive 

r
2
O
7
2” + CO~

’
~ 2C r6~ + CO

2
gases in grea t detail (33a). Acid I Base F’ Base I Acid II

2) Condensed Phases — The major species whose The importance of this subject for corrosion lies in
so l u b i l i t i es  are of interest are oxides and suIcides, the fact that the shifting of various equilibria in
For examp le , the course of a corrosion reaction may the presence of a metal or metal oxide will affect the
depend on whether a protective oxide is insoluble in a r eac t i on  mechanism . The s olu b i l i t y  of ox ides was dis-
molten salt. Although the subject is Important , very cursed in toe previous section. As an example of
li ttle work has been done on it. In older studies metal reactions we cite the corrosion in Na

2
SO
4
:

(32) the oxide solubility was determined by equilibrat-
ing the solid with the salt and analyzing the latter. (basic) M + Na 2 SO 4 MS + Na

2
0

Yet it is clear that the solubility of many oxides
de pends cr it i c a l l y  on the bacici t~ of the melt. For (acid) M + 1/2 0

2 
MO

examp le , a s imple  oxide such as NiO dissolves by a
reac t ion  which produces ions , MO + SO

3 
= MSO

4
NiO NI

42 
+ o2

SO
3 
may be present in the gas phase or ~e produced by

the r eac t i on  of an ac id ic  oxide  w i th  SO
to which the solubility product principle app lies , e.g.

K EN i
+2

1.EO~~ 1 
MoO

3 
+ SO~ = MoO~ + SO

3
- sp

Fur ther  examples of the importance of a c i d — b a s e
so that the metal concentration in the melt depend s on properties to corrosion can be found in the review by
the o2 concent ra t ion .  A few such s o l u b i lft y  products Inman and Wrench (39).
have recen t ly  been determined , pr imari ly  by poten— B. CH EMICAL REACTIONS — From the above dis-
tiometric titrations (34,35). In some cases the cusslon it is clear that at high temperatures , even
solution reaction may depend on the basicity of the when only a few substances are present , the number of
melt , as has been shown by Stroud and Mapp (36) for possible interactions is quite large. Similar con—
A 1

2
O
3 

and Cr
2
O
3 

in Na
2

SO
4
. In acid solution , clusions had been reached much earl ier about corr osion

2— in aqueous solutions. As a result of this realiza—
Al
2
0
3 

2A1+l + 30 t ion , Pourbaix in 1948 devised a graphical method for
summarizing the thermodynamic (frequently electro—

whereas in basic solution , chemical) data applicable to a given corrosion sys-
tem . Such a Pourbaix diagram enables one to visualize

A1
2
0
3 
+ o2 = 2A1O2 easily the stability regions of various substances as

a function of solution and/or gas phase composition.
Stud ies of ox ide solubili ties have been grea tly There now exists an extensive collection (40) of such
facilitated by the development of electrodes reversi— diagrams applicable to aqueous corrosion.
ble to oxide ions in the melt (see below), bu t no The situation for molten salt corrosion is more
such e~1ectrodes are yet available for sulfide ions in complicated because each sal t forms its own ‘system .
molten salts (although they exist for aqueous solu— Nevertheless, the utility of the method is so great
tiona). As a result , the solubil ity of sul f ides  h~s that it has gradually been adapted to molten corrosion.
not yet been studied . A means for following the S Littlewood (41) was probably the first to do so, apply—
concentration in the melt would aid our understanding ing the Pourbaix concept to the corrosion of metals in
of su’fate corrosion since sulfides formed by reaction alkali halides in the presence of oxygen . Such a
of SO

4 
with metals may be reoxidized by 02. Thus it diagram shows whether a particular metal will be

appears that “sol ubili ty” may be a complex phenomenon , stable , or react to form the soluble halide , or an
not always strictly distinguishable from chemical insoluble oxide . The method has now also been ex-
rea ct ion , and that the concentration of a metal appear— tended to slags (42) and to molten carbonates (43).
log in solution depends both on other species dis— Corrosion in molten sulfates is probably more
solved in the melt and on the composition of the gas complicated than the above cases because insol~ ble
phase. A well—known example im~ the solubility of sulfides may also be formed by reduction of SO
Cr 0 whIch is very small in the absence of 02 but in— Nevertheless Quets and Dresher (44) have devel~ ped a
dJi~ itely large in the presence of 0

2
: method applicable to construc ting graphical representa-

tions of metallic corrosion in Na SO based on a
Cr

2
O
3 
+ 20

2 
+ 3/20

2 
— 2CrO

4
2 consideration of the phase rule a~d known equilibrium

constants. An example of the method is shown in Fig. 1
The CrO~ ion s imply dissolves in the m e l t ,  for the Ni — S— 0 system . In this volume diagram the axes

0. ACID—BASE PROPERT IES — Ever since the work of are temperature , P0 , and 
~~~ 

. The s t ab i l i t y  region

Lux (37) and Flood (38) it has been customary to con- for a single condeJed phase 2appears as a volume , for
aider oxyanion salty_ In terms of an acid—base equilib— two condensed phasee as a plane , for three condensed
rium in which the 0 ion plays a role quite analogous phases as a line , and for four condensed phases as a
to the hydrogen ion in aqueous solution: point . An isothermal cross section of th is  diagram at

1200K (plane A—A) is shown in Fig. 2. The s t ab i l i t y
Base Acid + ~2— - region for a single condensed phase is now a plane ,

etc. Quets and Dresher (44) also show how, by alsoFor example 
considering the Cr— S—O system , the corrosion of

2— nickel—chromium alloys can be predicted . The utilitySO4 — SO3 
+ ~ of the diagranmiatic method has proved so a t t rac t ive

CO~~’. CO2 -4 
~2 that it has now come into widespread use.

Nevertheless, thermodynamics is not the only

J u s t i f i c a t i o n  for this concept comes from many obser— determinant of corrosion reactions. Corrosion systems

vations that these equilibria participate in acid—base are frequently not at equilibrium and reactions which
are thermodynamically rather  unfavorable may st illr e a c t i o n s , e . g .  (39)
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The first of these reactions requires an 0 atmosphere
A and comes to equilibrium . The second reac~ ion which

is thermodynamically very unfavorable is driven by
formation of a sodium—silver alloy which lowers the
sodi um ac t iv i ty (46) .

In con t r a s t  to the above discussed aspec t s  of
corrosion , which are the gross features , there are the
finer details of reaction mechanisms , particularly the
initial steps. Metallic corrosion can be characterized
as a heterogeneous electron transfer reaction and thus

__~~ NISO, is ideal ly  sui ted to e lectrochemical  t echn iques .

/
/ - 

Reac t ions  of th is  type can be described by a series ofI -

. 

- a. D i f f u s i o n  of r e a c t a n t s  to the s u r f a c e
steps ( 4 7 ) .

b.  Adsorpt ion of r e a c t a n t s

~-L ~y c, Electron transfer
d. Desorption of products

- 

\ 
e. Diffusion of products away from surface

N N,O - - - Any of these steps may be rate—determining. Modern
NO - electrochemical techniques , ~itii ch involve a veryN, sophisticated manipulation , both experimental and

theore tical , of the var iables vol tage (dr iv ing force),
•L:

~~~~ .~~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~ current (reaction rate), and time , are uniquely capable

of analyzing such events on a very short time scale.— I. 

~
_ __
~
_—~~ TL. Cur iously, although these techniques have been widely

a 
,~~ 

- ( 4 9 ) ,  synthesis, and reaction mechanisms (SO) in molten
appfl-sd to analytical problems (48) ,  electr odeposition

salts, the applicatio.i to corrosion problems seems to
Fig . 1 — Predominance volum e diagram for Ni—S—O be largely missing and would pro-/id e a fertile field
system at temperatures between 900 and 1600K * for, exploitation and exploration.

0 - I I .  EXPERIME~~ AL TECHN IQUES IN SALT CORROSION RESEARCH

The realm of in teres t  in tno l ten  salt  corrosion
~~0

cen ters pr t ncipally on the corrosion site itself , i.e.,S o
I Iaj on processes cccurring at the solid (metal or ceramic)

0 
—sal t  in te rface .  Related problems largely involve the
melt and solid phases at either side of the interface ,i~,s, ~q their composition and cha nges in compos ition aa a
result of corrosion. In some instances, the gas phase
materially affects these phenomena and then becomes an- a -
object of study in its own righ t.

The number of techniques which have been used in

N~

fused salt corrosion study is relatively small. Most
of them are well known in other connections , except- 20— I

I possibly the more esoteric electrochemical approaches ,
and will be discussed only br ie f l y  to indica te their

I I I utility .-40 -30 20 0 
A. TREEIiOGRAVIMETRY — Thermogravimetry involves

O’yQen PoO,ol Pre~~u,4 Log P0, (atm) moni toring weight change under c a r e f u l l y  def ined  con-
di t ions a t f ixed or varying temperatur e to establish ,

Fig . 2 — Predominance phase diagram for  Ni— S— O 
e. g . ,  rates of corrosion or therma l decomposition.system at 1200K (Section A—A from Fig. 1) * 

- 
For corrosion ra te determina tions , periodic weighings
of specimens exposed to bulk melts or with salt coat—

proceed if the kinetics are favorable. The most ings is often used . A preferred procedure is to employ
commo n example is the distillation of a volatile an automatic recording balance to continuously follow
roduct. For example, reactions of the type weight change as thi specimen , usua l ly  as a suspended

salt—coated coupon, is exposed to the high temperature
Mo(s) + 2NaC1(l,g) — MC1

2
(g) + Na

2
0(l) environment. Caution is always required in interpret-

ing thermogravimetric corrosion data , since oxide
where M is a structural metal like nickel or cobalt , spalling, sal t or corrosion produc t volat i l izat ion , or
are thermodynamically quite unfavorable, but are very metal and oxide dissolution in the mel t (when employed)
effective In halide corrosion because the chloride can offset the increase in weight normally expected
produc t is very volatile (45). (Since MO is very with corrosion.
stable it is readily formed by atmospheric oxidation of Thermogravimetry has a1~ o been very useful forthe metal.) A reaction may also be driven by alloy the determination of salt vapor pressures and vaporiza—
formation. For example, silver corrodes in MaCi by two tion kinetics. For salts vaporizing or decomposing by
simultaneous reactions, a process for which the vapor composition is known, the

weight loss leads to a precise determination of partial
2Ag + 1/20

2 
— ~~~~ + 02—) in MaCi pressure through the well known Knudsen techniques.

Ag + Na+ — Ag+ + Na fates, and carbonates important in molten salt corro—
Thermodynamic measurements on several halides, sul—

sion have been reported . The technique can also be
*Footnote: Figs. I and 2 reprinted by permission of applied to vaporization/decomposition kinetics but most

the American Society for Testing and Materials, of the literature involves solid salts. Work on molten
Copyright.
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salts is almost non—existent although a program in High temperature solid state electrodes represent
this f ie ld  has been started at our laboratory.  These an Impor t an t  new means for  a n a l y z i n g  gas composi t ion
topics are described in Section lB. in molten salt corrosion. The stabilized ZrO elec—

8. MICROSCOPY AND X—RAY ANALYSIS — These repre— trode has proven highly successful for th~ mJsureinent
sent the basic tools for identifying corrosion phases of 0

2 
pressures over a very wide range of temperatures

and struc ture to help deduce the mechanism of m~’tal— and pressures (53). Recent reports indicate that
salt interaction. Traditional metallurgical light analysis of SO CO and NO at elevated temperature
microscopy continues to be important and can contrib— may be possib1~ usi~ g solid 2

state electrodes based on
ute unique information. Polaria~ed light microscopy, reversible reaction of these gases with their cognate
for example , can be used to identif y salt crystals sal ts, i.e., 50

4
2

, CO 2—
, and NO

3 
(54).

interdispersed in the corrosion phase , and hot stage 
0. MASS SPECTR0M~TRY — This techn ique has f ound

microscopy has provided valuable insight , showing a wide application in high temperature chemistry, pri-
lateral attack of molten sulfate under the surface 

man ly for identifying the species arising from theoxide layer , in studies of metal corrosion by Na
2

SO
4 vaporization/decomposition of solid phases, frequentlyat 900° C. ceramics (20) . Iii m o l t e n  sal t  corrosion , i t s  majorScanning electron microscopy is also much used use has been in determining the composit ion of sal t

and affords an approximately 500X advantage in depth 
vapors from various relevant pure salts , e.g., Na2

SO
4of foc us, and 25X advantage in resolution over the (16) . There have also been lim ited studies seeking

metallurgical light microscope . Many SEN ’s presen tly 
to characterize the gases produced by molten sea salt ,

are fitted with energy dispersive X—ray analyzers 
and to isolate and identif y intermediate species re—which , by using a solid state detector  to measure the sult ing from the high temperature  react ion of NaCl wi th

characteristic energies of the X—ray photons generated me tal oxides , especially Cr
2
0 (55).by impingement of the electron beam , can give an analy E. ELECTROCHEMISTRY — E~ ectrochemical technique ssis of the elemental  composition of the specimen. can be divided into equi l ibr ium and kinetic methods.“X—ray maps” (Fig . 4) produced by feeding the signal The former consists p r i m a r i l y  of classical poten —f or a par t icular  element into the cathode ray tube t iometry based on the Nerns t equationc i rcui t ry  are popular for depict ing elemental dis-

positions. The more specialized electron beam micro— ~ RT
E E +_— ln a

i 
(6)probe is still required for de tec tion of light elements nF

such as oxygen, where n is the number of electrons participating in the
X—ray diffraction can serve to identify phases 

potential—determining electrochemical pro ess involvingproduced wi th in  the metal , i . e . ,  sulf ides etc . r e s u l t —  
the thermodynamic activity of ion i. The method has

inS from inward diffusion of various species, oxides been used very successfully for the analysi3 of melts ,
and other phases in the corrosion product , and com— following reactions in melts in which the concentrationpounds which may occur in the sal t itself , e.g., pyro— of some ion is changing (47) and determining the solu—
sulfates. Diffraction analysis is particularly bility products of slightly soluble oxides (34,35).
valuable when slags and complex salts are to be The major problem is to find an electrode which is re—characterized . versible to the ion under study,  bu t which itself does

Other X—ray/electron interaction techniques such 
not react.

as Auger elec tron spectroscopy and X—ray photoelec tron 
Metal electrodes are generally reversible to the -

spectroscopy ,  which can gIve information on the oxida— corresponding ions , bu t only if a surface oxide doestion state of the d i f f e r en t  species , may ul timately 
not font. If such an o~ ide does form , the elec trodeprove beneficial, especially if available in a high 
becomes reversible to 0 . The zir~unia electrode hasresolution scanning mode, bu t little work has been so 
been used cuccessfully to mearure 0 . Gas elec trodesfar reported, 
have also been used successfully, e.g., Cl for ClC. GAS ANALYSIS — The composition of gases in the

vicinity of the corrosion site frequently influences (SO + 0,) or SO 3 for sulfates (36) ,  and C~ 2 for CO;
the nature of the corrosion process. Oxygen is obvi— (56~ . T~e 0

2 
elec trode has also been used ex tensively

oualy important , but in general the problem is wi th  (57), but ~here
2
is some question as to which oxide

low concentrations of chlorides or other corrosive species (0 0 0 ) it is reversible to. Emp loyment
gases such as SO which may be reversible decomposi tion of any of the a~ove indicator electrodes requires aproducts of the ~alts themselves, stable reference electrode. The construction of such

By far the greatest work has been concerned with electrodes has been described (58). They are largely
the analysia of SO and SO

3 
in stack gas , bo th from the based on Ag/Ag

+ 
in a ceramic or glass envelope. More

air pollution and fireside corrosion aspects. Although recently an excellent reference electrode useful for
attempts have been made to develop “on—line” instru— 

~1l melts in which Na+ is the major ca tion has been
mental techniques, wet chemistry procedures rema’in moat developed (59).
uaed. with collection of the SO

3 
by controlled conden— The number of kinetic techniques , e.g., various

sation , and of the SO
2 

by absorption in hydrogen 
~~~~~ of vol’ammetry, chrono potentiome try,  has g’own

peroxide being reconmiended (51). Equival,~nt tests for very large. In all cases the measured or controlled
total NO are available, but more specific procedures variables are potential , current and time. They havex(or mass spectrometry) able to distinguish between the been extensively described (60), primarily for electro—
d i ffe r e n t  nitrogen species would be required f o r  a analytical applications, includ ing applications to
serious study of the decomposition gases of molten molten salts (61), and also for such parameters as
nitrates, ionic diffusion coefficients. They are also poten—

An analysis of MCi or vaporous NaCl in the gas tially very ueeful in studying the individual steps in
phase is not usually undertaken in molten salt corro— the corrosion process but this application seems to
sion aituations although it is now clear that baCl has have been largely neglected . The major application to
deleterious effects in sulfate induced hot corrosion corrosion research has been for the evaluation of
at partial pressures well below the condensation alloys in molten salt environments (62,63).
pressure (29), and perhaps even down to the ppm range
(52) . D i f f i c u l t y  wi th  sampling of the condensable I I I .  AJ’PLIED MOLTEN SALT CORROSION RESEARCH
chlorides might be encountered , but  sn analysis of the
chloride concentrat ion in the gas could prove bene— Recent research in the Navy program for improved
ficial in many circumstances , marine gas turbine materials illustrater how important
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an understanding of high temperature  me ta l / sa l t  chem— su l fa tes  are s tabi l ized throug h d i s so lu t ion  in Na 2 Su 4 ,
ist ry  can be in molten salt corrosion. This work has al lowing mol ten  mixed s u l f a t e  formation at  even lower
been conducted by the engine manufacturer  and other SO3 pressures .
indust ry  and Navy laboratories. When it began, the Other studies have shown tha t  NaC l vaporizes -

general opinion (although not held by a l l )  was tha t slowly from metal surfaces at l2DO— l3OO~ F , espec ia l ly
condensed Na SO was the essential corrodent in gas when occurring as mixed deposits wi th  Na 2SO4 , but
turbine hot ~or~osion; that MaCi passed through the reacts rapidly with SO3, yielding Na

2
SO
4 
with the

turbine as vapor and had no sensible effec t, except liberation of chlorine (a procens which may have corro-
possibly as a source of Na 2 SO4 produced by reaction sion effec ts in itself (64)). Thus, the absen-~e of
wi th  SO in the combustor; tha t the sulfur content chloride in blade deposits is not necessarily evidence ,
of the ?uel was non—critical , at least up to 1%; and as previously assumed, that NaCI vapors never condense
tha t there should be l i t t le  corrosion (for  lack of a or dissolve in the surface salt f i lm , or t h a t  ch lo r ide—
molten phase) if the blade temperatures were held below rich part icles  never strike on the b1~ de s u r f a c e , b u t
the Na

2
SO
4 Mp, 

1623°F. It is now known that all of could be equall y well the result of the rap id reaction
these prem i ses are wrong including , in par t icu lar , the that  NaCl undergoes wi th  SO However , while the re-
last point .  References are st i l l  made to “— holding act io~ s of NaC 1 are cl a r i f i~d , the major indic .ation is

‘ 
the blade temperatures below 1500°F to prevent still that low power corrosion is Intrinsically linked
corrosion”, but in truth, for reasons to be seen below , wi th the SO

3
/turbine metal oxide reactions and the

this is no guarantee against hot corrosion. It was in resultant formation of molten mixed sulfates.
fact the observation of “anomalous” hot corrosion The role of the molten sulfate is not totally
during low power sea tests (blade temperatures at defined , but it appears to act in some instances as a
1200—1400°F) which largely, motivated the Navy—sponsored stable liquid reaction medium when the SO pressure is
investigation, above the equilibrium value, and in other~ as a source

The investigation has demonstrated the necessity of SO itself through partial dissociation brought on
for considering r.ot just a single component but the by th~ rma 1 fluctuations or side reactions. The corro-
total sys tem; in this case, the reactions of the salt sion pit in Fig 4 was produced , for example , by de—
species NaCl , Na 2SO and SO wi th  the turbine metal composition of a deposited layer of 50 mo l—%
(Ni , Co . Cr , Al) oAdes at ?300°F. The cause of low C0SO4 —Na 2SO4 at 1400° F .
power hot corrosion~ as it has been revealed , is not Fig. 4 shows the characteristic morphology re-
Na 2SO4 d ir ec t ly ,  but rather the formation of turbine sulting from low power hot corrosion of ‘CoCrAlY ”, a
me tal sulfa tes, especially C0SO and NISO4, which sub— Co—based alloy applied as a corrosion—resistant coat—
sequently combine with Na SO

4 
t~ yield mixed sul fa tes  ing on turbine blades. The distinguishing features

me~ting as low as 1100°F,
2as shown for the CoSO

4
—Na

2
SO4 are, 1) the occurrence of l i t t l e  de— alloying of metal

system in Fig. 3. or sulfide formation in advance of the corrosion front
(in contrast to hot corrosion at 1600 °F and cbove) ,
and 2) the transport of cobalt from the pit  body,
~,hile chromium is le ft  largely in place . The im—
mobilitj of chromium is thought to be due to its low1~~ 800

\ / 7

solubil~~t y in S03—n ich , acidic sulfates (36) . The
transport of cobalt is not f u l l y  explained , but  a

LiQ.# C0S theory under development in the engine manu fac tur er ’s

600 

-

__________ _________ laboratory considers that  cobalt is f i r s t  oxidized at
the corrosion f ron t  (probably by SO since 02 t ransport
through molten sulfates is very 1im~ted) and then
solubilized and transported by the following reactions

400 where SO3 occurs as pyronu l fat e :

CoS Q1+.~~
’ S•e \ At the bottom of the pit

0 C/) 0U
~0

~‘
,‘.6 

~
,__•~

_j CoO(s) + Na
2
S
2
0
7
(l) -‘ Co30

4
(l) + Na 2SO4 (1)

Cl) -

~ Then at ~the pit outer edge (high P0 )

~i I 
200

cosc~ 20 40 60 80 NO SO CoSO
4
(1) + 1/6 O

2
(g) ~ Na 2SO4 (l)  -

~ 1/3 Co
3
0
4

(s)
Mol %

Fig. 3 — C0SO -Na 2SO4 system (K. A. Bolahakov 
+ Na 2S2O 7 (l)

and P. I .  Fe~ orov , Zhur . Obshchei Khim . 26 , The transport of aluminum is more variable , although
349 (1956) evidently it occurs in some cases (Fig. 4 ) ,  and may

depend on the exact ‘a achieved , since while mixed
The metal sulfates are produced by reversal of 

2?S04 )
3—Na 2SO 4 are possible , ~.heymolten eutectics of Althe dissociation reaction

require a higher P~ 0 than either cobalt or nickel.
MSO4 MO + SO3, where N — Co , Ni Synergistic inJractiona between the various

High SO preasures are required for reversal of this As an example , nickel oxide is soluble in C0SO4—Na 2SO 4

metals may also act to f ac i l i t a t e  theIr dissolution.

reactio~ at  temperatures above 1500° F , bu t at 1300° F ,
under lower SO

3 pressure than required to dissolve NiOrepreaentativ~ of low power blade temperatures, as
l i t t l e  as 10 (for CoSO4 ) or lO”

~ (for NiSO ) atms of 
in Na 2 SO4, i .e . ,  to form a liquid NiSO4 —Na 2SO4 phase .

SO are suf f ic ien t  to produce the sulfate  (l i) .  This There is evidence suggesting that a similar e f f e c t  may

le~el of SO is readily obtainable by combustion of exist between cobalt and aluminum , although the exact
conditions for its occurrence have proven difficult to

the up to l~ sulfur allowed in marine gas turbine fucl, define.

‘ 
Thermodynamic calculations from the engine inanufac— Some aspects of the data needed to answer ques—
turer ’s laboratory indicate fur ther  tha t the metal tions such as the above pertaining to dissolut ion of

H 27
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0. Aluminum X-ray map

Fig. 4 — Characteristic morphology of low power hot corrosion

mixes of metals in su l fa tes  would be contained in the which are easil y oxij ized and reduced and thus I a i j l ~-
ternary phase diagrams for the various su l fa te  systems . t at e  charge transfer in molten sulf a tes (66). Certain
Unfortunately there are very few presently available experiments in the Navy program have indicated that
which represent an appropriate combination of the indeed there may be a difference in cnrrosivity be—
corrosive sal ts and potential metals of construction, tween CoSO

4
—Na

2
SO
4 

melts and other sulfate mixes such
The development &f relevant ternary phase diagrams , as MgSO —Na

2
SO
4 

or ZnSO
4
—Na

2
S() which are also molten

tak4ng account of the SO over—pressure and temperature at l30O~F. An establishment o~ whether  or not cobal t
functions, is an area of

3
reaearch which could ulti— or other metals have unusual electrochemical reac—

mately be of great benefit in hot corrosion and other tivity in molten salts would be welcome. Another
molten salt corrosion problems . — theory proposes tha t the cnthodic reaction , wh ich may

The Navy program has also served to accentuate occ lr either at the metal/salt or salt/gas interface
the need for a more comprehensive understanding of for the case of t~ tn mo l ten films on metals , will tend
acid—base and elec trochemical reactions in molten sul— to increase the 0 

— 
concentration at that site through

fates. The concept of acidic and basic fluxing the reaction -

(dissolution) of protective oxides has been known for
some time (65), bu t quan ti f ica t ion of the theory is 1/2 0

2 
+ 2 e ‘~ o2

still largely lacking , except for the recent ~tudy on
Cr

2
0 and Al 0 solubility as a function of 0 concen— and produce an alkalinitj gradient which cail promote

trat~on in N~ ~O (36). The determination of metal dissolution and transport of tho different metal

oxide aolubilhi~s in general requires further study, 
oxides (67). Studies such as this which link electro—

particularly since, as in the last case with Cr 0 chemical and chemical reaction may prove especially

dissolved oxygen may have effec ts on the oxide ~o~~ — useful for better understanding cor:osion in molten

bility which are not yet explainable. There is a need salts.

also to verify that b’ilk oxides, as normally used in
solubility measurements, do not react differently than REFERENCES
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and tne National Association of Corrosion
Enaineers. Other organizations may have some

CORROSION STANDARDIZATION AND STANDARDS corrosion st andard iza tion activ itf bu t onl y
as a part of a broader standard . This paper
reviews the corrosion s tandardi z a t i o n

Robert Baboian activity in the United States , lis ts corrosion
Texas Instruments Incorporated standards , and uses a case study to demons t ra t e
Attleboro , Massachusetts 02703 the corrosion standardization procedure .

TYPE OF STANDARDS

Five kinds of standards are developed with~
in the standards—writing community . The major

ABSTRACT difference being the degree of cor-sensus
achieved in the standards—development  process .

A.  Company Standard - This type of standard
is the result of consensus among employees

In the United States, there are over 400 of a given organization. An automobile manu-
standards—writing organizations covering a facturer has devised a corrosion test for
wide range of applications such as units of stainless steel trim material. This dr i p and
measure , terminology , products , processes , dry test is therefore used as an ind ication
performance characteristics , safety , etc. of the durability of this material.
Standa rd i za t i on  is de f ined  as the process of
formulating and applying rules for an order ly B. I n du s t r y  Standard - This type of standard
approach to a specific activity for the benefit results from consensus among companies within
and with the cooperation of all concerned . A a given industry . Usually, a trade ansociation
standard is the result  of a particular is involved in the development of this type
standardization effort, approved by a re- of standa~ d. The Aluminum Association has
cognized body, and takes the form of a docu- developed corrosion standards for aluminum
ment containing a set of conditions to be and a luminum a l loys  which  are adhered to by
f u l f i l l e d  or an object for comparison . This the aluminum producers.

L paper reviews the the corrosion standardi- -
zation activity in the United States , lists
corrosion standards , and uses a case study to C. Professional Standard - This type of
demonstrate the corrosion standardization standard results by consensus among individual
procedure. members of a professional  society . For

example , the Society of Autonctive Eng ineers
- has developed specifications for many years.

INTRODUCTION The standard SAE J1047 entitled “Tubing-Moto r
Vehicle Brake Sys tem Hydraul ic ” includes
corrosion test procedures and minimum require—

In the United States, there are over 400 - inents for this tubing in salt spray and cyclic
s tandards—wri t ing  organizations covering a humidity tests.
wide range of applications such as uni t s  of
measure , terminology, products, processes ,
performance characteristics, safe ty , etc. D. Government Standard - Consensus is achieved
Standardization is defined as the process of among employees of a government agency or
formulating and applying rules for an orderly department. For example , a metal part ,
approach to a specific activity for the benefit purchased by a school district, town or ci ty ,
and with the cooperation of all concerned . A state, or federal government, would have to
standard is the result of a particular meet certain corrosion resistance requirements .
standardization effort, approved by a re-
cognized body, and takes the form of a docu—

I ment containing a set of conditions to be E. Full Consensus Standards - This type of
fulfilled or an object for comparison . Five standard has consensus among all that have an
kinds of standards are developed within the interest in the development and/or use of the
standards—writing community: company standards , standard . These include producers , users ,

I industry standards , professional standards, and those representing the general interest
government standards and full consensus group.
standards. The principle difference between
these kinds of standards is the degree of

I 
consensus achieved . Voluntary consensus BENEFITS OF COMMERCIAL STANDARDIZATION
standards are those developed through the
voluntary participation of all interested
parties and just as they are developed volun— Standards greatly simplify commerce in a
t a r i ly ,  they are also used voluntarily. Manda- highly industrialized society such as ours.
tory standards are those developed by a govern- As pointed out earlier , their absence would
ment agency or those from a voluntary system greatly complicate the task of the user in
which are referenced by a government agency . specifying his needs and of the producer in
The two major organizations in the United meeting them. Standards provide:
States involved with corrosion s tandardizat ion
are the American Society for Testing and
Materials Committee G-l on Corrosion of Metals
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Improved conununicatian between buyer - - The Department of Transportation has pro-
and seller. vided a mandatory regulation on cathodic pro-

tection of gas pipelines consisting of the
- Greater user confidence in the following three parts: (1) new construction ,

commodities he buys.  ( 2 )  e x i s t i ng  p ipe l ines, ( 3 )  moni tor ing  of
corrosion control and record keeping . In

Better understanding of how to use developing these minimum requirements for
the commodity . corrosion control , use was made of the N a t i o n a l

Association of Corrosion Engineers Standard
- Grea ter public sa fe ty  in the use RP—Ol—69 “Recommended Practice—Control of

of the commodity . External Corrosion on Underground or Submerged
Metallic Piping Systems .”

- Be tter quality con tro l .

- Lower inventories for both pro- CORROSION STANDARIZATION
ducer and user through el imi nation
of unnecessiry grades .

Out of the 400 standards—writing organi—
Earlier delivery because of the rations , onl y two are totally involved with
ability to stock standard items , writing corrosion standards: American Society

for Testing and Materials Committee C-i (ASTM
Better performance at lower prices G-l) and National Association of Corrosion
through reduced need for oeqotiations Engineers (NACE).
and more efficient inspection and
testing .

ASTM COMMITTEE C-i
- Lower prices to the user through

more rational basis for competitive
biddi ng. In 1963 the ASTM Board of Directors

authorized the appointment a an ad hoc
VOLUNTARY CONSENSUS STANDAPDS AND MANDATORY committee on deterioration of ma~~ri~Ts, in-
STANDARDS -—____________________ cluding the corrosion of metals. The re-

commendations of this committee resulted in
the formation of the C-group of committees

Voluntary  consensus s tandards  are those in January 1964. C-i was designated as the
develcped through the voluntary participation coordinating committee responsible for
of all interested parties. Producers , users , corrosion activities in ASTM . Committee B—3
u l t i mate consumers, and representatives of on Corrosion of Nonf errous Metals and Alloys
government and academia all may have a voice was dissolved and its active programs were
in the development of these standards . And assimilated by appropriate subcommittees in
just as they are developed voluntarily , they G-l.
are alno used voluntarily. Their use becomes
mandatory only when they are referenced by a
government ‘~egulatory agency . Building codes, The object of the establishment of Corn-
for example, reference hundreds of standards , rnittee C—i was to centralize all ASTM cor-
ASTM and other . Since building codes are the rosion work in one technical committee . At
province of government, the referenced the same time it was realized that e~:isting
standards have the force of law and must be test programs underway in other committees
adhered to. mig ht best be completed in those committees .

In some cases , as in the B—3 programs, entire
subcommittees and their programs were trans-

Mandatory standards are those developed by ferred intact to G-~~.
a government agency or, as stated above , those
from the voluntary system which are- referenced
by a government agency -— state, local , or The scope of Committee C—i is the pro-
national, motion and stirndlation of research , the

collection of eng ineering data , and the develop—
One example of a voluntary consensus ment of methods of test, recommended practices,

standard being used as a mandatory standard definitions , and nomenclature relating to the
is the reference by government agencies of corrosion of metals.
ASTM B117 , “Salt Spray (Fog) Testing ” (for
example M~L-STD— 2O2 Method 101). This ASTM
standard is the most widely used corrosion Committee C-i has over 350 members and
standard in the United States, has two formal meetings each year. The Corn-

mittee consists of 8 Standing Committees of
the Executive Board and 12 Subcommittees

The National Association of Corrosion (See Appendix A for listing) .
Eng ineers (NACE) has developed standards re-
lating to cathodic protection of pipeline .
These standards result from a combined effort ASTM STANDARDS DEVELOPMENT PROCEDURE
of all interested parties . The technological
task was that of developing reliable , re-
producible standard methods for implementing When a task group or section produces a
cathodic protection of pipelines, draft document , it is reviewed by it’s parent

subcommittee through a balloting procedure.
If it is approved by 2/3 of those returning
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I
bal lo t s  (a minimum of 60% of the voting inter— process ing , plastics , marine environments ,
ests must  r e t u r n  ba l lo t s ) , the document pro— p ipe l ines  and u t i l i t i e s .  The technical  arm

I ceeds to a main committee ballot .  Here , 90% of the Association is the Technica l Prac tices
- - of those re turn ing  ballots (again , a 60% re- Committee. The NACE Technical Practices

turn is required) must approve the document. Committee is divided into Group Committees,
It then goes to Society ballot , which mean s each devoted to the study of corrosion-related

S 
that each of ASTM’s members has an opportunity problems in specific industrial disciplines.
to comment on it. Of those who comment (a Each Group Committee is further divided into
minimum of 50 ballots is required) , 90% must Un it Committee and Task Groups . One end pro-
vote affirmatively. duc t of this activity is the publication of

standards to provide guidelines for the

I . industrial community .
All negative ballots must be considered

by the originating subcommittee before a docu-
men .~ can be published as a standard. To be NACE STANDARDS DEVELOPMENT PROCEDURE

$ valid , a negative mus t be accompanied by a
written explanation of what the writer deems
improper technical or procedural considerations . NACE stand ards are preoa:ed and issued by
The negative is then judged persuasive or non- the NACE Technical Committees. These standards
persuasive, and the writer is so advised , serve as guidelines on specific subjects in
If it is judged persuasive, the document is the field of corrosion prevention and control.
rewri tten to incorpora te the wr i ter ’s comments . The actual preparation and writing of an NACE
If it is judged non-persuasive , the document standard is the responsibili ty of a Task Group.
proceeds to the nex t balloting level. Th is

I procedure applies at all balloting levels
subcommittee , main committee , Society . When a NACE Unit Committee Chairman de-

- - terrnines the need for the development of a
standard , a Task Group is formed with the

I Once the document has received Society approval of the NACE Group Chairman . When the
approval, it is submitted to ASTM’s Committee Task  Group has reached agreement on the text
on Standards for procedural , ra ther than of a proposed stan3ard , the draf t is edited
technical , review. Following approval by the by NACE Headquarters. It is then reviewed by
Committee on Standards, the document is publish- the Unit Committee Chairman and subsequently

I ed as an official ASTM standard. Periodically , bj the NACE Technical Practices Committee ,
it is rereviewed and reballoted . the TPC Reference Publications Committee and

the Group Comm ittee. A f ter review , it is
discussed at mee t ings of the Uni t  Commi ttee.

I 
With the approval of the originating coin- When accepted , the propose-I standard is sub-

mittee, the standard is then submitted to the mitted to the Group Chairman for Group Cow--
American National Standards Institute (ANSI) mittee balloting. Group Committee approval
for acceptance as an American National Standard , of a proposed NACE standard is obtained by
Ultimately , the standard may become a candidate letter ballot of the Group members. A return

‘ 
for  acceptance and use a~’ an international of a minimum of 2/3 of the ballots is required .
standard. Approval requires that 90% of the ballots re-

turned be af firmative , exclud’ng those ballots
marked “ not voting ” . (three ty pes of votes

I The schedule of events , in Table I, for include nega tive , a f f irma tive , and not voting)
approval of G—6l , “Recommended Practice for Negative votes are resolved or a letter ballot
Conducting Cyclic Potentiodynamic Polarization is sent to all Group members to override a
Measuremencs for Localized Corrosior~,” can be negati”e vote. A 75% affirmative vote is

I 
used as an example of the ASTM standards de- required exclud ing the ballots marked “not
velopment procedure. Committee C—i established voting .” The document is then submitted to
the need for such a standard in ’late 1973. the Technical Practices Committee Chairman
The finished standard was appro~red by the ASTM for approval and then forwarded to the NACE
Committee on Standards in early 1979. Over Board of Directors for tatification. This

I five years time elapsed during the development ra ti f ication requ~~ es an a f f i r m ative response
of this difficult and important standard . from 2/3 of the votin~ members. NAC~ standards

are reviewed periodically and reapproved or
withdrawn .

I
A list of corrosion standards under the

jurisdiction of ASTM Committee G—l appears in
Appendix B. In addition , other corrosion re- A list of NACE corrosion standards appears
lated standards exist under the jurisdiction in Appendix C.
of other ASTM Committees. These are listed

I in the ASTM Book of Standards Index. -

METAL STANDARDIZATION

NAT IONAL ASSOCIATI ON OF CORRO~:ION ENGINEERS

I There ~re about a dozen nationally re-
cognized organizations which develop metals-

The NACE is a technical association con- related specifications. However , four
cerned exclusively with the protection and organizations are responsible for 95% of all

I 
performance of materials in corrosive environ- metals specifications : (1) ASTM, (2) AMS ,
ments. It wan organi’~e4 in 1943 and includes (3) and (4) Federal and Military specifications .
a wide cross—section of industry including In many cases these specifications are corrosion
metals, refining, petroleum , chemical
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related . It is difficult to collect all of
the pertinent standards but a collection of
key indexes is quite valuable. The most
important in the metals field are: TAstE I

- Schedule of e-,ents for approval of r,—61 ,Recommended
Practice For Conducting Cyclic Pctentiod yriamic Polar-

a) ASTM Index to Standards i za t i o n  Measurements  For Localized c ) r r O 5 A o n .

EVENT DA TEb) AMS Index to Specifications 
- - 

—
fl .ask Group on e lectrochemica l tests  Nov . ,197s

for  ptttin~j and crevice  corroston
c) Federal Index to Standards and established.

Spec i f i c a t i ons  2 Alloys accumulated for round robin Dec . • 19 7 3
tests.

3) Test proc~ dure established and rour.d March , 1 9 4
d)  DOD Index to Standards and robin  m a t e r i a ls  dis ’- i nb ut e d .

Specif ications 4 )  sound robin tests completed. May , 9 2 4

~ ) Teat r e s u l t s  discussed at  Task Group Nov.. 19 4
meeting .

e) Index to Chemica l ly  S i m i l a r  Meta l s  6)  Subcommit tee  approved p r e p a r a tio n  of ~~~~~ 1975

and Al loys  - M I L — H D B K — H I D  7 
a~~~eco~~sended Practice. 

circulated Nov. .19 7 3
for Task Group comments .

f) U.S. Voluntary Engineering Standards 8)  First d r a f t  sen t  out for  subcomznitte” N o v . , 19 7 6
(NBS Publication No. 329) 9)  ~~~~~~~~~~~~~~~ and rebal loted . -

~ s i b— May . 1977
commit tee .

g) Index of Metals Abstracts —A SM t O )  Third d r aft  prepared and ba toted at N o v . . 1 9 7 7
m a i n  and subcommittee level ,  submit ted
to commit tee  on e d i t o ria l  reviev .

11> Negat ives  on ma in  ccm,nittee ba l lo t  May • 1978
ACKNOWLEDGEMENTS resolved and su O m i t c e d  for  society

bal i ot .
12) Placed on scci~~t c~~i l o t .  O c t .  . 1713
13) Approved by ccitzsittee on standards. Jsn.. l97).

The author wishes to thank Hal Cobb of 14) Publ ished tn Book of Standards. Oct. .4 3 0

ASTM and Dale Mil ler  of NPCE for providing
him with information used in this paper .

APPENDIX A

ASTM COMMITTEE Cl ON CORROSION OF METAL S

STANDING COMMITTEES SUBCOMMITTEES

GC1.91 Editorial Review GOl .02 Nomenclature

GOl.92 Statistical Analysis and Planning GOl.04 Atmospheric Corrosion
of Corrosion Testing

G0l.05  Laboratory Corrosion Tests
G Ol .9 3  Long Range Planning

GOl.06 Stress Corrosion Cracking and
G O l . 9 4  Standard Reference Materials Corrosion Fatigu~
GOl.95 Technical Advisory Group for ISO/TC GOi.07 Galvanic Corrosion

156 on Corrosion of Metals.
GOl.08 Corr,sion of Nuclear Materials

GOl.96 - Awards
G0l .09  Corrosion in natural Waters

GOl.97 Publicity
COl.lO Corrosion in Soils

GOl.9R Advisory on Exposure Test Facilities
C O l .l l  Electrochemical Measurements in

GOl.99 Liaison Corrosion Testing

GOl .12  I n — p l a n t  Corrosion Tests

G Ol . l 3  Hign Temperature Oxidation and
Corrosion by Cases

Gb1 .14 Corrosion of Reinforcing Steel
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APPENDIX B

I ASTM STANDARDS

I 
B 117 Sa1t Spray (Fog) Testing
B 287 Acetic Acid’-Salt Spray (Fog) Testing
C 1 Recommended Practice for Preparing , Cleaning, and Evaluating Corrosion Test Specimens.
G 2 Recommended Practice for Aqueous Corrosicil Testing of Samples of Zirconium and

Zir 2onium Alloys .

I C 3 Recommended Practice for Conven tions Appl icable to Ele~ctrochemical Measurements in
Corrosion ‘lesting .

G 4 Recommended Practice for Conducting Plant Corrosion Tests.
G 5 Recommended Practice for Standard Reference Method for Making Potentiostatic and

, Po lentiodynamic Anodic Polarization Measurements.
G 15 Definition of Terms Relating to Corrosion and Corrosion Testing
G 16 Recommended Practice for Apply ing Statistics to Analysis of Corrosion Data.
G 28 Detecting Susceptibility to Intergranu !ar Attack in Wrought Nickel—Rich , Chromium—

Bearing Alloys.

I G 30 Recommended Practice for  Making and Using U—Bend Stress Corrosion Test Specimens.
C 31 Recommended Practi”le for Laboratory Immersion Corrosion Testing of Metals.
C 32 Vibra tory Cavitation Erosion Test
G 33 Recommended Practice for Recording Data from Atmospheric Corrosion Tests of Metallic-

I 
Coated Steel Specimens.

G 34 Test for Exfoliation Corrosion Susceptibility in 7XXX Series Copper—Containing
Aluminum Alloys (EXCO Test).

C 35 Recommended Practice for Determining the Susceptibility of Stainless Steels and
Related Nickel-Chromium-Iron Alloys to Stress Corrosion Cracking in Polythionic Acids .

I G 36 Recommended Practice for Performing Stress Corrosion Cracking Tests in a Boiling
Magnesium Chloride Solu Aon.

G 37 Recommended Practice f or Use of I4attsson ’s Solution of pH 7.2 to Evaluate the
Stress—Corrosion Cracking Susceptibility of Copper—Zinc Alloys .

I : G 38 Recommended Practices for Making and Using the C-Ring Stress-Corrosion Cracking
Tes t Specimen.

G 39 Preparation and Use of Bent-Beam Stress—Corrosion Specimens .
G 4’) Definition of Terms Relating to Erosion by Cavitation and Imp ingement

I
C 41 Recommended Practice for Determining Cracking Susceptibility of Titanium Alloys

Exposed Under Stress to a Hot Salt Environment.
G 43 Acidified Synthetic Sea Water (FogJ Testing

- C 44 Recommended Practice for Alternate Immersion Stress Corrosion Testing in 3 .5%
Sodium Chloride Solution .

~ G 46 - Recommended Practice for Examination and Evaluation of Pitting Corrosion .
G 47 Recommended Practice for Determining Susceptibility to Stress Corrosion Cracking

of High—Strength 7XXX Aluminum Alloy Products.
C 48 Test Methods for Pitting and Crevice Corrosion Resistance of Stainless Steels and

I Related Alloys by the Use of Ferric Chloride Solution .
G 49 Recommended Practice for Preparation and Use of Direct Tension Stress Corrosion Test

Specimens .
C 50 Recommended Practice for Conducting Atmospheric Corrosion Tests o~ Metals .
G 51 Test Method for pH of Soil for Use in Corrosion Testing .

I G 52 Recommended Practice f~ r Conducting Surface Seawater Exposure Tests of Metals and
Alloys .

C 54 Recommended Practice for Simple Static Oxidation Testing .
C 57 Method for Field Moasurement of Soil Resistivity Using the Wenner Four—Electrode

Method .
G 59 Practice of Conducting Potentiodynamic Polarization Resistance Measurements.
G 60 Practice for Conducting Cyclic Humidity Tests.
C 61 Practice for Conducting Cyclic Potentiodyr smic Polarization Measurements for

Localized Corrosion .

C

I
I
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APPENDIX C

NACE STANDAP.DS

RECOMMENDED PRACTICES

RP—Ol-69 Control of External Corrosion on Underground or Submerged Metallic Piping Systems .
RP—Ol—70 Protection of Austenitic Stainless Steel in Refineries Against Strcss Corrosion

Cracking by Use of Neutralizing Solutions During Shut Down .
RP—0l—72 Surface Preparation of Steel and Other Hard Materials by Water Blasting Prior to

Coating or Recoat ing .
RP—02—72 Direct Calculation of Economic Appraisals of Corrosion Control Measures .
RP-03—72 Method for Lining Lease Production Tanks with Coal Tar Epoxy .
RP—04-72 Methods and Controls to Prevent In—Service Cracking of Carbon Steel (P—i) Welds

in Corrosive Petroleum Refining Environments .
R P — 0 5 - 7 2  D e s i g n , I n s t a l l a t i o n, Ope ra t ion , and M a i n t e n a r c e  of Impressed Current DeVp

Groundbeds.
R P — 0 i — 7 3  Collection and Identification of Corrosion Products .
RP—02—73 Handling and Proper Usage of Inhibi ted  O i l f i eld  Acids .
RP—Ol-74 Corrosion Control of Electric Underground R e s i d e n t i a l  D i s t r i b ut i o n  Systems .
RP—02—74 High Voltage Electrical Inspection of Pipeline Coatings Prior to Installation .
R P — O l — 7 5  Control  of i n t e r n a l  Corrosion in Steel Pipelines and Piping Systems .
RP—02-75 Application of Organic Coatings to the External Surface of Steel Pipe for

Underground  Service.
RP—03—75 Application and Handling of Wax—Type Protective Coatings and Wrapper Systems

fo r  Under ground P ipe l ines .
RP—04—75 Selection of Metallic Materials to be Used in all Phases of Water Handling for

In j ec t i on  in to  Oil Bearing Formations.
RP—05—75 Design , Installation , Operation and Maintenance of Internal Cathodic Protection

Systems in Oil Treating Vessels.
RP-06-75 Corrosion Control of Offshore Steel pipelines.
RP-07—75 Preparation and Installation of Corrosion Coupons and I n t e r p r e t a t i o n  of Test

Data in Oil Production Practice.

R P -O l- 7 6  - Control  of Corrosion on Steel , Fixed Offshore Platforms Associated with
Petrole’im Product ion.

RP—02-76 Extruded Asphalt Mastic Type Protective Coatings for Underground Pipelines.
RP—03-76 Monolithic Organic Corrosion Resistant  Floor Surfacings .
RP—Ol— 77 Mitigation of Alternating Current and Ligh tn ing  E f f e c t s  on Meta l l i c  S t ruc tures

and Corrosion Control Systems .
R P — O l — 7 8  Desi gn , Fabr ica t ion, and Sur face  F i n i s h  of Meta l  Tanks  and Vessels to be Lined

for Chemical Immersion Service.
RP~~02_78 Design and Operation of Stri pp ing Columns for  Removal of Oxygen From Water.

TEST METHODS

TM—Ol-69 Laboratory Corrosion Testing of Metals for the Process Industries .
T M — 0 1 — 7 0  V i sua l  Standard for Surface of New Steel Airblast Cleaned with Sand Abrasive .
TM-02-70 Method of Conducting Controlled Velocity Laboratory Corrosion Tests .
TM-01-7], Autoclave Corrosion Testing of M~~tals in Hi gh Temperature Water .
TM—01-72 Antirust Properties of Petrolt  r oducts Pipeline Cargoes.
TM—0 l—73 Methods for Determining Water y for  Subsurface In jec t ion  Using Membrane

Filters .
TM—Ol-74 Laboratory Methods for the Evaluation of Protective Coatings Used as L i n i n g

Materials in Immersion Service.
TM—02—74 Dynamic Corrosion Testing of Metals  in High Temperature Wate r .
TM—03—74 Laboratory Screening Tests to Determine the Ability of Scale Inhibitors to

Prevent the Precipitation of Calcium Sulfate and Calcium Carbonate from So1ution .
TM—Ol—75 Visual Standard for Surfaces of New Steel Centrifugally Blast Cleaned with Steel

Grit and Shot.
TM—02-75 Performance Teot .ing of Sucker Rods by the Mixed String, Alternate Rod Method .
TM—03—75 Abrasion Resistan~;e Testirg of Thin Film Baked Coatings and Linings Using the

Falling Sand Method .
TM—Ol—77 Testing of Metals for Resistance to Sulfide Stress Cracking at Ambient Temperatures.
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APPENDIX C

- MATERIAL REQUIREMENTS

I 
MR— O l-74 Recommendations for Selecting Inhib i tors  for  Use as Sucker Rod Thread Lubricants .
MR—02—74 Material Requirements in prefabricated Plastic Films for Pipeline Coatings.

MR—Ol—75 Materials for Valves for Resistance to Sulfide Stress Cracking in Production
and Pipeline Service .

MR—Ol—76 Metallic Materials for Su-ker Rod Pumps for Hydrogen Sulfide Environments.

I
I
I
I
I

4

I
I
I

1
1
1



CORROSION PROTECTION BY COATINGS dollars estimated to be lost annually to corrosion
could be prevented with better design and maintenance ,

Raymond R. Myers inc luding coating . Many basic research accompl ish-
Paint Research Institute , Kent State University , ments have been made in the last half century that
Kent , Ohio 44242 have enabled coatings to keep pace with other tech-

nolog ies . and at least one si gnificant achievement
has been made in corrosion protection by electro-
deposited primers (especially cathodic), but advances
in this quarter have been rare.

Red lead in linseed oil used to offer fair -
corrosion protection. Then synthetic resins began
to appear and chroma tes became the protective i ngred-
ient , either as a solution pretrea tment or as a

ABSTRACT - pigment. Today both lead and chromium are recognized
toxins and- the coatings industry is caught without a

The b a ,ic research program of the Paint Research suitable substitute. Basic research must move fast -

Institute on the protection of surfaces by pol ymer if it is to si~~ ly answers to this practical problem ,
coatings follows four general paths: for little is Ithown about the mechanism of corrosion
1 . Barrier properties of the coating . protection.
2. Interference with the corrosion mechanism.
3. Assuring adequate bonding of the coating. CORROSION INHIBITION
4. Locating the an9dic areas in a corroding system.
These directions were established as the result of an The effectiveness of a coating ingredient in
encounter session on corrosion control held between a imparting corrosion resistance may result from at
gro~p of coatings scientists and experts from fields least two separate characteristics : assisting in the
beat ing on cnrrosion . The meeting resulted in the formation of a passive film , as most metals do , or
w r i t i ng of a re8t 4rch pro8~e’tu8 upon which academic adsorbing at the interface in a manner which mimics
scientists based proposals for research support. The the formation of reaction products. Corrosion rates
evolution of the prospectus and directions taken by are quite slow when the metals are covered by oxide
corrosion research as a result of it are presented. films , and materials such as phosphate~ and chromatespartici pate in the film-forming process. Adsorpt ion

(generall y by organic pol ymer molecules) is not con-
sidered as reliable a method of protection.

Inasmuch as the kind of corrosion protection
afforded by coatings involves the metal surface , one
approach to corrosion inhibition is a study of the
electrode potentials of the metal. These potentialsINTRODUCTION represent the solution oxidizing power of the metal ,
and as one would expect, the corrosion rate increasesResearch styles have changed drasticall y over in direct proportion to this quantity . However ,the years. In no technological area is this change Fontana and Greene showed that a limiting corrosionmore pronounced than in coatings research , where the rate is soon attai ned and further increases in elec-nature of the research conducted has been altered as trode potential drasticall y reduce the corrosion rate.drasticall y as has the lifestyle of the researcher. The metal enters a passive region and resists
corrosion until a further threshold in electrodeCoatings research began when polymers were less potential is reached.respectable than they are now. Naturally-dry ing oils

provided the vehicles , the atmosphere provided the An even more basic approach to corrosion inhibi-energy to dry them , and earth pigments accounted for tion based on thermodynamic arguments has been pro-most of the hiding. New polymers wi th tailored vided by Kruger. Starting with Pourbaix Diagrams infunctionality -were not on the market , and the finish- which potential is plotted as a function of pH heing of manufactured articles was accepted as a time- shows that the demarcation between the active regionconsuming process. And one never set a drink on the (at low pH for iron) and the passive region dependsparlor table. on the oxygen concentration. As the partial pressure
of oxygen in the environment of the metal decreases ,The earliest advances in coatings science came the pH for th~ transition moves from 2 to as hig h aswith improved drying through the selection of 7, thereby facilitating the dissolution of iron ,catal ysts , followed by improved mechanical properties rather than retarding it. Further decreases inthrough the introduction of resins. Somewhere during oxygen concentration lead eventuall y to completethis development it became evident that pigment l could passivity . Clearl y, inhibition involves somethingdo n,ore than hide , for some were found to impart more than denial of oxygen , for if the barrier prop—corrosion resistance to metallic substrates . All of erties of a coating are relied upon to inhibitthem contributed to a paint ’s viscosity , and one of corrosion a dangerous situation is created if thethe first useful scientific contributions made barrier falls short of perfection (as most do).exclusivel y by coatings scientists (the critical

pigment volume concept ) was d i scovered as a resul t of Because of the dependence on pH , one role of anphysica l chemical studies on pigments. inhibitor could be as a buffer . I ndustrial atmos-
In the realm of corrosion control , as contrasted pheres contain acidic components ranging from CO2 to

502, and corrosion Is especially severe In thosewith an understanding of the mechanisms of corrosion , atmospheres. Many inhibitors are believed to adsorbresearch has not been carried out in a concerted on a metal surface and prevent such attack from takingfashion. A sizeable percentage of the 72 billion place.
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THE DIRECTION OF COATINGS RESEARCH scientists on the panel quickl y pointed out that a
study of corrosion mechanisms was not desired and that

In medieval times a scientist such as Leonardo protection by coatings was the subject.
da Vinc i (or an explorer like Columbus) had to find a
roya l patron to finance his investi gations. Centuries The resulting questionnaire which served as the
later the patronage concept was still in evidence: agenda for the morning session is given so that its
science departments of universities responded to the metamorphosis into a prospectus can be shown:
industrial revolution by allowing faculty released “l.What is the most si gnificant scientific problemtime for research , and the more enterprising among in corrosion control?them ultimately found outside support by writing a. Knowledge of interface chemistry ?unsolicited research proposals. Prior to 1957, in an b. Knowledge of electrochemistry?effort to steer some of this research our way, various c. Identif ying reagents , products , inhibitinglocal societies of coatings technologists had begun to factors?support faculty at universities in their geographic d. Localized nature of corrosion?area whose research appeared relevant to coatings; e. Mechanism of onset and propagation of corrosionand in 1957 this support came under the PRI umbrella. reaction?
ECZVI y P81 Effort 

f. The need for predictive and test methods?
g. Other.

University projects on dispersion of pigments in 2. What fundamental approach will enable coatings to
media , on chalking of weathered surfaces , and on improve the corrosion resistance of metals?
polymer physical chemistry were brought under the a. Delineation of how coatings function?
direction of my predecessor , Dr. J. S. Long, and b. Characterization of surfaces , interfaces , and
research continued along the lines of interfacial layers?
chemistry , rheology , and physical chemistry in c. Determination of cel l parameters?
general for a decade or more. By 1967 the list of d. Description of corrosion chemistry ?
projects was quite varied , covering such topics as e. Other.
paint drying , interactions at various interfaces , 3. What factors limit the degree to which coatings can

• photochemical reactions in polymer s, mechanical
coagulation , diffusion , color , rheology , and improve corrosion control?

a. Transport properties?solubility . - b. Interfacial properties?
c. Chemistry of the substrate?As company in-house research turned more and more d. Othertoward analyzing the competitors ’ pol ymers and toward

• less expensive formulations , of which concern for the 4. How does the onset of corrosion differ from its
ecology is a corollary , PRI researc h got more deeply propagation?
i nvolved in mechanical properties , adhesion , thermc- a. Stress?
dynamics, and other borderl i ne areas that gave an b. Passivation?
interdisciplinary flavor to the effort. Yet, some- c. Domains?

- 
thing was missing, for the professors ’ solutions often d. Is there a massage here for termination of
were found in need of problems rather than the other corrosion?
way around. e. How do coatings influence the course of

- - corrosion?”
In 1971 the PR! Trustees decided in a sweeping

change of policy to support resear ch by prospectus. The afternoon session began wi th one of the
Before considering the consequences of that innovation issues firmly in place and with a more specific
one needs to consider the requirements of a protective questionnaire serving as the discussion agenda:
coating in order to recognize the interdisciplinary
flavor of our task. A coati ng must, first of all , ‘Our objective is to write a research prospectus ,
flow onto and wet the substrate; it must displace designed to elicit proposals or to be sent to target
species already present on the surface, then continue individuals.
to adhere and maintain film integrity while developing Evaluation of proposals will be based on theirI desired optical properties; and it must continue for a
reasonable period afterward to serve as a barrier to probability , of creating knowledge of extending the

life of metal structures in corrosive atmospheres.moisture and corrodents , thereby resisting the -

elements that it is helping the substrate to resist. (It is assumed that transport properties of films
Compare these requirements with the abbreviated list involving selected corrodents and charged species will
of desiderata for man ’ s earliest recorded use of paint constitu te our first proposal.)
on the cave walls at Lascaux , where the on ly require- . 1. What is the complete chemical reaction in thements were permanent hiding and adhesion In an environ- chloride-Induced corrosion of iron?sent that remained benign for mi llenia until the caves
were invaded by tourists. 2. How are the spacings of the cathodic and anodic

areas determined? What is their origin? Do
EVOLUTION OF CORROSION PROSPECTUS magneti c doma in s p lay a role?

The manner in which a prospectus evolves is of 3. How 1oes the onset of corrosion differ fundamen-
interest, for it elucidates the process whereby a tally from the propagation of corrosion? What

role is played by oxide species in the propagation?consensus Is attainable after only a single day ’s
encounter . The meeting at which the Paint Research 4. How can passivation or Inhibition he achieved via
Institute Corrosion Encounter (PRICE) was conducted layering, utilizing oxide layers , other inorganic
was preceded by a questionnaire to the twelve partic - species , and organic coatings? How is corrosion
ipants asking what problems need solution by what terminated, once sta rted ?”
fundamental approaches involving certain limitations
as to the goals. For examp le , the coat i ngs
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The encounter session eventuall y led to the Studies related to the voltage-current phenom-
four general areas for which research support could be enon described by Fontana and Greene showed that the
justified . These became part of the prospectu s species Involved in the initially active region at
published in J. Coatings Technology 45 (No. 584), low voltage -s y FeOOH. One intermediate in th4s
61-64 ,(1973): reaction was postulated to be the species Fe(OH) and

this was confirmed in an experiment i nvolving a
1. Barrier Properties of Coatings hemispherical rotating electrode in a solution con-

a. .~tudie~ of Eree p u ma vi a ionic diffusion rates tam ing chloride ions. Knowledge of the i ntermediates
and perse lectiv’~y, by membrane potentials , is a necessary first step in deciding on a protective
capacitance , and radiotracer s. Parameters to measure based on interfering with the corrosion
be studied: the anion , pi Wnentation , and mechanism. In this case it is evident that adsorption
impressed electrica l field , by chloride ion is not a factor.

b. Studie8 of the E’ffe’t ~
‘ the [n~erf~zce via

diffusion rates , corrosion rates , and peel SUBSEQUENT DEVELOPMENTS
strength , using water uptake as the parameter .

Corrosion protection is of such practical2. Interference Wi th Chloride -Induced Corrosion S
Mechanism si gnificance that strictly fundamental research is

not likely to provide imediate answers . It willa. Literature ,~nal~ .;ia, aiming at the manner in serve only to guide inventors who continue to use thewhich chlorides attack iron . Edisonian approach , and it will more likely provideb. Monitoring of ~~oin~i Research and preparation the metallurgists and materials engineers with a dataof synopsis on how basic research answers the base than it will help the coatings formulator .question of corrosion stoichionietry.
c. Achievement ~-f savv~~~~n via identification New methods of characterizing surfaces , such asof the vital factors controlling corrosion. ESCA , SEM , and other probes offer the coatingsInterference with cations by complexat ion or scientist many more opportunities to understand andreducing species; with anions , by complexation , combat corrosion than ever before.bridg ing , or exchange.

• 3. Bonding of Freshl y Exposed Iron to Various Species For the long—term approach to corrosion protec-
a. Creation of Iron—Coating Bond via exposing tion there are many fundamental research areas for

nascent iron to species containing various coatings inhibition , starting with an understanding
functional groups. Use machiring or electro- of why coating sometimes exacerbates localized
polishing techniques. corrosion. The need for basics that will lead to the

b. Teat of Iron—Coating Bonde via comparison of discovery of inhibitors is evident , for replacement
nascent metal coatings with conventional of chromates is soon to be mandated. Because chro-
system. mates are virtuall y unique in display ing both cathodic

C .  Pr actice ? f lemonstration via curing an oligomer and anodic inhibition the question revolves around how
attached to a pure metal , they reduce electrode efficiency. Do they short out

cathodic and anodic regions on the surface , or do they4. Localization of Anodic Areas obliterate grain boundaries? One needs to answer howa. Scanning Expe rimenta by a raster method in they work on a molecular basis.various environments , and determination of the
effect of coating on the scan profile. Relate Research on the barrier properties of coatingslocation of anodic areas to presence of oxide i s needed . If one excludes wa ter , or ions , or oxygenlayer. he solves the problem of corrosion . Since zero dif-b. Wandering Phenomenon via tracing the path of fus i on i s imposs i b l e one must rely on adhes i on toanodic areas in filiform corrosion. Determine excl ude these corrodents from the interface. There-how migration can be stopped and explain the fore , in studying the mode of transport of vaporsdifference between the onset of corrosion and through a film it is necessary to consider theirits propagation. attachment to cathodic and anodic areas, for no meta l

sur face Is homogeneous.RESULTS OF THE PRO GRAM
Some research is I nd ica ted on the synt hes is ofThirty-nine proposals were received as a result

of the prospectus. These were both categorized and polymers that impart corrosion resistance. Anodic/
cathodic depolarizers need not be sought only in pig-rated by a conmiittee comprising four of the twelve ments as replacement for chromates ; perhaps a poly-experts: Of the eleven top-ranked proposals , three

fit into category 1 , five into category 2, and three meric system can be found that possesses the right
into category 4. F i ve of these proposals resul ted coupling of oxidation and reduction tendencies—-or the
in grants whose results will be discussed as time right combination of electrostatic and covalent con-

tributions f,r adduct formation with oxide surfaces.permi ts. The most interesting result was achieved
in an electrochemical scanning experiment performed
by Malcolm Hepworth at the University of Denver, In
which a steel cylinder was rotated beneath an
elec trolyte solution with an electrode scanning device.
Local ized anodic areas were rendered visible by the
potentlometric tracing which resulted. The one grant
whi ch covered the ba rr ier proper ti es of coa ti ngs
(category 1) was based on Lewis acid-base interactions
of the pigment and vehicle ~n several model systems .
This Interesting concept needs further development
along the lines established by Drago wherein acid-
base interactions are shown to depend on what portion
of the Interaction Is electrostatic and what portion
is covalen t.
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I
STATE OF THE ART USING CATHODIC PROTECTION AS A CORROSION CONTROL TOOL. E. W. DREYMAN, Petro—Chenilcal

I Associates, Inc. 4 Taft Road, Totowa, N.J. 07512

The history of Cathodic Protection as it has developed from initial marine use thru recent cpplications
on major structures is discussed. Theory and deisgn considerations, galvanic and impressed current

I anode materials, hardware, coat effectiveness and innovations in cathodic protection use are covered in
detail. Problems associated with implementation of programs calling for Cathodic Protection as well as
limitations in its use are also a part of this paper. Developments in Cathodic Protection on a world-
wide basis with a comparison of these activities with U.S. efforts is outlined , covering such items as

I 
compatibility of coatings and alloy considerationø. Finally, a consideration of some future app lications
of Cathodic Protection of Cathodic Protection are given.

(Text of manuscript was not provided for publication.)
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- vary the corrosion ra te  from i ts  value in the
absence of the inhibitor .  Since ether authors
Sometimes include materials, which do change
pH , etc., mention will be made of them before

INHIBITORS FOR PREVENTION OF CORROSION proceeding to discussion of inh ibitors as defined
above. The use of such materials is of consider—

Charles C. Nathan able economic value , and their importance
New Mexico Energy Institute at should not be discounted. Their action is
New Mexico Institute of Mining & Technology generally well—understood ; however , this is
Campus Station not a developing field as are the true inhibitors
Socorro, New Mexico 87801 as we will consider them.

USE flF NEUTRALIZERS , ETC. Iron , steel and
other ferrous metals are by far the most important
materials used in industry for conservation end
processing equipment. They are readily attacked
by aqueous solutions of low pH containing mineral
acids or other acid-forming materials such as
dissolved C02 ,  1125, HCN , and low molecular weight

ABSTRACT organic acids . At pH values be low f ive , depending
on the acid const i tuent , a t tack is usua ll y too

Chemical Inhibitors are addcd in small con- severe to tolerate. An obvious solution is rais ing
centrations to reduce corrosive liquids ’ attack on the p11 by addition of neutralizing alkaline
active metals.  Their advantages and disadvantages materials such as NaOH , Na2CO3, or Ca(OH)2. The
are compared with other m€ thods of corrosion control use of such inorganic bases is wide—spread in
such as metallurgy , coatings , etc. Although the chemical processing and in waste-water treatment
use of a satisfactory inhibitor system is usually and disposal systems. With  steel at moderate
specific to the metal and to the environment , some temperatures , close control of the quantities
useful generalizations exist. The fundamental con— of neutralizers is not essential except for
cepts of these are developed from the standpoint of economic reasons since steel (iron) is not
electrochemi stry of the system and the nature of attacked at p11 as high as 11-12. At elevated
the inhibitor molecule(s), temperatures such as in steam generators, closer

Examples are given of important applications of p11 control is necessary because of the amp hoteric
inhibitors in water-treating for industries in nature of iron oxides at elevated temperatures
general and in specific industries such as metal and pH.
working, petroleum production , transportation and Al uminum and zinc (as galvanized steel) are
refining . The changing requirements for inhibitors also important materials of construction and
effected by recent environmental restrictions are are attacked more readily than is steel at
discussed, low pH values. Additionally, because of the

amphoteric nature of their hydroxides. p11
values above about nine must be prevented.
Ammonia is a material which is used as a

FUNDAMENTAL CONCEPTS IN CORROSION INHIBITION AND neutralizer of acidity, particularly in refinery
INHIBITORS processing for reacting with HC 1 and H 2S. These

are formed from decomposition of su l fur-bear ing
Corrosion inhibition by chemical inhibitors organics or from the hydrolysis of calcium and

has been under both extensive and intensive in- magnesium chlorides contained in the aqueous
vestigation for the past fifty years. Useful - fluids occluded in the charge stocks to refinery
information has been obtained in basic concepts processing units. ?unmonia has many practical
of inhibitor action , but there are still many advantages as a neutralizer compared to the
gaps in the knowledge and serious controversies inorganic alkalies previously mentioned. How—
concerning the fundamentals. The present dis ever , a serious disadvantage of asunonia is its
cussion will present the viewpoints of this attack on copper and copper—bearing alloys
speaker , whose fee l ing is that the theoretical at pH values above eight to form soluble
concepts have limited , but nevertheless useful , cuprammonia coordination compounds.
applications in the development and application of A small number of organic ainines has been
inhibitors. The practical application of inhibitors developed and used to replace ammonia in
is wide—spread in a number of important industries, refinery and boiler applications for neutraliza—
and some of these will be discussed. Limitations tion of acidity. The acid condtituent in
of a complete understanding of inhibitor action boiler con-lensate systems is CO2 formed bydo not in general limit their application in high temperature decomposition of carbonates
many areas where they are economically effective and bicarbonates in the boiler feed—water. In
and can supplant and/or supplement other methods addition to a number of proprietary formulations,
of corrosion control such as by metallurgical the common amines in use for boiler and process
alterations and by use of protective coatings, work include cyclohexylamine , morpholine, mono-

In the following discussion a corrosion ethanolainine , etc. These materials differ from
inhibitor will be defined as a materiai which most other similar alnines in that their attack
when added in “smal l ” quantities to a ~orrosiVC on copper and copper-based metals is negligible
fiuid , a liquid or condensed vapor , causes an under the conditions of usage normally employed.
appreciable reduction in the rate and/or nature As will be further discussed below , aqueous
of attack on a metal normally corroded by the corrosion of steel at neutral or alkaline pH
fluid contacting it. is accelerated by the presence of dissolved

By a “small” concentration , is meant tha t the oxygen. For this reason, oxygen is removed
gross propertie. of the corrosive fluid such as by physical and/or chemical methods . Chemical
pH, electrical conductivity; concentrations of treatment generally employs either (1) sodium
dissolved gases such as oxygen, carbon dioxide and sulfite or (2) hydrazine, which react with
hydrogen sulfide are not altered sufficiently to
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oxygen as shown : allow for attack on the structure to be protected.
Na2SO3 + 02 —> Na2SO4 (1) If such damage can be detected and remedied , the

continued value of the coating may be assured .
N2H4 + 02 —> N 2 + 2 H2O (2) Such is the case for external coatings of structures

and equipment. However , detection and repair
Further information on the use ot neutralizers of coatings on the inside of vessels and in

and oxygen scavengers is given in the attached other sites of poor accessibility seriously
references. An important limitation on their use limit the use of coatings. An ideal situation
is that stoichimetric quantities of the materials would be one in which the coating had the
are required so that for treatment of streams of ability to repair itself. We wi l l  develop
high volume and/or high concentration of corrodent , this concept below when inhibitors are discussed
costs may be so high that other corrosion-preventive in detail.
methods are economically more attractive. Keeping in mind the three c r i t e r ia  for

NON—NEUT RALIZING INHIBITORS In discussing these corrosion as developed above , we see that there
materials it is u s e f u l  to consider three criteria are three methods of controlling corrosion

I 
all of which are simultaneously necessary for corro- as well as the possibility of a number of
sion to occur on a metal. These are: combinations of two or three of the methods
(1) An active or corrodible metal , such as iron mentioned singly. We will not discuss such
(steel); (2) A corrosive environment , such as a combination methods. This is not to discount
mineral acid; (3) Contact of the metal by its their value; often a combination offers technical

I environment, and economic advantages over a single approach.
This concept suggests at least three p05- How should the non—neutralizing inhibitors

sibilities for controlling the overall corrosion be classified on the above basis? It is useful to
reaction. We might change the metals ’s innate pro- consider that these effectively act in two ways —

perties as by using stainless steel or a noble to change the reactivity of the metal and/or to
metal such as silver or gold to replace the - place a protective barrier between the metal and
active metal. Additionally ,  by alteration of alloy— attacking environment. The electrochemical theory
ing elements , heat treatments, etc., a metal which is of corrosion, which will be developed in detail
ordinarily too active for use in a given corrosive in the presentation on Cathodic Protection at this

J environment may be rendered sufficiently inactive - seminar , is most useful in understanding corrosion
to give satisfactory performance for the use intonded. and its inhibition. Referring to a table of
An example is addition of small amounts of copper and electromotive force for metals in contact
other elements to ordinary carbon steel; this gives with their ions, using hydrogen as a base point
the steel sufficient resistance to atmospheric or standard, metals are grouped according to their
corrosion that only minimum maintenance and protection reactivity with hydrogen (i.e., attack by acids)
are required. The field of metallurgy is very or ability to replace hydrogen from its salts.
important in ~ts relation to corrosion prevention , Those more active than hydrogen are never found
but it will not be discussed in any detail herein, free in nature and are called “active” metals.
For extremes of temperature , pressure and chemical Those less active than hydrogen , which hydrogen
reactivity , the metallurgical approach may be the replaces from its salts , ~~~ be found free in
only satisfactory one. Generally, highly resistant nature and are called inactive (or “noble ” if
materials are very expensive in capital expenditure usually found free in nature) and general ly are of
and sometimes require alloying elements in short low activity. Corrosion reactions in aqueous
supply, conducting solutions entail two or more reactions

A second approach to reducing the corrosion is or half-cells occurring simultaneously. In
by alteration of the corrosive environment. For acid or neutral solutions, one half cell is
example, if the corrosivity is caused by low pH , the anodic reaction as represented by Equation (3).
raise the pH.- Some of the technology involved in
this concept and its limitations were discussed N < > l4~~ + n (e) (3)
above.

A third possibility is to prevent direct contact M is generally a reactive metal such as Fe,

‘ 
between the metal being attacked and the environment Al , Zn , Pb , which dissolves to form soluble ions
which is attacking it. This concept involves the of Fe~~

’, Al+4+, Zn~~, or Pb+4. Note that at the
whole field of protective coatings, linings, anode metal is lost from the structure and enters
claddings , etc., which have a very important role into solution.
in corrosion control. This is a field in itself There must be simultaheous reaction to
and will not be covered here in any depth. Use of remove the electrons liberated in (3). Such a
organic coatings and linings is generally restricted reaction occurs at the cathode of the system.
in temperature and pressure as compared to nietallur- The cathode may be another metal electrically

J 
gical methods of corrosion control; however, costs connected to the anode, an area of the same
can be much less. An important limitation of pro— me tal as the anode but of different electrochemical
tective coatings is the difficulty in industrial activity , or some reducible ionic or non—ionic
work of applying a perfect coating free of pin-holes species in the solution in contact with the metal.
or other defects. These defects are usually weak If the solution is highly acid (low pH), it will
spots which allow attack from the solution Onto the have an appreciable concentration of hydrogen ions,
metal in the vicinity of the weak spots. Not only H+, which will react with the electrons to form
is this metal subject to the normal attack of un- atomic and then molecular hydrogen as in Eqn. (4)
protected metal, attack may be accelerated since 

+

L 
these unprotected areas must bear the full brunt of 2 H + 2 (e) < > 2 H0 <Z > 112reaction with the corrodents which could distribute
their attack on the entire surface more or lees In neutral or alkaline solutions, reaction (4)
uni formly  if the metal were not coated, is very slow, and another cathodic reaction such

Prope r quality control and inspection methods as (5) will occur if the system contains dissolved

I can obviate many of the problems of application; oxygen;
however, service damage to the coating may still
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of iron , nickel and chromium , whi ch act as a
02 + 4 (e) + H 20 c

> 4 OH (5) corrosion barr ier .  If there is an adequate
supply of oxygen in the systems, the normally

Note that there is no metal loss at the cathodes anodjc surface of stainless steel becomes
of either (4) or (5); that hydrogen gas is evolved in cathodic and is said to be “passivated” .
( 4 ) .  In ( 5 ) ,  there is no gas evolution, but hydroxide Similarly , the action of anodic inhibitors
ions are formed , so that the pH in the vicinity of the such as chromate is to passivate the surface of
cathode will rise. ordinary steel when applied under the proper

Since the overall production and consumption of conditions. Although , chromium has been found
electrons in the system must balance , th~ net anodic to be present in the passive film formed on
and cathodic reactions must be equal a .~d can be protected steel , its presence cannot be the
represented by simple stoichiometric and electro— whole story, since many other ox idi zing inorganic
chemical relations. This does not mean that the ions are also effective passivators.
intrinsic rates of the individual reactions are the Despite the technologic and economic ad-
same; in fact , they usually differ widely. The net vantages of chromate , it has several serious
or overall corrosion reaction is mainly dependent on drawbacks. One , which has become inc reasing ly
the slowest reaction, If this is the cathodic reac— important during the past few years . is the
tion (s), the system is said to be under cathodic alleged toxicity of the hexavalent Cr to marine
control; if the anodic reaction is the slowest, it and other life which could be affected by the
is under enodic control; if the anodic and cathodic discharge of effluents from systems using it in
reactions are roughly of equal velocity, the system cooling water and other systems. At this point
is said to be under mixed control, it should be mentioned that a successful in-

Treatment of a system wi .h inhibitors involves hibitor application always requires that a
adding something which alters the anodic reaction certain minimum concentration of treating
(anodic inhibitor), the cathodic reaction(s) — chemical be present. The reason for this is
(cathodic inhibitor), or both reactions (mixed believed to be that there is a dynamic equilibrium
inhibitor), between the surface of the metal and the solution

Using the analogy of the chain and its weakest contacting it, and that the protective film
link , it would be desirable to inhibit the reaction is continually broken down and reformed by
which is the slowest and therefore, controlling. In action of the chemical , such as chromate on
most industrial systems such as active metals in the metal. In this respect, we have a self-
acids and in cooling and boiler water, this is healing protective coating, which was mentioned
the cathodic reaction. A common cathodic inhibitor above as being desirable from the standpoint of
in cooling water systems is soluble zinc ion, the coatings. Since the treatment costs, as well
action of which can be understood from equ a tion(5) .  as the environmental hazard , from the treatment
At the cathode, either gross or local , pH rises are proportional to its concentration , it would
because of the production of hydroxide to give the be desirable to reduce the concentration as low
relatively insoluble zinc hydroxide, This acts as as possible.
a barrier to further diffusion of oxygen to the metal However, there are serious restrictions to
surface and thus slows the cathode reaction and the reducing an anodic inhibitor such as chromate
overall corrosion rate. Another common cathodic below recommended levels. The reason is that
inhibitor is calcium ion, which in hard waters some areas, protected at high inhibitor con-
under the proper conditions, forms insoluble CaCO3 centration , will be unprotected at lowered
at the cathode(s). Certain natural products such concentrations , - m d  these areas will suffer
as gelatin at one time were also used as cathodic localized , increased attack commonly observed
inhibitors in acid pickling of met,~ls. Unfortunately, as pitting . This is because the overall
cathodic inhibitors used by themselves require high reaction rate, as stated above, is controlled
concentrations of additives and are not usually cost— by the cathodic reactions , the rates of which
effective, are practically unaffected by the addition of

Anodic inhibitors are more common and are gen- an anodic inhibitor. If the total number of
erally used in small dosages , measured in parts per anodes is reduced by ,  say 90%, the remaining
million of the liquid to which they are added. The unprotected 10% now bear the full amount of
oldest, most widely used and most cost-effective metal loss, which is hardly changed. Thus ,
material is chromate ion , Cr04”2 , added as sodium the individual attacked areas wil l  have more
chromate or bichromate or other soluble salt, metal removed , an-d the situation may be worse

Although there have been many studies of its than if no inhibitor at all were used and
action during the past sixty years, the action of uniform corrosion occurred over all of the
chromate on steel and other metals is not entirely anodic area. For this reason , anodic inhibitors
understood. It is generally accepted that it used in systems under cathodic control are called
oxidizes the anodic areas of the metal , e.g., “dangerous inhibitors”. Since such are the
oteel , to form a very tight, adherent, non—reactive normal systems and inhibitors in industrial
oxide which acts at a molecular barrier to attack by applications , we have a classic illustration of
the corrosive solution. The action is similar to “Murphy ’s Law”)
that of a protective coating. This oxide differs Some years ago it was found that use of
from that normally formed by the rusting of steel, chromate in conjunction with certain phosphates
which is porous and non—protective. Rather is the could give a synergistic e f fec t  resulting in
oxide similar to that on aluminum and on stainless less pitt ing and reduced overall cost of in—
steel and t i tanium. Both aluminum and t i tanium hibitors. A fur ther  development resulted in
are normally very anodic in the e .m .f .  series and the use of zinc ion in combination with chromate
thermodynamically unstable in the water/air system; and/or phosphate . This is a mixed inhibitor
however , they are usually attacked but slightly in system since the cathodic inhibitor, zinc , reduces
sot . r~ystema. the overall corrosion rate through its action on

Stainless steels contain nickel and chromium , the local cathodes and is not dangerous.
and when of the proper composition, form mixed oxides The use of these systems requires close

limits of concentrations , pH , types of metals
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a
and other operating parameters controllable in where x/a is the amount in moles adsorbed
industrial operations, and is extensively described per uni t area , c is inhibitor concentration
in the corrosion literature. Since phosphates and at equilibrium and k is a dimensionless constant
zinc are also limited in plant effluents , considerable characteristic of the inhibitor molecule. If
e f f o r t s  are being made by the vendors and formulators metal , such as f inely divided iron powder,
of these systems to develop treatments which are which has been equilibrated with a given con-
e f f ective , economical in use , non-toxic , etc. This centration cf inhibitor is placed into inhibitor-
is a very active field of work both from the theoreti- free solvent , a considerable portion of the
cal and practical standpoint, inhibitor is desorbed . It is believed that

Molybdate has been proposed as a material of the amount which is not desorbed is the principal
similar passivating properties to chromate . It has contributor to the inhibitor efficiency and that
less toxicity but higher application costs , and to it forms a mechanical barrier to corrosive reactions
date has not found wide acceptance. Nitrites, phos— occurring on the metal surface. Early in-
phonates and phosphate esters,silicates and borates vestigators believed that the barrier is principally
are other passivating inhibitors which are used to a to the cathodic discharge of hydrogen , but later
limited , although increasing extent, in the place of work indicated that adsorption occurs on anodic
chromate and are described in the corrosion literature, areas as well , so that it is probably satisfactory

ORGANIC ADSORPTION-TYPE INHIBI TORS These to assume general adsorption. In a homologous
materials are also known as surfactant or reverse— series of materials, e.g., aliphatic amines,
wetting inhibitors and have wide application in a the value of k in equation (6) increases with
number of industries such as in the acid-pickling of molecular weight according to Traube’s Rule of
steel; in petroleum production , transportation and Adsorption. Thus the amount of inhibitor
refining; in chemical and petrochemical processing; required for a given amount of adsorption , or
and in the steel and pulp and paper industries, for effecting a given amount of corrosion

I They were first developed and investigated in reduction (which appears to be proportional
conjunction with acid pickling of steel. The to this adsorption) falls off as the homologous
aim of the pickling process is to remove m i l l —  series is ascended. The present author
scale from the metal without an undue loss of clean, has found tha t an increase of four carbon
base metal . Pickling solutions are generally atoms in the chain length effects an increase
fa i r ly  concentrated solutions of strong acids such of one order of magnitude in the Langinuir constant.
as sulfur ic  at temperatures of around 60°C. These Up to about 16—18 carbon atoms , e f f i ciency
are very severe conditions for carbon steel even with increases with chain length . Above this , there
short contact times. In addition to the removal of is little change , possibly because the higher
metal , there rs also a possibility of embrittlement of molecular weight materials have such limited
the steel caused by the entrance of atomic and/or solubility that there is insufficient concentration
molecular hydrogen into the metal , and inhibitors in solution to be more effect ive than the C—l6
are used to minimize both problems . to C—lB homologs.

Inhibitors are added to the pickling baths in The ease of adsorption and d i f f i cu l ty  of
f airly high concentrations, of the order of 0.01— 1% . desorption complement each other , and increasing
The l i terature on organic inhibitors for this applica— the number or strength of the polar groups
tion is vol ,mzninous with practically every type of usually increases adsorption and makes for

‘ 
conceivable organic molecule having been investigated better inhibition. Thus the alphatic amines ,
and patented . A number of studies have been made on wh ich are stronger bases than the aromatic
the e f f e c t  of s tructure of the inhibitor molecule on - amines , are also better inhibitors.
its efficiency, and these will be summarized briefly. The strength of adsorption between the

Materials investigated include amines (primary, inhibitor and the metal may be greatly enhanced
secondary, tertiary, quaternary) — aliphatic , aromatic , if there is specif ic interaction between the
hetrerocyclic ;  oxygen compounds — ethers, aldehydes, two as when a coordination or chelant complex
ketones , fatty acids , fatty esters; sulfur compounds — is easily formed. Thus , a number of hetero—
mercaptans , sulfide 3 , disulf  ides , heterocyclics , cyclic sulfur  and nitrogen compounds such as
thioureas ; fatty amine—fat ty  acid complexes. mercaptobenzo thiazole , benzotriazole , and

4 Molecular structure has included effect of molecular their derivatives react strongly with copper
weight and chain branching. The generally accepted to give insoluble filneon the metal which prevent
explanation of the action of the materials is that tarnishing, etc. In cooling water systenis ,
they function by adsorption of a single monolayer or, small amounts of these additives in the inhibitor
at most, a few monolayers onto the metal normally formulation prevent the corrosion of the copper-
attacked. The inhibitor molecule contains a polar based components of the processing system.
group such as nitrogen , oxygen and/or sulfur which has Corrosion on these is not normally objectionable.
a pair of unshared electrons in its outer ring . These per se; however , the small amounts of soluble ions
are believed to be attracted to areas of electron which get into the system may plate out on the
deficiency on the metal surface resulting in adsorption steel components to form metallic copper and
of the inhibitor molecule through the polar group onto set up corrosion cells. Here copper is cathodic
the surface, to the steel, which suffers accelerated pitting.

This adsorption has an energy of several kilo— Other chelating molecules such as 8-hydroxy
calories per mole and thus is intermediate between guinoline on aluminum and ethylene diamine
chemical heats of reaction and physical heats of tetra—acetic acid might be appreciable for
condensation. Plots of amount of material adsorbed aluminum and steel respectively if proper solubility
per unit surface of metal , obtained by radiotracers and other considerations are controlled.
and other techniques , generally show a dependency The function of the non-polar hydrocarbon
on concentration which is fairly well represented by radical on the inhibitor molecule is to form
the simple Langmuir Equation a water-repellant film oriented nearly per-

pendicular to the metal surface to act as a
x/a — Nc! (1 + Nc) (6) barrier to ingress/egress of corrosives and

corrosion products onto/from the metal surface.
Scaled molecular molecules show that branching
of the chains is detrimental in forming a tight
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monolayer , and generally branched chained molecules also contributes to the corrosion problems in
are som.,hat less e f fec t ive  inhibitors than straight refinery units. A rough correlation exists
chain isomers of the same molecular weight, between the total sulfur content of a “sour ”

INHIBITORS IN THE PETROLEUM INDUSTRY Extensive crude and the corrosion load expected in processing
use is made of corrosion inhibitors in petroleum equipment. The combination of neutralizer
production and refining and to a lesser extent in the and film-forming inhibitor is also employed
transportation of crude stocks and finished products. successfully versus H2S corrosion. The presence
This usage is described extensively in the trade and of nitrogen compounds in the charge stocks often
patent literature and references are given at the end results in production of ammonia and HCN in the
of this paper. The general action of inhibitors is modern processos of hydrogenation. Aqueous
that of forming an oriented adsorbed film with the condensates containing ammonia , 112S, 11CM , may
hydrocarbon tail of the inhibitor molecule acting be corrosive despite high pH values.
as a water—repellant protective barrier against At pH values of about 9, corrosion rate of
aqueous f lu ids which would norma lly attack the metal , ;~s on steel is acceptably low and is limited by
thus the terminology “reverse-wetting inhibitors ” , the formation of a semi—protective , insoluble
Production of petroleum , -na tural gas and gas liquids ±rofl sulfide scale. However , this scale is removed
is nearly always accompanied by varying amounts of by HCN to form soluble ferrocyanide complexes , so
aqueous fluids present in the producing formation in that corrosion may be great ly acceleratec~. Special
conjunction with the hydrocarbons and/or condensed inhibitors have been developed to function under
as the f lu ids  flow f rom formation to surface equipment. the high pH conditions and minimize the problem.
These fluids usually c- ;tain dissolved gases such as In all of the foregoing discussion , little
H2S, CO2 and even low molecular weight water—soluble mention has been made of the nature of corrosive
fatty acids such as acetic and propionic. All of attack or methods of measuring and monitoring it.
these constituents make the produced water or brine The most widespread method in both laboratory and
corrosive to the steel equipment employed in oil and field is to use some sort of test specimen ,
gas production , generally called a coupon , composed of metal

Depending on the relative amounts of water and as similar in chemical and metallurgical
hydrocarbons and other factors specific to the properties as possible to the real metal it
individual wells and producing systems, the equip— is desired to protect and placed in an environment
ment may be wetted by either the aqueous phase , in as similar as possible to the corrosive environment.
which case corrosion can be expected, or by the Parameters such as temperature , pH , fluid velocity,
hydrocarbon phase , in which it is not. Use of reverse— surface cleanliness , oxygen content, etc., are
wetting inhibitors allows for the chemisorption of an very important and are duplicated . The test
inhibitor f i lm as previously described , and this f i lm coupons are weighed before and after exposure,
then attracts additional hydrocarbon from the oil- and from the weight loss, the amount of metal
phase of the flowing fluids to give water repellance removed is calculated on the basis of a uniform
and corrosion protection of the metal. A wide rate of attack expressed as inches per year or
variety of materials , usually based on fa t ty  annines some similar uni t .
and acids , is being successfully employed in petro- Although the principle is universal and
leum production. The principal problem in the use of convenient , it has serious draw—backs , the
these materials is a technical one — application of chief one being that attack in real systems
su f f i c i ent chemical to the areas where it is needed, which result in corrosion fa i lure is rarely
The technology to solve this problem is beyond the uniform; rather do a few isolated spots generally
scope of this paper but is adequately described in experience attack much greater than the average
the references cited, uniform calculated rate , and failure occurs at

By means of surface equipment , most of the one or more of these severely attacked areas.
aqueous f luids are separated from the hydrocarbons , We have already mentioned pitting attack in the
before the hydrocarbons are sent on through pipe— discussion on use of chromate inhibitors in
lines , etc., to refineries; however, a sufficient cooling water systems. Another type of non-
amount of water may remain to cause corrosion in uniform attack occurs in ref inery  equipment in
the pipelines, and inhibitors can be applied for contact with H2S and especially with H2S and NCR.
pipeline protection. When the crude , containing Such attack is evidenced by hydrogen blisters
but small amounts of brine reaches the refinery, and distortion of ductile metals , while brittle
desalting equipment is employed to remove these fai lure  due to hydrogen embrittlement may
small amounts before the oil is sent to the crude occur with metals of low duct i l i ty .
stills. Such equ ipment will remove 90% plus of the The explanation of the problem is given
occluded salts from the charge to the stills; how— by Equation (4) for the cathodic reactions of
ever , the small amount remaining still causes trouble, hydrogen evolution. Under “normal” conditions ,
Under the operating conditions of the crude still and atomic hydrogen formed by primary attack of acids
subsequent down—stream processes , decomposition of on active metals is rapidly and completely
the residual calcium and magnesium chlorides not converted to molecular hydrogen. However, in
removed by the desalter g ives gaseous Nd which the presence of many sulfur  compounda , including
results in an aqueous acid in the still condensers . 112$, and nitrogen compounds , including HCN ,
The condensate may have a pH as low as 3, and is the atomic hydrogen conversion is poisoned so
very corrosive to steel and to a lesser extent to that appreciable amounts of it can exist on the
copper equipment it contacts. Corrosion is corroding metal surface. Since steel is permeable
effectively controlled by use of neutralizing to atomic hydrogen , some of the atomic hydrogen
amines such as ammonia, morpholine and proprietary can diffuse into the metal . Some of the hydrogen
coinpunds previously discussed and/or by use of which diffuses will convert to molecular hydrogen
f i lming  amines , often based on the cyclic base at various grain boundaries , carbide inclusions,
imidazoline. By suitable adjustment of the pH to etc. However , under the conditions of temperature
a value slightly below neutral , treatment costs can and pressure in ref inery work , steel is impermeable
be minimized , and the dangers of fouling from amine to molecular hydrogen which can build up to pressures
chlorides is reduced, of several thousands of atmospheres in the hydrogen

H 2S formed by decomposition of sulfur compounds bubbles formed within the metal. This pressure
may be relieved and evidenced by formation of
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I a blister if the metal has sufficient ducility. gical approaches. This variety and ease ofOtherwise , failure occurs due to so-called hydrogen monitoring also make it possible to vary the
- embrittlement. inhibitor , its treatment concentrations , treatmentI This problem has also been solved by the use of application points , frequency of treatment, etc.,

film-forming inhibitors which prevent the original all of wh ich give operating personnel advantages
corrosion reaction which allows formation of the atomic in attacking corrosion problems in situ,
hyJroqen and starts the chain. A word of caution is Much good work on corrosion fundamentals and

‘ 
that many nitrogen—based inhibitors can actually in— inhibitor evaluation is being carried out in
crease the amount of atomic hydrogen present and thus university, governmental and industrial research
accelerate the hydrogen blistering or embrittlement and development organizaticns, and is helpfu l
even though overall metal loss is reduced. The proper toward a better understanding of the problems

I inhibitor must be chosen for the service , 
and optimizing their solutions. However , it

7~ similar problem occurs in acid-pickl ing work 
~~ the opinion of this speaker that few , if

where effective inhibitors for control of overall any, fundamental laboratory studies have
weight loss have been found to accelerate hydrogen led to the development of successful field
uptake. The presence of arsenic , antimony and treatments. These still require empirical

I phosphorus compounds may a lso cau se hydrogen problems, approaches and reliable plant operating data.
FUTURE DIRECTIONS IN CORROSION INHIBITION There

are many other industries and current applications of
corrosion inhibitors which will not be discussed here.

I Some of the disadvantages of controlling corrosion by
inhibitors include temperature limitations and
specific action of the inhibitor. An example of
temperature limitation is given in oil-well acidizing
in which the problem and its solution are similar to

I those in acid pickling.
However , temperatures and contact times are much

higher and it has taken considerable effort to develop
inhibitors which are effective under the increasingly

I difficult conditions in using them in deeper and -

deeper oil wells. Similarly, in refinery and
chemical processing work , inhibitors appear to break
down and/or be ineffective at temperatures in excess
of about 250°C.

‘ 
Inhibitors in the sense in which we have dis-

cussed them are of no value for prevention of the
attack on metals by corrosive gases. The so-
called “ vapor phase inhibitors’ are generally salts

I of certain amines (e.g. cyclohexylamine nitrite) which
act to inhibit the reaction of condensed water vapor
which may contain dissolved gases causing the corro-
sion of steel , aluminum , etc., during storage at

I high relative himidity.
Most inhibitor applications are for protection

of steel although some important work has been done
for systems containing copper, aluminum , zinc and/or
lead. More often than not the action of the inhibitor

‘ 
is highly specific and an inhibitor which is effective
for one metal may be ine f f ective or even accelerate
attack on another. When two or more metals are in
the same system , par t icular ly  when they are electric—

I ally connected, the problem may be very difficult.
Sometimes a combination o~ inhibitors is effective ,
e.g., chromate for steel and benzotriazole for copper
as previously mentioned. Such applications are best
proved by careful field studies.I The successful inhibition of au tomobile radiator
fluids has necessitated the development of formula—
tions which protect steel, brass , aluminum and lead
(solder). Spin-off of this technology should be

J useful in assuring the reliable operation of solar
hot-water units which have similar conditions and
corrosion problems.

One of the principal advantages of chemical

I inhibi tors as compared to other methods of corrosion
control such as use of protective coatings or highly—
resistant metals is that high capital costs are not
needed for use of inhibitors; fur thermore , the costs
of inhibitor treatment may of ten be treated as

I expensed items - an advantage for tax and accounting

V purposes. The variety of available materials and
the ease of treatment monitoring by coupons and more
sophisticated electrical methods not discussed in

I this presentation make the probability of fai lure of
an inhibitor systems and the cost of such a failure
less with inhibitors than with coatings or metallur-

I
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INFLUENCE OF MATERIALS SELECTION AND DESIGN ON CORROSION BEHAVIOR

- ‘ Ellis D. Verink , Jr.
Materials Science and Engineering
University of Florida
Gainesville , Florida 32611

I
ABSTRACT

All engineers arc involved in or affected by are Selected.” As Clauser points out the task of mak—
materials selection. Standsrdized techniques have been ing a sound , economic choice of engineering materials
developed to make the process more efficient. A combi— is not an easy one but is nonetheless one of the most
nation of these techniques plus a knowledge of the important requisites to the development and manufacture
problems and consequences of corrosion should be impor— of satisfactory parts at minimum cost. While there is
tan t to improving of the general process and can result a huge and growing literature on materials and their
in significant savings for industry and government, general application , ther e of ten is s lack of comp le te

facts on whicn to operate when making specific choices.
Until the last two decades , materials selection

was largely a ma tter of past experience , and eng inee rs
REGARDLESS OF THEIR engineering specialty, all engi— tended to make everything out of the few materials with
neers concerned with hardware of any sort (and this which they were f a m i l i a r .  This p rac t ice  cont inues
includes v i r t ua l l y  a l l  e n g i n e e r s ) ,  must deal constantly today , however , there is an increased awareness of the
with the question of what material should be selected inadequacy of this practice. The tremendous increase
for construction of some particular piece of hardware, in the variety of materials , together with the need to
Except in t’ivial app lic atior’s , i t is no t enough merely accommoda te new and more severe serv ice , ecological and
to indicate that the part should be constructed of energy requirements at minimum cost , have forced the
“steel” or “aluminum” or “p las tic ”. Instead , the engi— development of a rigorous engineering approach to mate—
neer must be skilled at focusing ~iis engineering know— rials selection. The recent historj of ever—mounting
ledge upon the design and operational requirements of a awards in products liability lawsuits adds another
particular part so that they may be adequately trans— Important consideration when choosing materials of
lated into purchasing spec i f i c a t i ons  for specific construction .
alloys, f i n i s hes, heat treatments and so forth. Due The so—called “scien tific method” lists the major
considera t ion mus t be given not only to the mechanical steps in the solution of engineering problems . They
aspec ts of design , but also must include consideration include
o f corrosion resistance, safety, product degradation , 1. Analysis of the problem
expected life , salvage value , appearance, equipment 2. Formulation of alternative solutions
available for fabr ic at io n , j oinability ,  effect on the 3. Comparison and evaluation of alternatives
env i ronmen t , ersrgy cO’-ts, avail ability of straleglc 4. Decision.
materials , pro.~uction capacity (for major applications), In the context of materials selection these steps become
availability of replacement or repair materials on 1. Defining the functional and service require—
short notice , required rate of return on investment , ments of the materials of construction
deprecia ti on prac tic e, tax consequences , prod uct liabi— 2. Narrowing the field of choice to a few caridi—
lIty considerations , etc. The process can be exceed— date materials
ingly complex. However , it is amenable to organization 3. Comparing and evaluating the candidate ~ater i—
into a generalized methodology which can simpl if y the al s
process great iy. 4. Making the final choice .

The subjects of materials selection and corrosion
are closely connec ted. A report entitled “The Economic DEFINING THE MATERIALS REQUIREMENTS
E f f e c ts of Me tallic Corro sio r, in the Uni ted States ” was
issued in 1978 (1*). This report concluded that the A: this stage in the process it Is essential to
total cos ts of corrosion In the Uni ted States for  the iden ti f y and d e f i n e  the ~pecific functions which are to
year l9’5 amounted to approximately $70 billion or 4% be performed. What is the part supposed to do? The
of the gross national product (GNP). Of this total practices of “Value Engineering” (3 ,4) have broad app li—
about $10 billion , or 0.6% of the GNP were considered cation in this process. The detailed functions need to
to be avoidable costs. Thus, with adequate education be identified carefully . For examp le , an automotive
and technology t r a n s f e r , it should be possible to avoid exhaust  system performs a number of funct ions  inc luding
approximately 152 of the present coats of corrosion . 1. Conduct ing  engine exhaust from the  engine
This then represents the immediate opportunity for 2. Reducing noise
those concerned w i t h  ma te r i a ls  selection. 3. Preventing noxious fumes from entering the

automobile
THE PROCESS OF SELECTION 4. Cooling the exhaust

5. Reducing exposure of body parts to corrosive
Clauuer et a l,  (2) have reviewed the overall pro— vapors and gases

cess of mater ia ls  selection in a series of short  a r t i— 6. Several others .

a d e s  combined under the general title “How Materials The providing of these functions imposes special
___________ m a t e r i a l s  r e q u i r em e n t s , inc luding
*Numbera in parentheses designaLe References at end of

paper .
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1. Resistance to corro l i i  by CO , CO2, SOz , From th is dato t t  is r i a t i v i  l y s i m p l e  in t h e  case
H2504 (from catal y tic converter), H20, Ph , Br in the of the exhaust syst .t’ to narrow the choice down to three
exhaust vapors or fc,ur material s ohl ch can then be compared in minut e

2. Res!stance to corrosion by atmosphere , road detail and the choice can he optimi zed in accordance
salts , mud , etc., at variou’; temperatures with m an u facto rin g , marketing or other objectives.

3. Abilit y to be formed Into intricate shapes For comp lex y . t , m s  weighted performance indices
4. Weldah il its and eas of a~ sembly lave h e n  emr loyed . When used with rare such Indices
5. Availability In large qti..i tit ies can ne v ’•ri h e lpful since each Individua l property can
6. R e l a t i v e l y  low cost  he weighted in accordance w i t h  i t s  i m p o r t a n c e .  NASA
7. Abilit y to be coated ,(for some alternatives) developed such a weighted index f o r  use in selecting
8. Others . material s for th SST (2), Fig. 2. The pr io esses of

selection are amenable to computeriz ation where the
SELECTINh OF (:ANDIDATE MATERIALS cost tis t if ~~~~

The problem of selecting candidate materials
btcomes a matter of evolving a basis for narrowing the PARAMETERS FOR TIlE SST
field of choice from t h e  th  usands and thousands of MATERIALS RATING
potential choices , to the relatively few (three or
f o u r  at the most) actual candidate materials.

To do this it Is necessary to translate the func— Go-No.Go Parameters

tional and material s requirements into materials prop— O
a
S
~~~

erty t e r ms  (5). This implies a need for an inventory Brazability
of materials propert ies.

A numbe r of ted nical societies , trade associa— NOndiscr lm .nating Pa rameters

tions , journals , and industria 1 f i r m s  have responded to
the need. For exasi Ic , t he  Amer i can  Socie ty  fo r  Me ta l s
has made an outstanding contribution w i t h  the pub li— Discriminating Parameters
cation o f  its new s d e s  of METALS HAND SOOKS ( 6 > .  Strengt h
Table I is a partial list of “resource references ” the ~.s

1
WeIded Strength

author has found particularl y useful ir conducting the Stiffness

course in Mat erials Selection at the University of ~h enr
1
ial stress

Florida, This list grows e- c year. Stability

For parts subject to ur ixial tension it is s imp le Cost

to c onnect tabulated data t rictional requirements
since tensil e strength data are readily avaIlable .
However , for many actual serv i e conditions there is
no di rec t  or simple correspond - e  w i t h  t abula ted  mate-  W EIGHTED IND EX RATI NG CHA RT FOR SST MATERIAL S
rials properties , and cons iderab e creat iveness is — —-- —_________

GO SQ-GO kfl Atlvl fAust SUNSEt MA TERIAl RATSOrequ i red  in e s t a b l i s h i n g  a d a t a  base w i t h  which to NAT ER SI scelets oRATsU NUMMRQ’wfestaGui(tot~ 51159ff
eva lua te  and compare ma te r i a l s  (5 ,6 ) .  Of t en  i t  is — — — — - —

hel pful to combine tabulated properties for the sake of 8 8 ~k . ~~RfLIATINGNO

comparison , e . g . ,  strength/density ratio , $/psi T.S., II~~ QE~ ~ ~ ~~S~ 5A RA 1ING
etc. Figure 1 shows some ty pical formulas based on ~ ~~~~~ 
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Fig 2

DESIGNING TO PREVENT CORROSION ., ,
~ is tc,-, 0 ‘\ ,1 ,‘

(f ’ ~ . There are a n umber of literature references deal—

______ 
ing with design to prevent corrosion , for  examp le , 

.- , ,  . ~
, , ,

~~~, ~~~~~~ 
, ~~~

, , , A , ,, -. ~~~ 
Mears and Brown (7). The first consideration in the
design of a structure is to provide adequate mechanical

Fig. 1 strength . However , it usually also is desired that the
structure remain serviceable for some minimum period of

In the case of exhaust system , above , cons iderable time . Thus , factors such as fati gue , creep, cer ta in
tabula ted  i n f o rm a t i o n  ex i s t s , f o r  examp le , metallurgical transformations , and corrosion must be

1. Corrosion data for metals and ceramics in the taken into consideration . Of these, corrosion may be
presence of exhaust gases the most comp Leated since the rate if corrosion de—

2. Weldab ility data for metals pends on so many external factors. The designer ’s
3. Formability da ta , e.g., bend radii , etc. response to this problem may range anywhere fiom dig-
4. Price Information regarding the problem altogether to providing extra
5. Avail ibility it-formation section thickness as a corrosion allowance . Some
6. Mechanical properties at various temperatures. understanding of the factors which influence the corro-

sion behavior of metals however , will be use ful to
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deSIgners in a n a l y z i n g  the  problem . Corrosion is the commonly encountered such inhotnogeneities of the envi r-
reac tion of a metal with its environment and can be onment is the development of corrosion cells resulting
either chemical or electrocheinical. Since neither from local potential differences caused by concentration
metals nor their environments are completely homogene— cells. For example, if one portion of a metal i~ in
ous, a number of electrochemical processes are possible contact with a dilute solution and another portion of
(3). The designer has little control over the homoge— the same surface is in contact with a concentrated
neity of metals although he does have freedom of choice solution of the same substance , a difference in elec—
in specifying which alloys and specifications are trode potential may be observad and locali~ted corrosion
applicable. While there are examplea of failure of may occur on one of the areas. A special case of the
struct’ires as the result of manufacturing defects in concentration cell is the oxygen concentration cell.
metals, a far more frequent problem is dealing with Such cells are caused by local differences in the oxy—
inhomogeneities In the environment. One of the most gi’n concentration in various parts of the liquid
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contacting the metal surface. It is usually observed loints. If lap loint s must he used , they should be
that the portion of the surface contacted by the solu— carefully sealed to avoid ingress of moist ure . Supports
tion containing more oxygen is the cathode and is for storage tanks should be designed so that moisture
partially or completely protected . will nut he drawn under the ranks , between the tank and

There also are corrosion cells set up by local the supporting base. The use of “dri p aprons ” around
differences in temperature , agitation , illumination , th~ edges of tanks can reduce the tendency for rain
liquid velocity, and in fact by almost any heterogene— wat ,r and sp illage to accumulate under tanks. Parts
ity in exposure conditions (8). such as pipe sections and heat exchanger bundles often

Another important cause of corrosion is contact of can he designed so that certain portions may he easil y
dissimilar metals (or alloys). It often is necessary replaced with a minimum of down time . Redundant parts
to select dissimilar metals to work together for mech— may he desirable for parts requiring frequent shut down
anical reasons (e.g. to avoid galling or seizing, etc.). for maintenance or replacement. Flow systems should he
Where dissimilar metals mus t be used , attempts should designed with attention g iven to hydraulic design t o
be made to selert materials whose electrode potentials avoid flow-related damage at changes in direction of
are as nearl y the same as possihle in the expected constric tions , There are numerous other design consid—
electrolyte a t  operating temperature . In addition , the erations h u t  these serve to illustrate the comp lexity
exposed area of the cathodic member of the dissimilar of the problem.
metal coup le should be made as small relative to the Aroth er aspect of materials selection which has
size of the anodic member as is feasible so as to ilssumeu major proportions is the considerable increase
reduce the anode corrosion current density. in Ltigatlon for product liability. This has provided

It is  important to consider the character of added urgency to proper materials selection to avoid
a t t a c k  which occurs  and i t s  i n f luence  on the  f u n c t i o n  corrosion fa~ l,ires. For example , recently a major
perform .— ’ ‘w the structure . Unfortunately, much corro— manufacturer of recreational boats and motors brought
slon l ’ - r a t u r e  merely reports what is described as a out a new model of pleasure boat with “outdrive ” pro—
“corrosion ra te” (e.g. mils per year). If that rate pulsion . The engine was in—board but the rudder and
is calculated by change in weigh t of a s~iecimen It is propellor drive mechanism were outside the boat enclosed
important to know the manner in which metal was lost, in a cast—aluminum housing. Steering effort was t rans—
For example , if all of the corrosion occurred at a few mitted to the rudder via a set of gears consisting of a
lor alized areas , the calculated rate of corrosion based large “b u l l ”  gear (directly connected to the rudder) and
on weight change might he extremely low but the metal a “worm” gear which activated the bull gear. The worm
may actually have been perforated. For app lications gear was supported by a bronze bushing which In turn
involving tanks or containers , such localized attack was held in place within the aluminum housing by a
would lead to failure. By contrast the same degree of stainless steel snap ring which fitted into a machined
attack occurring at the neutral axis of a structural groove in the aluminum housing. The bronze bushing was
member would not be disabling. separated from the aluminum housing by an 0—ring which

Certain alloys may be sensitized to intergranular also served to seal against oil leakage. No protective
attack by local thermal treatments such as welding, coating was applied to the weather (out—board) side of
“Weld decay” of certain austenitic stainless steels the bronze bushing. Aerated sea water regularly
and the analogous phenomenon on certain of the alumi— splashed on the bronze bushing causing corrosion prod—
num—magnesium alloys are examples of such behavior. ucts from the copper—base alloy to wash down onto the
Materials selection must take into account the likeli— aluminum housing and into the machined groove which
hood of occurrence and the consequences of such phenom— contained the stainless steel snap ring. Copper p lated
ena in choosing materials of these three classes for Out on the aluminum , setting up galvanic cells between
service, aluminum and copper in the presence of salt water. The

A number of methods are available for alleviating corrosion products of aluminum occupy much greater
corrosion . For examp le , in the case of galvanic volume (perhap s 15 times as much) as the metal from
corrosion , one may select combinations of metals and which they are formed . The voluminous corrosion pro—
alloys which are known to develop little galvanic ducts compressed the snap ring so that normal vibration
action under service conditions. Alternatively ,  the during operation of the boat resulted in its loss over—
metals or alloys may be completely isolated from one board. Without the snap ring to retain it , the bronze
another  e l ec t r i ca l ly .  In some cases , galvanic action bushing also was lost overboard and with it , control of
may be mitigated by the app lication of suitable paint steering. At the time , the boat was travelling at 30
coatings or by the use of galvanic anodes either in to 35 knots. With loss of steering, the trim tabs
the form of discrete anodes or as sacrificial metal forced the boat into a tight circle throwing two passen—
coatings, such as galvaniz ing on steel or aiclad gers into the water where the boat passed over them ,
coatings on aluminum alloys, killing one and seriously injuring the other. The case

Contact between metals and non—metals may cause was settled out of court for a substantial settlement.
special action on the metal in some circumstances. If The design was improved considerably by substituting a
the non—metallic material is capable of absorbing and combination stainless steel/bronze bushing for the
holding moisture against the metal surface , serious previously all—bronze bushing. With the new design .
corrosion may re sul t from oxygen concen tra tion cells no bronze was expoged to oxygenated sea water. A fur-
or chemical concentration cells . This type of corrosion ther improvement could be made by coating all the ex—
may be prevented by selecting non—metallic materials posed parts (i.e. bushing, groove , etc.). Clearly , this
known to be re la t ive ly  innocuous or by designing the is an example of the importance of good materials selec—
equipmen t so that the non—metallic materials are not tion , and the consequences of inadequate assessment of
likely to become wet or will dry out rapidly. The pro— corrosion possibilities.
vision of air circulation and good drainage is particu-
la r ly  impor tant  in these circumstances . Painting of ECONOMICS
meta l  surfaces  or the use of heavy protective coatings
of suitable adhesives or the impregnation of the non— Engineers need a firm grounding in the techniques
metallic material with inhibitor compounds are other of economic ana lys i s  of engineer ing  problems . A work ing
useable techniques, knowledge of the concepts of discounted cash f lows ,

In general , i t  is good prac t ice  to provide adequate equiva len t  annual  costs , and the e f f e c ts of t a x a t i o n  are
drainage so t h a t  mois ture  and d i r t  do not accumulate on basic to the comparison of eng inee r ing  a l t e r n a t i v e s .
meta l  su r f ace s  resu l t ing  in concentration cells. Crc— Such cons idera t ions  are v i t a l  in select ion of m a t e r i a l s .
vices should be avoided if  feas ib le  thus i t may be The National Association of Corrosion Engineers has
pre fe rab le  to use b u t t — w e l d e d  j o i n t s  ra ther  than lap prepared MACE Standard RP—O2—72 which suggests a number
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of s tandard ways fo r  t he  s o l u t i o n  of economic problems
involving corrosion , Stephens and V er ink  (9) have
presented solutions to the examples given in the NACE

S spec i f i c a t ion us ing t radi ti onal economic analy sis meth-
ods rather than the specific method s suggested by MACE .
The traditional methods will be particularl y us e f u l  to
those who have formal training in engineering economy .

CONCLUSION

All engineers are involved in or affected by

‘ 
materials selection . Standardized techniques have
been developed to make the process more efficient. A
combination of these techniques plus a knowledge of the
problems and consequences of corros ion shou ld he impor-
tant to improving of the general process and can result
in signif icant savings for industry and government.
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surfaces during sliding. The adhered asperities frac-
ture at a different location than at the original in—

CLASSES OF WEA R terface leading to removal of surface material. The
outcome of Archard ’s model is that wear rate is pro—

K. C. Ludema p o r t i o n a l  to  the probability of collision which is
The U n i v e r s i t y  of Michi gan related to sliding speed , and related to the ratio of
Department of M e c h a n i c a l  Engineering applied load to pressure hardness , i .e.,
Ann Arbor , M i c h i gan 48104 WV

(2)

There are obviously very many o t h e r  e x p re s s i o n s  or
laws of wear. The above laws were sele, ted to illus-
trate the point that when considering few enough vari-
ables it is pos s ib l e  to de r ive  very simple laws , and
s imp le  laws  are very attractive. Oae interesting re-
sult of the above expressions of wear rate is that
today one finds debates in the literature on wnether
a linear wear rate in practice is proff of abrasive

ABSTRACT or adhesive wear.

Part of the differences of opinion on the abra-
sive and adhesive mechanisms of wear is a matter ofMaterials wear away be several mechanisms. Sev--
s em an i t i e s  and part is due to the percpective of theeral laws of wear  are  widely known but there is no law
observer. Perhaps the major difficulty is that thereor model that includes very many of the parameters
is inadequate agreement on whether the terms abra-tha t are known to influence wear. Oxidative wear may
sive and adhesive should refer to the phenomenolo—be includ ed with abrasive wear and adhesive wear when

the scale of ox ide  film thickness is considered . gical or to the fundamental aspects of wear. In
essence , the words themselves are too limitad to cover
the broad range of events on rubbing surfaces.

The phenomenological approach takes arce,unt of
the environment in which the wear ing  pa r t s  a re  oper-
at ing and emp has izes the general ap pear ance of the
worn surface. In the fundamental approach the impor-
tan t que st ions rela te to the ac tual cause of su r f ace
alteration and material loss. Thus , grooves may f orm
on a rubbing sur f a c e, which to some is adequa te p roof
of abrasion but which upon closer exam ina t ion may
prove to be due to adhesion.

F Part of the limitation of the term “abrasive”
and “adhe sive” may result from the implication in the
use of these words that each type of wear operates
exclusively and on every possible scale of size. To
illustrate , first of all that several wear mechanisms
exist and that  a scale of size is an important per—

THE WEARING AWAY of surface materials by mechanical spective , the newly defined oxidative (or oxidational
interac tion is usually thought to be due primarily to or corrosive) mechanism of wear is explained . This
either abrasion or adhesion . The abrasive mechanism mechanism is easiest to define or justify in cases
of wear is most convincingly proven in systems con— where the wear rate is readily influenced by controll—
tam ing “gritty” or “abrasive” “ third bodies” or hard ing the partial pressure of oxygen (or sulfides , etc.)
pro truberance s which leave scr atches on the rubbing in the ga seous or l iquid environment of the rubbing
surfaces. It is a relatively straightforward exer— system . The general sequence of events in oxidative
cise to show that the removal rate of surface materi— wear is that sliding contact removes oxides , and the
al by the abrasive mechanism should be directly re— - oxides regrow only to be removed by later sliding con-
lated to the average contact stress between surfaces tact.
and the distance of sliding in unit time (velocity).
The removal rate should also be inversely related to THE OXIDATIVE MECHANISM OF WEAR
the resistance of one or both sliding bodies to pene-
tration by the third body. Hardness is taken as the Oxides have long been known to influence wear
measure of resistance to penetration. Thus we have a rate of surfaces. The manner in which oxides influ—
linear law of abrasive wear , (Kruschov and Babichev , ence wear rates is not known and thus the nature of
(1*)) an ideal oxide is not yet obvious. The partial pres—

(1) sure of oxygen in a gaseous or liquid atmosphere
‘
~
‘ 

H would probably influence the rate of oxide formation ,
where y is the time rate of removal , or wear , W is the strength , tenacity and perhaps the form of oxide,
the applied load , V is the sliding speed and H is the but insufficient data are available on the specific
pressure hardness of the sliding bodies, effects. In general, oxides are though t to preven t

The adhesive mechanism of wear became a credible seizure but oxides may also be abrasive. One of the
concept d u r i n g  the years of development of the adhe— first to publish work on the abrasiveness of oxides
sive mechanism of fric tion. It also explains a num— was K. Dies (3). Later J. F. Archard and W. Hirst
bet of types of surface d i s t ress  in systems in which (4) showed that even hardened steel is worn by oxid~~.
the presence of abrasive th i rd  body species is not J ,  It . Whitehead (5) found low friction at low contact
obvious. Types of adhesive wear i n c l u d e  ga l l ing ,  pressure and high f r i c t i o n  at high contact  pressure
s c u f f i n g  and se izure . Archard (2)  has modeled the be tween copper sliders, and attributed the low fric—
adhesive wear process in terms of the probability of tion to the prevention of (local) seizure by an oxide
collision and adhesion of the asper i t ies  on opposing f i l m .  A.  W. Crook (6) gives an in teres t ing summary
________ 

of some wear s tudies and discusses the d i f f e r e n c e
*Numbers in parentheses designate References at end between severe wear and mild wear . J. K. Lancaster
of paper. (7) has shown some of the details of the transition
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I between aild and severe wear .  He uses as his starting the solution to the wear problem would be simple. To
point the previous conclusions that mild wear is a minimize abrasive wear there are two a l t e r n a tiv e s ,
condition of inhibited severe wear. Severe wear is i.e., either eliminate abrasive substances or increase
inh ib i ted  or prevented by surface contaminants , which the hardness of the surface to be preserved. To mini-
prevent high traction stresses and thereby limit the mize adhesive wear it appears u s e f u l  to increase hard-
grow th of j unct ions. In un lubr ica ted sur f a ces th is ness also , but the operative material change is pro—
limiting action is thought to be due primarily to the bably a decrease in ductility which usually accompan—
forma tion of oxide layers. These oxide layers are ies an increase in hardness. Oxidative wear on the

modera tely firmly attached to the substrate but they other hand may be controlled by revising the mechani—
may break away and become abrasive particles. cal properties of the oxide perhaps throug h the addi—

The next assuaption is that the transition be— tion of trace elements in the substrate , or by addi—
tween the two forms of wear is controlled by a balance tion of elements and compounds in the environments.
of , or competition between the rate of exposure of new Another view of the combined modes of wear may
surface (by oxide removal) versus the rate of covering be seen in Fig. I where a scale of s i ze  is given .
the new surface with oxide . It would be expected that Seven columns of combined wear modes are g iven .  Go—
t h i s  t r a n s i t i o n  would then depend on load , speed and lumn “g” shows a mode of wear that is specificall y
ambient temperature. In fact , this was shown by N. C. excluded from consideration under columns “a” through
Welsh (8) for steel. T. F. J. Quinn (9) has carried “f” . Columns “a” and “f”  are probably those that are
on some work on oxidative wear since the work of Welsh, defined by the classical use of the terms “abrasive”
but the subject received considerable attention at the and “adhesice ” . It must  be acknowledged however that
Joint Conference on Chemical Effects at Bearing Sur— many wearing parts show no solid evidence of either
faces in Swansea in 1971. Quinn (10) read another abrasion or adhesion. In fact a close look at worn
paper at the Conference as did S. IL E. Earles and surfaces at the highest magnification In microscopes
N . Tenwich (11). (See conmients by G. A. Berry (12) often reveals nothing at all. No scratches , grooves,
and response by Earles and Tenwich (13)). Finally, poch marks , strain lines or other evidence of contact
Quinn and J. L. Sullivan (14) gave a review of oxida— appears and yet material has been worn away . The
t ional wear .  The essential par t  of t he i r  model is: only p lausible conclusion tha t can be der ived from

such study Is that any existing surface feature must
be smaller than the ab i l i ty  of the microscopes to re—e ItT 

(3) solve. In the case of the S.E.M. one instrument usedy ~ A(~ ) ~2 
c 

has a resolu t ion limi t of 75 ~ . If scratches andc
other marks did exist on the worn surface they mustwhere y is the wear rate , A is the real area of con— have been less than 75 K in all dimensions , and tha ttact over which wearing occurs , T is the tempera ture

in the con tac t area , (a/U) is a time of oxidation is the scale of the thickness of oxides. Thus it is
reasonable to postula te various me thods of removal ofwhere a is the radius of the average asperity contact oxide , for  example , by abrasive action and/or by ad—region and U is the sliding speed , Q is the activation 
hesive bond ing between the oxid e on opposing surfaces .energy of oxide formation and t is the cr i t ica l  thick-

ness of oxide f i l m  at  which poi~ t the oxide breaks off ,  Columns ‘c” and “d” indicate modes of loss of oxide

f Encouraging correlation between the model and experi— only, by abrasion and adhesion respectively. Columns
“b” and “e” ara combined modes in terms of the extentmental data is said to have been achieved . It is ob—
to which the effects of abrasion and adhesion extendvious however tha t  the model is based only on the rate

of oxide build up and implies tha t  the mechan ism of beyond the oxide layer.

loss of oxide is of no consequence. The authors claim Figure 1 omits the mention of erosion and erosion--
corrosion. Solid particle erosion would be classifiedtha t the only imped imen t to fu r ther app l ica tion of

the i r  model is a lack of clear definition of the num— as one abrasive action. Erosion as used in much li-
terature could include the action of molten plasticsber of asperities in contact and the critical thick— 
on a die surface and the action of liquid with and

J 
ness of the oxide film. A careful review of the model

without  solid constituents. Erosion—corrosion oftencasts some doubts on most of the quantities such as A ,
refers to a system in which soft products of corrosiona, and T

Thecoxidational mechanism of wear is importan t , 
are swept away by passing gases , liquids or even solid
bodies , f u r ther corrosion occurs , etc.and in fact , it may be the predominant mode of wear The role of the produc ts of oxida tion and/or

‘ 
in all long lived systems. Fur ther  s tudy is warranted, corrosion is not well understood. In some literaturealthough it is probably best to abandon the sasumption the oxide seems to be considered abrasive and in otherof the critical thickness of oxide. Rather , It is literature it is ignored as a soft species to be re—likely that such quantities as the mechanical proper— moved from the system . Whether or not an oxide is

‘ 
ties of oxide film and the tenacity of oxide film to “abrasive” may depend on the properties of the loosethe substrate be explored. These are likely to be
different quantities for each metal and different and the attached oxide. A loose oxide circulating in

again for each condition (i.e., temperature , oxygen the system surely impinges upon and slides along at—
ta’ hed oxide and could be the proximate cause of theor CO

2 
partial pressure , etc.) of oxide formation. 

loss of more oxide. The rate of removal of attached

f The mechanism is complex but there has been no research
oxide may depend on the ductility of the substrate,focusing on the important quantities except in the 
size of loose oxide particles and many other factors.aggrega te, i.e., by measuring the rate of wear. It
Many of these factors need further work.seems appropriate therefore at some time in the near

J future to measure the mechanical properties of oxide DEBRIS ANALYSISfilms , their tenacity to the metal and their thickness
in a wearing couple. In the study of wear the debris is sometimes

studied . Debris analysis is very successfully doneCOMBINED MODES OP WEA R in conditioning monitoring of machinery (15). Tell—

The most important reason for studying oxidation tale forms and amounts of debris accompany some par-
ticular modes of component degradation. Where clearand wear is that a proper understanding of wear mechan- 
adhesive or abrasive wear takes place , unique debrisism will lead to a proper solution to the wear prob1~ n.

If the abrasive and adhesive wear mechanisms were often appears. Unfortunately modem “b” , “c”, “d” snd
“e” in FIg. 1 produce finely divided oxides, whichoperative , either separately or in some combination , obscures the mechanism of wear. Even if some metallic
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debris is formed the meta l  may oxidize be fore e j ec t ion
from the system and from the debris it would be impos-
sible to de termine how the wear took place.

It is obvious that there are several mechanisms
of wear , and equally obvious that a number of the rele-
vant quan t i t i e s  for writing a complete law or model for
wear have remained out of reach.  I t  is also obvious
that unless we know how wear occurs we will not be
able to design ma te r i a l s  and systems f o r  long wear
l i f e .
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NOVEL LUBRICANTS - DEUTERATED MATERIALS WITH SUPERIOR PROPERTIES

A. B. Harvey, H. Ravner , N. L. Jarvis and
M. C. Lin
Naval  Research Laboratory
Chemistry Division -

W a s h i n g t o n ,  D. C. 2 0 3 7 5

A.  A. Conte and N.  0. Rebuck
Nava l Air  Development Center
Ai r  Vehicle  Technology Department
Warminster , Pennsylvania 18974

ABSTRACT the capabilities of petroleum , and synthe-
tic esters are now employed exclusively for

Over the past several years only m ore— this application. Temperature stability is
mental improvements have been made in the de— generally a less signifitant requirement
velopment of new and improved lubricants , for  lubricants for guidance and related in-
Recently however, scientists at NADC (Warmin— strumentation. Such gear is lubricated
i s t e r )  have succeeded in demonstrating that initially with minimal quantities ot oil or
deuteration of hydrocarbon greases has re— grease which must last for the operational
sulted in a startling 5—fold improvement ir, lifetime of the mechanism; even minor
bearing life. Since oxidation is expected changes in viscosity , or the generation of
to play an impor tant  role in the degradation organic particulates resulting from lubri—
of lubricants , it is not surprising to find cant or additive package deterioration , can
that the deuterated material was many times result in unacceptable instrument perform—
more resistant to oxidation than the no rma l ance. A variety of lubricant base stocks
hydrogen analogs. Moreover , the 5—fold im— are presently employed in these applica—
provement in bearing life for the 97% deu— tions, i.e., petro’euxn oils , h ighly  re f i ned
terated grease is entirely within the range petroleum oils, modified silicones , esters
expected for the well known isotope effect and synthetic hydrocarbons . There is a
in classical chemical kinetics. Fifty—fifty need , however , for materials with improved
mixtures of 97% deuterated f l u i d  with the performance, particular in those cases
orig inal hydrocarbon oil were sign i f i c a ntly where they cri tically a f f e c t instrument
less oxidatively stable than was 50% randomly life.
deuterated mater ials , suggesting that pro— In the last several years only incre-
tect ing selected chemical sites may ba im- mental improvements have been made in the
portant in improving lubricant oxidation development of new and improved lubricants.
resistance . One novel approach has been generated by

the use of deuterated fluids. Based or. the
deuterium isotope effect the authors at

BACKGROUN D NA DC have postulated and demonstrathd , as
shown be low , that  an i n s t rumen t  grease

Until World War II, wi th but minor ex- based 0) 1 a deuterated s y n t h e t i c  hydrocarbon
ceptions , petroleum—based fluids provided gave at least a 5—fold increase in a test
almost all of the lubricants required by the bearing life as compared to that with the
technology of the period. They served ad— nondeuterated analog , and that the deu—
equately , both with respect to their avail— terated base stock was more stable than
abil i ty and the performance required of them, the undeuterated material (l ,* 2). Based on
For certain limited applications , however, this preliminary e f f o r t , NADC and NRL are
natural products such as sperm whale oil for preparing a joint program to investigate
cloc c and instrumen t bearings requiring non— some of the fundamental reactions involved
spreading lubricants were employed. With the in the deuteration process and the reac—
quantum-jump increase in performance and re— tions of classes of deuterated lubricants
liability of power plants, ins t rumentation , other than synthetic hydrocarbons , and to’
etc., required by the wartime- and postwar— perform the necessary test and evaluation
generated technologies , the traditional lub- studies preparatory to field testing these
ricants were found to be frequently m ad— materials.
equate. Two examples will serve to suffice—
—gag turbine engines and instrument guidance
systems. THE DEUTERIUM ISOTOPE EFFECT

Lubricants for internal combustion air-
craft engines probably experiei5ce tempera— The deuterium isotope effect has been
tures not much more stringent than today ’s known to chemical kineticists for decades
automobiles, i.e. bulk oil and cylinder wall and hence is well documented . However , its
temperatures of ca 1000 and 235°C , respec— value in lubrication has only recently been
tively. Present aircraft gas turbine en- recognized. For an excellent review of
gines, on the other hand , operating under this phenomenon the reader is referred to
Mach—2 conditions generate bulk oil tern- an article by K. B. Wiberg (3).
peratures of 150°C, oil—out temperatures of
260°C, and under soak—back conditions when __________
the engines are turned off, wall tempera- *Numbers in parentheses designate References
turns of 360°C. Such conditions far exceed at end of paper.
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In Fig. 1 we show a simplistic schema— Fig. 2. — Anti—friction bearing performance
tic d iagram of vibrational levels in a life ratios of SH greases
molecule, containing C—H(D) bonds undergoing -

chemical reac t ion .  If it is assumed that
this potential surface is Virtually the same merized olefins) in which 97% of the
for both the normal and deuterated materials hydrogen was replaced by deuterium has been
and that the vibrations approximate harmonic demonstrated (1,2). Fig. 2 shows that a
osci l la t ion or Hocke ’s law , then the vibra— 5-fold increase in test bearing life re-
tional frequency of a species is simply de- suited as the deuterium content of the base
pendent on the mass of the vibrating atoms hyd rocarbon increased to 97 atom % ,  with
(for C—H(D) bonds : u~/v~” /ii~7iii.,~ = ‘V!). For the effect commencing at ca 73 atom %.
low or moderate temp~ra~ures thH vibrational Fig. 3 suggests that this remarkable in—
energy E = 1/2 hu , where h is Planck ’s con— crease in bearing life was due to the
stant. This is the so—called zero point
energy. If the rate determining step in a
molecular reaction is attack on the C—H or
C-D bond , then absolute rate theory predicts
that the reaction rate ratio is dependent on
the difference between the activation energy _

~~~~~~~~~~~~~~~
Z ’  /

E —E • If there is negligible difference in ~ ‘~~~~~~0)t’*)~~D

t~e 9ero point energy levels of the acti-
vated state, then :

~~ ~~ e 11 E1)L~RT~~ e~~~~~~~~~~
”21

~

’

~

’ 
(1) 

/

where k is the reaction rate, R is the well  /
- - known gas constant and T is temperature B /

( ‘ B O O ° K ) . However, at higher temperatures
k /k -+- V’~ . For typical vibrational C-H(D) —

s~re~ch ing freqencies k /k ‘~‘5 for ambient 
‘

~ ~~~~ ~,., ~~ ~ so

conditions, which is neYrl~ identical to the
lubricant l i fe t ime  improvements found in Fig. 3. - Fluid oxidation - Bomb oxidation
deuterated greases, as will be shown in the method, antioxidant not added
next section.

There are innumerab le  exper imenta l  ex-
amples of the isotope effect. The rate fac— improved oxidation resistance of the base
tors (ku/kD) range from “~2—l0. The lower stock , which was synergistically enhanced
values Xre likely due to differences in the by the presence of an antioxidant, Fig. 4.
activated complex which wil l  diminish in It should be mentioned that the deuterated
part the difference in activation energy of and normal compounds were prepared by
the C—H and C-D reaction paths. On the other identical methods in order to rule out any
hand quantum mechanical tunneling enhances impurity differences in the stock coin—
the reaction rate ratio because the more pounds.
energetic species (C—H) can penetrate the The results , however , were not en-
potential barrier at a greater rate than tirely unambiguous. When equal volumes of
predicted by classical theory , hence the wide nondeuterated and 97 atom % deuterated
range in rate ratios , fluids were mixed to give an effective

As indicated above, the stability and deuterium concentration of 49 atom percent,
performance of an instrument grease based on oxidation resistance was appreciably less
a synthetic hydrocarbon (derived from poly- than that of a 51 atom percent randomly
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DEUTERATED ESTERS - Since esters gen-
erally represent a more realistic approach
to most critical lubricant application , an
important goal will be to deutera te and
examine these materials. The following

•0 - section describes this class of lubricants
in more detail.

o’°’.’.c o.o.oc~.e~ Because of their desirable extreme
- —flNt~*T C  OVD’OC00SON temperature viscometric and s t a b i l i t y  char—

4 ~~ ~~~~~ ac te r i s t i cs, polyol esters are f r e q u e n t l y
per ferred to the ea r l i e r  diester f l u i d s. In

- a recent study (4) at the Naval Research
Laboratory, the selectivity of the oxidative
attack on a model neopenty l polyol ester was$ ~Z0 - investigated . The ester, neopentyl hexa-
noate, was selec ted because it contains all
of the groups found in the widely used com-
mercia l  oils based on pentae ry th r i tol

~~~~~~~~~~~~~ 
3100 esters, and because it was amenabla to con-

venient analysis. The model ester structure
is shown below :

Fig. 4. - Fluid oxidation — Bomb oxidation
method, antioxidant added CR

3 
0 H H H H

I Il S . s S

deuterated fluid. However , as seem in Fig. 
CR

3 
— — CR

2 
— 0 — C — C - C - C - C — CR 3I I I I

2, performance of the grease based on the CR 3 H H H H
admixed fluid was better than that based
on the 51 atom % deuterated material, F G A B C D E
While insufficient data are as yet available
to resolve this anomaly, it is reasonable to In classical degradation mechanisms ,
assume that the more oxidatively labile sites the principal steps in the oxidat ion of hy—
in the 51 atom % randomly deuterated material drocarbons/esters are :
were protected by deuterium substitution ,
which would not be true for the mixed fluids. Heat

Initiation: RH ~~~~~~~~~~ R. + H. (a)
The results of the bearing tests suggest that uv , etc.
while oxidation s tabi l i ty  of the lubricant
may be an important fac tor  in performance, RB + 02 ~~~~~ R. + HOO. (b)
other factors  such as contamina t ion, metal

j ca talytic e f fec t s, etc. may also play a Propagation: R. + 0
2 ~~~~~~~~~~ 

(c)
s ign i f i can t  role in lubricant life arid bear-
ing failure. BOO. + RH —4BOOH + K. (d)

BOOH —‘-+ BO. + HO. (e)

FUTU RK WORK Termination : R. + K. —+ R — B ( f )

DEUTERATED HYDROCARBONS - Because of the R. + BOO. “$‘ BOOR (g)
very promising results indicated above, we R. + RO.—*BOR, etc. (h)
are planning a vigorous program to investi—
gate and exploit the full potential of these
novel lubricants. Initially we shall exam— The more difficult the ab.,traction of the
m e  various hydrocarbon oils and greases, hydrogen from the original mater ia l  RH
Bearing tests, oxidation stability, impuri— (Reaction d), by the peroxy radical ROO’,
ties and effects on metal surfaces will be the slower the overall oxidation or degrada—
ascertained as a function of temperature. tion rate. Replacement of hydrogen by deu—
Several laboratories will conduct indepen— terium would be expected to slow down this
dent measurements on a variety of different rate. In general , the order of stabi l i ty
species of full or partial deuteration (ran— of carbon—hydrogen bonds is primary >

dom and site—selected up to 99%D). A com— secondary > tertiary. The model ester shown
prehensive examination of the economics for above contains primary and secondary , but no
various applications will be carried out. tertiary bonds. Sites of potential oxida—

Table 1 — Relative Oxidative Attack on the Various C-H Bonds in Neopentyl Hexanoate

Method of Relative Rate
Type of C—H Bond Sites Calculation (Av. + Std . Dev.)_

Primary E,F — (1.00)

“Normal” Secondary 13 ,C, D l2 (B+C+D)/6 (E+F) 15.2 ± 1.4

alpha—Acyl Secondary A l2A/2 (E+F) 1.8 ± 0.2

alpha—Alcohol Secondary G l2G/2 (E+F) 4.2 ± 1.2
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tion are given by the letters A — G, with penyl—l—naphthylamine in which the active
E and F bei ng pr ima ry bonds and the remainder hydrogen is replaced by deuterium in one case
secondary bonds. In Table 1, it is seen and all of the hydrogens are replaced in the

tha t the “norma l”  secondary bonds, B, c, second case. The effect of these antioxi—
0, are about 15 times more susceptible to oxi— dants on a model ester and its deuterated
da tive a ttack than are the pr imary  bonds , and analogs under various oxidation conditrnns
that the remaining alpha—acyl and alpha—alco— would be ascertained . From the inforrrdt~~on
hol bonds are 2 and 4 times more susceptible, obtained , we expec t to sort out some of the
respectively, parameters which affect these systems.

We plan to selectively deuterate neo—
pentyl hexanoate (or similar ester) to de-
termine what degree of improvement in oxida- OTHER PROPERTIES

tion resistance results . In the above exam— -
ple , deutera tion of the “normal ”  secondary The surface propnrties and surface re—
hydrogens is obviously indicated as a first activities of these deuterated fluid:’ Wili
step. Isotope effect theory suggests that a have a critical effer.L on ~he ir  beraav ior  as
perceptable increase in stability would be lubricants . Surfac~ tension and wettabili ty
observed . The stability of the completely measurements will provide important informa-
deuterated ester would also be of interest as tion about the former. The orienta tion and
it would be a measure of the ultimate in- reactivities of the fluids on metal and
tr insic stab il iza tion wh ich could be achieved other surfaces will be investigated by
by this process. Struc tural modification of Fourier Transform lB and ATR techniques .
the model ester by more conventional routes, Fi na l l y ,  to brir.g into proper persper.—
i.e., replacement of selected labile second— tive the role of deuterated fluids in prac-
ary hydrogens by me thy l  groups will also be tical applications , we plan to life—test
pursued to determine the relative advantages selected mechanisms lubricated with deu—
of each. terated fluids or greases . Because of their

The effects of deuteration on lubricant present high initial cost, t sse !naterlalr
properties other than oxidation stability are would be used in conjunction with systems
also of practical importance . The isotope requiring small amounts of lubricant, such
effect may be expected to affect flash and as gu ’dance gyro miniature bearings , actu-
f i r e  points , pyrolytic stability , surface ating mechanisms, fan motors, etc. I t  is
tension, etc. From the data in reference ~2) 

conceivable that at a later date, they might
it is not anticipated that temoerature—vis- be tested in high temperature mechan isms ,
cosity relationship will be significantly such as small gas tu rb ine  engines .
affected .

DEUTERATED ANTIOXIDANTS - While the REFERENCES
effect of deuteration on the intrinsic oxida-
tion stability of ester lubricants is un— 1. A. A. Conte, Jr. and N. D. Rebuck ,
questionably impor tant , in the real world “Deuterated Fluids : Deuterated Synthetic
antioxidants are almost always employed in Hydrocarbon Fluid and Grease.” Report
working formulations to extend operational 77027-30, Naval Air Development Center ,
life. The primary effect of the antioxidant Warminster , PA (1977).
is to interrupt the rate—determining step in
the autocatalytic oxidation process (Reaction 2. N. D. Rebuck , A. A. Conte , Jr.,
D): and L. Stallings , “The Ef fect of Deuter ium

ROO. + AN ROOH + A 
Exchange on a Syn the t i c  Hydrocarbon Lubr i—
cant.” Trnns. ASLE , Vol. 20, 108 (1977).

Here AN represents  an an t iox idan t  with H
being the active hydrogen. In general , the 3. K. B. Wiberg, “The Deuterium Iso—
radical A is less reactive than K , thus tope E f f e c t,” Chem. Rev., Vol. 55, 713 ,
slowing down the overall degradation process. (1955).

Some studies have been made of the deu-
terium isotope effect on an antioxidant 4. P. J. Sniegoski , “Selectivi ty of
ac t iv i ty  ( 5 )  when deuter ium is substi tuted the Oxidat ive Attack on a Model Este r Lub —
for the active hydrogen. Since deuterium is ricant,” Trans. ASLE, Vol. 20, 282 (1977).
less easily abstracted than hydrogen , it
might be expected that the deuterated anti— 5. K. 3. Shelton , E. T. McDonel, and
oxidant should evidence diminished effective— J. C. CLCT)O, “A Study of the Deuteriuxn Iso—
ness. On the other hand it might be metered tope Effect in Antioxidant Activity ,” J.
out more efficiently, and so last longer. It POly . Sci., Vol . 42 , 289 (1960).

was found that in evaluating the effective-
ness of amine—type antioxidants with buta—
diene-styrene copolymers, in which the active
hydrogen was replaced by deuterium, the di-
rection and magnitude of the isotope effect
was influenced by (1) antioxidant concentra-
tion; (2) oxidation temperature; and (3)
nature of the antioxidant. There may also
be side reactions such as hydrogen—deterium
exchange which serve to obscure the isotope
e f fec t ,  or direct oxidation of the anti-
oxidant to initiate new chains . To sort out
these various parameters, we plan to prepare
analogs of the widely used antioxidant
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surfaces and to abrading of other portions of the sur-
face by trapped wear debris.

NA 1 ION AL P F R S P E ~TlVES ON WEAR —— THE ALLOY QUESTION Nitrided cases are harder (above 1000 liv), but

I ‘iery thin (about 0.4 mm) and can w i t hsta n d  onl y modest
Douglas V. Doane compressive load. This Is compensated f or by providing
Climax Molybdenum Co. of Michigan . a subsidiary of a supporting micro struc ture of tempered martensit ,- In
AMAX inc . a steel which resists temper softening at the nit r iding
Ann Ar bo r , Michigan 48105 temperature , in the range 550 t o  650 U , depending on

the process emp loyed . Steels used in ni tr i d in g usuall y
contain 0.3 to 0.4% C to provide a strong but toug h
supporting structure , about 1% Al to aid nitrogen dii—
fusion and to provide a higher hardness at the surface ,
and are usuall y all oyed with 0.5 to 1.0,1 Mn for harden-

- 
abilIty, 1 to 1.5% Cr and 0.15 to 0.45% Mo. The ch rom-
ium and molybdenum levels are chosen not onl y to pro-
vide hardenabil ity (to assure a fully marteos itic

ABSTRACT struc l ire in the part after q u e n c h i ng  prior to nitrid—
ing). but also because both alloys assist in ret aining

Met~il1urg ica1 requirements for resistance to both good hard iess during tempering b e f o r e  f i n a l  m a c h i n i n g
metal—to—metal wear and abrasive wear can usually be prior to nitriding, a nd d u r i n g  the  n i t r i d i n g  p r ( ess.
d e f i n e d  in te :ms of microstructere . Alterna ive Alternate alloys are limited because of the several
approaches can be developed to achieve the desired metallurgical requirements mentioned above. Nickel
microstruct ores , including alternate alloys. Alloy and additional mang,nese can be used in p lace of part
c~ mbinations can be varied to provide the appropriate of the molybdenum , with some sacrifice to tempered
microstructure within practical limits of section size hardness.
and heat treatment capability. Alloys can be used to Carburized cases are deeper (ranging from 0.7 to

J alter the merphology and hardness of carbides in wear 1.5 mm ) resulting from processing at temperatures In
resistant high—carbon alloys. Hardness of the abra— the range 900 to 95’) C prior to quenching. The struc—
sive influences the micro structure required to resist tore comprises high carbon martens ite (about 800 NV)
rbrasior.. Practical wear resistant alloys must possess at the surface , gr aduall y reducing in carbon conte t
aae

~

uate toughness to withstand the service conditions , and hardness until the base metal or “core ’ is rea~ hed .
The case depth , core c a r b o n  c o n t e n t , and h a r d e n a b i l i t y
are usually selected on the basis of the mechanical

METALLURGICAL CHARACTERISTICS of mating surfaces to properties and residual strenses rec4,iired by the
resist metal—to—metal wear or of surfaces subjected design. Techniques have been developed to tailor
to abrasive wear will be the focus of this paper. It the alloy content of a part to meet the metallurg ical
has been observed that if the desired microstructure requirements. These are discussed in detail in a
can be established , there are usually alloy systema series of articles by Breen and coworkers (la). The
that can provide that microstructure , thus providing system requires preselection of limits on each alloy ing
alternative alloys for a given wear problem . Examples element , baced on known processing characteristics and
will be given of some alternative alloys and their property requirements. Once these limits are esta—
possible limitations in terms of wear resistance or blished , the computer provides a series of alternate
other properties that may influence performance, standard steels or will suggest the lowest cost a l loy

Obviousl y ,  if a mechanical  system is adequatel y combination . The system can be used , and has been
lubricated , two opposing components should not wear , used , in irstancem involving unavailability of a pre—
In machinery design this is the desired goal , and may ferred standard steel.
be achieved during a large part of the operating life
of the machine; but the small percentage of time that HARDFACING ALLOYS — An effective method of corn—
involves marginal lubrication under high unit loads , batting metal—to—metal wear under unlubricated condi—
or in terr up ted lubricat ion , provides the conditions tions is hardfacing the working surfaces. These
for concern about metal—to—metal wear. There are also hardfaced deposits contain a substantial percentage
many unit operations in which no lubrication Is pre— of hard carbides in a matrix that resists galling and
sent. The mining and milling industry provides many se1~.Ing. Some of the most effective hard—facing alloys
examples. In these appl ica t ions , control led abrasive are cobalt—based. In partial answer to the recent
wear Is encountered . Loss of metal from the work of sharp increases in the price of cobalt , nickel—based
comminution is expected to occur; the rate at which alloys are being developed as substitutes. Such sub—
It occurs defines the period of operation before re— stitute alloys probably will need to be tailored to
placement parts must be installed , specific applications , because there does not seem

to be a general understanding of the relative con—
META —TO—METAL WEAR tribu’:ion of matrix strength , work—hardening character-

istics and primary carbide hardness and morp hology to
This section of the paper will be restricted to a the wear resistance of hardfacing alloys . A compari—

few of the more common metallurgical systems used to son of one such N i — C r — M o — C  a l loy  wi th a Co—Cr- W— C
combat wear under conditions of marginal lubrication , alloy , which has had wldn usage , was recently described
These examples will be sufficien t to point out the by Whelan (2). The cobalt base Alloy No. 6 contained
opportunities for alternate alloy design . 1.2% C, 29% Cr , 4.5% W; the nickel base Al loy XN—930C

CASE—HARDENED STEEL — The most frequent method contained 2.0% C, 0.5% Mn , 1% Si , 30% (r , 9% Mo, 3% Fe.
of limiting loss of metal from two marginally lubricated Hardness values were the same at room temperature
mating steel su r faces  is to provide high surface hard— (416 NV) and at elevat d temperatures the nickel—based
ness. One way that this can be done is by introducing alloy exhibited somewhat higher hardness. Wet sand
either nitrogen or carbon or both into the surface of abrasion test volume losses were nearly equivalent.
low—alloy steels. This is done by diffusion processes In thrust washer wear tests against AISI M2 tool
at elevated temperatures . The objective is to provide steel , wear volumes were less for the M2/XN—930C pair
surfaces that will not gall or seize , because once than for the M2/Alloy No. 6 pair in tests both at room
these incipient welding situations occur , wear accel— -

- *NIJulibers in par :’ntheses designate References at end
erates rapidly due to transfer of b a a  to adjacent of paper .
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temperature and at 425 C, indicating superior perform- p~..
ance f r  the  tool  s t e e l/ n i c k e l— b a s e  a l l o y  p a i r s .  -~~

Field evaluations are currently i f l  p r o g r e s s .  I t  is  - -

l i k e l y  t h a t  su i t ab l e  n ick e l—b a sed  h a r d f a c i n g  a l l o y s  -

i a n  he d e v e l o p e d  to function as effectivel y and at - .

much lower costs than the cobalt—based alloys.

ABRASI VE WEAR -

Both steels and white irons are used extensivel y 
- 
‘t I

in applications involving abrasive wear. Investiga-
tions over the years have revealed useful re l ation-

C .’ships between micr cstructure and resistance to abra-
sion. For most applications Involving abrasive wear ,
the mechanical properties , particularl y impac t resis—
tance , of the material must also be considered , and
accomodated in the  equi pment de s i g n .  The level of im— - -

pact usually dictates whether a part can be made of -

ste~-l or of white iron , a l t h o u g h  w h i t e  i r o n s  a r e  used
in servi e which appears , at first , to  i n v o l v e  h igh
leve l s  of impac t l o a d i n g .  For e x a mp le , w h i t e  i r ons  Fi g. 1 — Hammer mill used f r  c-rus h ing inIc--$ t -ui
are used for hammers in impact crushers , Figure 1,
and as concave liners in gyratory crushers , Fi gure 2.
Needless to say, design parameters influence such

f r i  t i re  s t r e n g t h  of the materials of construction .
a p p l i c a t i o n s, an d u n i t  f o rces  are  kep t  w i t h i n  the  -

Table I — Hardness of Minerals and Microcons tituents

Hardness
~~~~~~ Hv 

‘1~ 
-

Mineral
lalc 20 ‘

Carbon 35
Gypsum 40 36 

-
.

Calcite 130 140 -

Fluorite 175 190
Apatite 335 540 4

Glass 455 500
Feldspar 550 600—750 

~Magnet ice 575
Orthoclase 620 •
Flin t 820 950
Quar tz  840 900—1280 -

Topa z 1330 1430
V.Garnet  1360

Emery 1400 
- pCo rundum (aFimina) 2020 1800

Silicon Carb ide 2585 2600
Diamond 757~ 10000 . -

Material or Microconstituent s
Ferrite 235 70 200 Fig. 1 — In s t a l l i n g  concave liner in gyratorv crusher
Pearl i t e , unal loyed 

- 
25 0—320 used f o r  p r i m a r y  c r u s h i n g  el  or e

Pear l i te, alloyed 300—460
Austeni te , 12% Mn 305 170—2 30 INFLUENCE OF AB RASIVE HAR I)NESS AND M% CF , O ST RU CT U gE
Austenite , l ow al loy 250—350 ON WEAR — The hardness values I mi c r o c o n s t i t u e n t s  as
Austenite , high Cr iron 300—600 well as the hardness of miner als which t ic - abrasion—
Mar tensi t e  500—800 500—1010 resistant tons and steels Ire used to onmcinute or
Cementite 1025 840—1100 contain are sh own i n  T a b l e  1 (3). White - - 15 1 irons
thromitun Carbide (Fe,C r ) 7 C3 1735 1200—1600 represent a composite of hard c i r h i d s and a metallic
Molybdenum Carbide IIo2C 1800 1500 phase. In low—chromium white Irons the carbide is
Tungsten Carbide  WC 1800 2400 cement i te , M 3C , w i t h  a ml r i c i r I n e s q  in the  range 850—
Vanadium Carbide VC 2660 2800 J !q() N V. I i  i rons cont aining more t han ob ’ut 10% ~r ,T i t a n i u m  Carbide TIC 2470 3200 the p r i m a r y  c - arl id , is  M 7~~-1, w i t h  a microhardness in
Boron Carb ide B4C 2800 3700 the range 1200-1600 NV . Newly developed white Irons

a
T I l  val ues, contain primary vanadium carbide , VU , ~ it h a micro—

hardness  of abou t  2800 LI V.  The metall ic phases in
these  irons range  from p i r li t e , w ith a m lcrcchardness
in the ran ge 250—4 ,0 LI V , t austenit c , with micro—
hardness in the r i n g i  250—600 NV , t i~ inar ten s i t - , w i t h
a microhardness of 500 to over 1000 NV , depend ing on
the carbon content , a1ioy ontent and Ii ,  q u a n t i t y
retained austenit e .
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One r e c e n t  st u d y d e m o n s t r a t e d  t h e  ccl lc i i iu i- c f  - 
— 

, -

microstructure on wear ic , ,lci ,s ive~ c c l  d l i  t i - c l o g  c c l - -

I ncas (4 ) . A pin a b r a s i o n  test , gene r a ll y e c c o s i l - i c I f 3 5 _~~~ -
]

a h i gh stress abrasion t e s t , was s i - c l  ( 5) .  in this ~~~~~ - -- -~~~ -test a cy lindrical spec imen moves Icc k and fo rth in
n o n — o v e r l sp p in g  p a t t e r n  cc ross i f r i - s i c  clc r cs ive Cloth
while under a lciad c c l  6.8 kg (15 Ib). As it tr a v e l s , ~~~~~~~~~ ~~~~~~~~~

I 
the  p in also rotates around its Isis a t  20 r p m .  In
7 minut ss  the pin travels a distanc e c c l  12.8 to (504 

-
inches). After i run—in , the weig ht losses in two - — - - e t c
successive tests are averaged . A photograph during - 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -tests is shown In Figure 3. The abrasives used were : ~~~~~~~~~ t
’
~~c

garnet wit h a mic r oh a r d n es s  c f  ab u t  I ( I I )  NV clumina 
O C (II I cMA~~~N c Tc ~

with a microhardnesa of about 1800 NV and silicon ~~~~~~~~~~~~~~~~~~~~~~ i i
carbide , wit h a microhardness of about 2600 HV. The ISC ’-3M o/HT cMARTENS1 T IC c ,

stee ls and Irons tested are listed in Tabl e 2. Condi—

I tion of the material s and their hardness and micro— I - - -

- IOC -iMo-IC /A C & SR IAU T F R I I i C
structure are given in Table 3. Wear , in terms ci
specimen wei g h t  loss , is shown in Fi gure  4 f o r  each ___________________ I

of the materials and abraslvis. ~~~~~~~~~j go~ 2yo Ic~~cso w RT ER ctc C c

I ~~~~~~~~~~~~~~~~~~~~~~~ 
I

- -
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 2 tCi-2MiJA C A S 1  AU t R c I c C c

~~~~~~~~~~~~~~~~
- 21C,-2Mo/ 14 T MART R S i T c C c

I 
_ _

7oc ,Ac PFA RL IT c C c
- -I

I 0 10 20 ~~ 60 70 Jo Jo
W (AR , ,q

Fig. 4 — Influence of various abrasives on wear in a

I — group of ferrous metals subjected to abrasion
in t h e  p in t e s t

$ “0

, 

-

4 -~~~ ~~~~~~~~I ~~~ %~~~•i5~,
(~~~

I ~~~ i t1l5,0 .
~
‘

~~.- i.e5 . -

I ~~~~~~~~~~~~~~~~~

PIg . 3 — The specimen , specimen support , and the abra—

‘ 
give during pit abrasion testing

Table 2 — Chemic a l Compos i t i on  of Stee l s  and A l loyed  W h i t e  I r o n s

Element (%)
Alloy Designation C Si Mn Cr Mo Ni  Cu

AISI  l020~ 0.20 0. 2 0.5 — - - —
AI SI lO 9O~ 0.90 0.2 0.7  — — — —
4Ni—2Cr  3.36 0 .53  0.49 2 .0  0.14 3.90 —
6Nj— 9Cr  3 . 2 2  1.77  0 .55  8.9 0.04 5.86 —

5Ni—8Cr 2 . 8 5  1.67 0.46 8 .2  0.07 4.86 —

l SCr—3Mo 2 . 7 9  0.50 0.66 14.5 2.58 — —

- 20Cr 2.64 0.64 0.81 19.8 — 0. 15 0.06
l8C r—2M o — l Cu 2 .96  0.52 0 .79  17.5 1 .55 — 0.98
2 7Cr—2M o 2 .65  0.48 0.83 27.1 1.87 0 .16  0.06

aN I l  compos it ion

I
I
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Table 3 — Condition , Hardness and Microstru etcire . of Steels an,’ Irons

Hardness Predomi tant Microstructural
_ _~~~~ij~~~~ tal a 

— (HV 30) -
AI SI  1020 CR 224  F e r r i t e  and Pearlite
AI SI  1090 Q and T 735 M a r r e n a i t e
4Ni—2Cr AC and SR 700 Aust~’nlte and M3C
6Ni—9Cr AC and ER 433 Austenite and M7 c 3
5N --8Cr HT 7°9 Martens ite and M7C3
lSCr—3Mo HI 828 Martenslte and M 7C3
20Cr AC 98 P e a r l i t e  and M 7 C 3 -

l8Cr — 2Mo— l Cu AC ]rcd SR 496 A u s t e n i t e  and M7C 3
l8Cr—2Mo—lCu NT 780 Martenalte and M7C3
27Cr—2Mo Ac and SR 558 Austenit e and M7C3
27C r —2 M o NT 765 M a r t e n s i t e  and M 7 C 3

a
me condition of a material is identified by letter codes:
AC and SR , as—cast  and stress relieved; CR , cold rolled ;
NT , heat treated (by a u a t e n i t i z i n g  and a i r  cool ing f ol lowed
by stress relieving) ; Q and T, quenched  and tempered .

It is evident f rom Figure 4 that with a high hardness It has been possible to simulate in the laboratory
abrasive (silicon carbide) the range of weight  losses the cooling rates in massive sections , using very smal l
is narrow ( w i t h  the exception of the 1020 steel) and specimens in a quench d i l a t om e t e r .  The transformation
the amount of wear is high. When softer abrasives are kinetics can be observed on continuous cooling, and
used , the weight losses for the austenitic and marten— the microstructure and hardness of the as—cooled spt-
sitic white irons were significantly lower relative to imen can be measured. Continuous—cooling transform s —
the steel.  This is to be expected since the hardness tion diagrams have been determined for a series of
of the sof te r  abrasive approached the range of hard— 17.5% Cr irons containing additions of molybdenum , s i l—
ness of the ca rbide phases in the whi te  irons . Note , icon , manganese , nickel and/or coppe r (6 ) .  Hardness
however , that  garnet is ha rd r e l a t ive  to the steel of as—cooled specimens was also plotted as a function
microconstituents, and it abrades steel nearly as of log half—cooling time , a measure of cooling ra te .
aggressively as alumina and silicon carbide. Garnet One such extended “hardenabili ty” diagram is shown in
has been selec ted fo r  most pin abrasion tests at the Figure 5. Superimposed on the diagram are half—cooling
Climax laboratory be ca use it  more nearl y represents  time values at the center of air  cooled 50 mm diameter
mine ra ls encountered  in hard rock m i n i n g  and m i l l i n g ,  and 300 mm diameter rounds .  Also , the 800 HV hardness

The wear resistance of the white irons was greatly line is dashed f or emphasis. The objective in heat
influenced by the metallic matrix structure , When treating a tqhite iron is to a t t a i n  a hard martensitic
garnet is used as the abrasive , the heat treated matrix structure throughout the section , because in
15/ 27Cr — 2/3 M o irons exhib i t  least wear .  Next in abra— service the par t may be worn well below the cen te r  of
sion res is tance  are the as—cast  ( a u s t e n i t i c )  versions a section before it is discarded.  Hardness a t  or above
of the same irons . When alumina or silicon carbide 800 ‘-IV usually results in the lowest wear rate , there—
is used , austenitic irons exhibit less wear than mar— fore it is an additional objective to attain that hard—
tensitic irons . The as—cast austenitic Ni—Cr irons ness in the martensitic irons .
are alte rnates that  are considerably be t t e r  than
p e a rl it i c  20Cr irons or steels f r ee  f rom p r i m a r y  car— HYlO
bides . In the event of chromium shortages , these lower
chromium white irons will be favored . 1000 , I T i  I

Another white iron currently being investigated
is one in which vanadium is the principal carbide
forming  element .  The VC carbide  is discontinuous and 800 — — — —  —

blocky,  and p re l iminary  tests indicate  tha t  higher 17 .5Cr- l Cu- l .S
toughness can be a t ta ined  at  high hardness levels in
heat treated vanadium irons. A promising composition 600
is one con ta in ing  2.6% C, 6% V , 3% Cr and 1.5% Mo.

__ 

1\H

The chromiu m and molybden um are required to ach ieve
a martensitic matrix in the iron. The composition is 400 ————1-—----- -__________ ___________

more expensive than high—chromium irons at the present 300st ime and w i l l  be developed for certain specialized . (2 i n )  ( 12 in . )  -

applica tions. 
_________ _________ _________ _________

IRONS — The alloy requirements to assure freedom from
MICROSTRUCTURE CON TROL IN HIG H CHROMIUM WHITE 200 17 • I • . ,pear l i t e  in 15/27% Cr white irons have been studied

extensively  by Climax and by o the rs .  A8 was evident 0 - ________ ________

1 10 100 1000 10,000 100,000
in Figure 2 , large castings, and many of them , are 

HALF C00LI~~ T I M E , SECONDSneeded in ore crushing and grinding. Rep lacemen t of
the castings results in undesirable interruptions in
ore produc tion as well as high cost in materials and Fig. 5 — Hardness versus halt—cooling time for a white

labor . Alloys are costly, but i t  is even more cost ly iron containing 2.9% C, 0.8% Mn , 17.5% Cr ,

to put a casting in service in a condition that will 1% Cu and 1.5% Mo austenitized at 955 C

resul t in premature failure or rap id wear. (1750 F) and c - ccc,led at various rates
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It is evident tha t the iron c cntain lng 1% Cu and -
1.5% Mo p r o b a b l y wili not quite achieve the desired
hardness in a section equivalent to a 300 mm diameter, ~

‘
, ~ ~~

- - F .~

I and there are many mill components of that section size -

or larger. The r e f e rence  provides several alloy com— ~ ~ g- ¶
c

binatlons t h a t  w i l l  e x h i b i t  more than 800 HV to a t  ~ ~ I e
least 8000 seconds half—cooling time . These Irons - c-s I
contain the same base composition of 2.9% C, 0.75% Mn, ~I 17.5% Cr and either: “\

- \
‘
~ ~ ~ Ii /

2.9% Mo or “, - -0.6% Ni  + 1. 4% 1-lu or - — 
16SRuIb 

- -

1 
l.l% Ni + l.4% Mo .~ 

- -

W Irons wi th h igher nickel contents do not achieve th e ~
800 NV hardness at all lower values of half—cooling -

I 
time , so that in p o r t i o n s  of a c a s t i ng  w i t h  f a s t e r  - - -- ---

~~~~
—

cooling rates they will not e x h i b i t  the  des i red  h a r d —  -

ness .  This is a lso the  case w i t h  i ron s  c o n t a i n i n g
1.5 or 3% Mn and 1.5% Mo.

The same irons were studied in the as—cast condi—
j  tion to define the alloy content required to suppress Fig. 6 — interi or cf 2 . 7  to (9 ft ) d c i z c c  c c  i l l  m i l l

pearlite or other hi gh t e m p e r a t u r e  t r a n s f o r m a t i o n  con-
stituents in various cast sections (7). Each iron waa
cast as a 30 mm dia bar , a 25 nun thick Y—block , a
50 scm thick Y—block , and a second 50 mm thick Y—block$ which was cooled to simulate the coo1ini~ rate of a

- - 100 mm thick casting. Hardness and m i c r o s t r u c t u r e
were determined on specimens from each cast section 

-

- 
of each iron . For the purposes of this paper , i t  will

I suffice to tabulate the alloys which exhibited less
than 5% high temperature transformation in the simu— 

- - . -

lated 100 mm thick casting. The irons contained 2.9% -
~ 

- 
- - - 

‘

C, 0.75% Mn, 17.5% Cr and either: 1 . ~ - 
-

1 1.52 Mo + 1.0% Cu (or more) or - - - 
-

1.4% Mo + 0.6% Ni (or more) or
l.5% Mo+3 .1% Mn o r  -

0.5% Mo + 2.1% Ni - - - a ’~~
’ 

-

All irons exhibited hardness In the range 550 to 597 -

RB. ~ 
-

TOUGHNESS 4ND ABRASION RESISTANCE IN HEAVY SEC— ,. -  -

I TJON CAST STEELS — Many mining and milling app lications -
involve severe enough conditions of repeated impact -

t ha t  white  irons cannot be used . Some large grinding
mills require combinations of white irons and steels.

I A 2.7 to diameter ball mill of the type shown in Figure
6, is an example of an ore grinding mill in which feed—
end liners and feed—end shell liners can be constructed Fig. 7 — I n t e r i o r  of 11 m (36 ft) diameter autccgenacis
of heat treated Cr—Mo white iron , but discharge grates grinding mill
and discharge end shell liners must be constructed of

‘ 
cast steels-of controlled toughness , to wi ths tand the
repeated impact of gr inding balls as large as 85 mm Table 4 — Wear Rates of Lifter Bars in Aut cgen c cc s M i l l s
diameter . The constant bed of ore in the f eed—end  G r i n d i n g  Taconit e A

cushions the liners f r om direc t impac t of the ball s,
a bu t the discharge end can some t imes be dep le ted in Wear Rate

ore, and the balls then impact the liners. Material Lb/Ton Ore k~j/Mg In

Some large grinding mills such as the 11 m dia— Oil—quenched and tempered mar- 0.380 0 . lt - t
meter mill shown in Figure 7, depend on lumps of ore tensitic steel (0.4% C)
to serve as the grinding medium . These autogenous
mills do not encounter as severe impact conditions , and Pearlitic Cr—Mo steel (0.9% C) 0.550 0.275
white Irons can serve as liners. Comparative wear rates Alloy white iron (15% Cr— 0 .254 0.117
of three liner materials sre given in Table 4 for a 

~ Mn)
different large mill , and demonstrate the improvement (

i obtained with high Cr—Mo iron when it can be used. *MIll diameter • 8 .2  to (27 ft)
I When 125 ~n diameter steel balls are added to Mill power 4265 kW (5720 hp)
• incr c~~~e throughput in large mills , the impact con—

d i - - - are severe , and steel liners are required.

I 
The ,.y liners in these “seml—autogenous” mills are
ma d’ • ‘cm tempered martensitic steels, with hardness
in  the  rang e  350 to 400 HB. Because of the desire to
improve itner lite In these large mills , programs are
in  pr o gr e s s  at this time to compare , in laboratory

I and f i e l d  teSts , various candidate steels including
the pearlite Cr—Mo steels, austenitic 6Mn—lMo steels ,
au.tenitic 6Mn—lMo steels , and martensitic Cr—Mo and
and mar tensitic C’-Mo and Ni—Cr—Mo steels.

1 
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in one current investigation, the properties of higher temperatures (for faster dir fusion) and more
commercially produced 0.45% C. 2% Cr , 0.5% Mo steel sophisticated furnaces and instrumentation, The
were compared with t’eavy laboratory plates cast from development is long—range and there will be time to
3% Cr , 12 Mo steels containing 0.35% and 0.452 C. The test new materials for compati bi lit y with , ti,, new pro—
objective of the program is to provide adequate tough— cessing techniques if they prove to meet the goal of
ness at higher hardness levels to improve liner life. reduced energy and cost eftectiveness.
The fina l results will depenc on mill liner evaluation , HEAT—TREATMENT — Pe r iod ic and geograph ic short-
but the laboratory tests to  date provide interesting age’s of natural gas initiated e luc crt s to eliminate
clues. A summary of Charpy V—Notch energy results gas furnace heat treatments. In t h is authccr ’s view ,
is presented in Figure 8. the supply of n a t u ral gas will be met with the dev el—

opulent of pi pelines from hugt- arctic re-sources , so
t h a t  bleat tru-atment shou ld  be e l i min a t e d  o n l y  on t I .e
basis c c i  t c c t , u l  - c c S t  - - c f  lectiveness of t h e  c ompc,nentc SRT’ M~ Oacc r - .

____________________________________________ b e i n g  p roduced . One examp le is w h i t e  cast iron f u r

~~~~~ -- c. • i c  ~~~~~~ - 
~~~~~~~

—— - --———

~ 
1 massive or comp lex sec- I Ions . El im i n a t  Ion of high tem-

perature hsat treatment can reduce breakage and dis-
a . c~~ ,,,. i-~ - - c -  in -i~ 0 tort I cur , • and a 1 b y mod if I u -at lot, plus subcritical heat

‘- ‘Si
-~~~ c treatments can resuJ t in abrasive w e a r  re,istance

atm icat as gucod as in the c omponent given a full heatc- ,- - .. ‘c nc - a ’  
t r,-,l tmefl~

- COBALT — This a l l o y  is an example of one w h i c h
- ________ 

‘ • ° “ ‘• —  ~~
- - w i l l  be controlled by world—m arket pricing and po l iti—_ _L_ _I1iIIJ ‘carE cc i 

cally motivated shortages on a c ccn t inuing basis. The
- c c  

U n i t e d  S t a t e s  imports virtuall y all of its coba]t
supplies. Tnere Is no doubt that cobalt will be

i

~ 

available , but  I t s  f u t u r e  pr ice  may be somewhat un— 
nc c a r zc~ c c,cic c J ce,ca,x, ,n ,. - predictable. This situation justifies the continued— ______________________________ ‘carl -* ‘.n c i,i’-] e. n *n cm r c.oocc development of nickel-based and iron—based alternates.

______________________________________________ Such alternates may not be as versatile as the cobalt—
- i~ I i  based systems t h e y  are  des igned  to  rep lace , hut thecars,,,, Mcmii, . it I,

long—range need for the alternates is evident.
CHROMIUM - This a l l o y  falls into the same cate—

Fig. 8 — Char py V—no tch impact energy absorbed in 
gory as cobalt; esse’ntlally all chromium supp lies

Specimens cut from commercial and labora— 
are imported. At this time , however , ciiromium is

to ry cas ti ngs of thr ee cand ida te mill l ine r  
readily available . The Materials Advisory Board of

steels (OQ oil quenched , AQ air quenched , the Na t ional Academy of Sciences has recentl y issued
I tempered) a comprehensive report wh Ich recommends continued

search for alternates to chromium , so th-,t any future
It was evident that commerc 4.al castings , which are disruption in ,upp ly could be managed by reserving
performing without breakage , do no t have very h igh 

a~aiiable chromium for the most critical applications .
impac t energy levels; apparently a level of abnut 4J In wear—resistant alloys , alternates are either lessis adequate at hardness levels of 390 to 480 RB. Pre— eiiectlve or more costly, but are available.sumably higher toughness levels may be required to re— MOLYBDENUM — This alloy, which is mined princi—
sist fracture at higher hardness levels. The results pally in North America , is temporarily in tight supp ly
indicate that considerably higher toughness can be because of strong demand world-wide. Primary molyb—
achieved at hardness over 500 RB with the 0.35% C, denum productior. has increased significantl y in the3% Cr, 1% Mo steel. Such a steel is expected to pro— last three years; however , production of by—productvide a considerable increase in liner life and be even molybdenum from the copper industry has not increased .
more eost—effe tlve than the current liners. In fact , 1978 by—produc t molybdenum production was

5 mIllion pounds less in 1978 than in 1977, whIle 1978
CONCLUDING REMARKS primary molybdenum produc t ion increased 16 million

pounds over the 1977 level, improved demand for copper
A t the risk of over—simplification , s few ex— in the last few months shocld result in increased pro—

ampl es of the i n f l uence o f al ternc te a l loys  ~n metal— duction of by—produc t iIolybder.um . ?roduction from the
to—metal wear app l ica t ions and in abrasive vaar  sp p l i c a —  AMAX Henderson Mine reached 32 m i l l i o n  pounds in 1978 ,
t tonm were  selected to address the “Alloy Question”, and is expected to reach its capacity of 50 million
The author believes , that for many wear app lications pounds per year in 1980. ANAX has also announced that
involving large qo’antities of alloys , enough is known its Kitsault property in western Canada is expected
about the metallurg ical characterisitics required for to add 9 tc 10 million pounds annually beg inn ing in
acceptable performance so that admquate substi..utions 1 982. In add ition , primary molybdenum producecs , in—
may be made for current alloys, Up unti ’ qui te recen t eluding AllAY, are expected to bring in new mines at
t Imes , the incentive for alternate materials has been known deposits in the U.S. and Canada . New sources
based almost e n t i r e l y  on ope ra t ing  e f f i c i e n c y  ann cost— will require substantial investments in t ime and
e f f e c t i v e n e s s .  In the  last  decade , the  need to face money,  but  these inves tn,entg  w i l l  be necessary to
shortages of energy and materials has added new incen— sa ti s f y  the growin g demand fo r  mol ybdenum . Because
Elves to the  ques t  for alternate materials. ~ut the of the long—range stability of molybdenum supplies
needs must be put in proper perapec t i”e. Arc the espec ially with regard to domestic sources , there
shortages short—range or long—range? Do they result does not appear to be a need to develop alternate
f rom poli tical mo t iva t ion , changing technology, tem- materials which do not perform as well. Efforts to
porary limitations in production or graduall y dep le ted optimize the molybdenum content in wear—resistant
reserves? Let us examine a few materials and processes alloys will continue , with the objectis’e of maintain—
which were discussed in this paper because of thei r  ing or improving cost—ef fecti~ e performance.
technical contribution to wear resistance.

CASE HARDENING — New carburizing techniques are
being developed tic :educe the time and energy required
to produce an adequate csrburized case. Most involve
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‘,sF.AR IN E2c1EI~ V C~~VEF~ I~~I SYSTE7.E

W,A. Glaeser
Battelle t4srorial Institute
Coliattus, Ohio 43201

ABSTRICT CDJ’L SYSTE~E - Coal is abrasive because of its
mineral content . Al’j rninun oxide and silica are tvK,

In the search for r~~ energy conversion syst~ ius to abrasive constituents found in coal in varying anounts .
replace thoae dependent on short supply fuels, serious Western coals are nuch nore abrasive than Mid-~ ustern
prob1~~~ in wear control have been encountered . The or Eastern coal. Therefore, materials which may werk
nest severe problrns are found in coal gasification well in the East may deteriorate rapidly when exposed
syst~ tE where high teniperature erosion frcsn high to erosion or abrasion conditions with coal frcms Wyatnirag.
velocity hard particles ch~~.’s up valves arab e]Jxsws at It is i.riçiortant to distinguish between abrasive wear
an alarming rate arab abrasicn of coal handling arab and erosion because the processes are different enough
refining equi~ssent iralicates possible maintenance to require quite different approaches In wear control.
prthl~~s in full scale plants. Future transport of Abrasion involves trapping particles between tw~ stir -
coal may require coal slurry pipelines. Erosion faces arab by coving one surface relative to the other
prthl~ns in slurry pipeline systens present as yet causing the particles to cut and gouge the surfacos.
unsolved materials selection probl~ rs. Upgraded Usually, the particles ir*ed in the coving surface arab
conventional coal-fired rx~~ r generators present scratch or cut the stationary surface in contact.
potential fly ash erosion probl~ ts. i.cose particles will roll between the surfaces arab pro-

Fretting-type wear in water cooled nuclear duce rows of indentations or short scratch marks.
reactors is a continuing problGn caused by heat Erosion involves impact of particles carried in a
exchange tubes and fuel red vibration frail flowing coving fluid or gas against a surface. The impactsL coolant. - cause indentation or cutting depending on the angle of

ixrpingesent and particle velocity. Abrasion resistance
is roughly a function of the ratio between the hardness
of the surface arab the hardness of the abrasive parti-

BPCKG~~X}1D d es. The closer this ratio asses to unity, the
greater the abrasion resistance. Erosion resistance

The steady growth in the use of energy in this is influenc~ i by the velocity, size, and shape of the
country has net only plunged us into a shortfall particles , the angle of inpingesent and the yield
prob1es~ in fuel, bet has also considerably strained properties of the eraSed surface. Hardness of the sur-
the energy conversion systans to the point where face is riot necessarily a guarantee of erosion resis-
breakdowns arab failures have prcabuced significant tance.
dislocations in energy use • Wear is a significant In coal fueled steam generators, the more serious
contrihotor to the probl~ n. Although wear is riot as abrasion problese occur in coal pulverizer equiprent.
spectacular a failure nechaniam as fracture , it is Parts are made of N ihard , a nickel-chrcznium white cast
just as crippling to a machine arab often is more iron . (2) Since this material cones in se~reral grades
difficult t~ prevent. and structures , the best one for the abrasive conditions

~I\~ types of wear cause the most trouble in must be selected by trial . Parts that wear most rapid-
ei~~rgy systeils : abrasive wear and erosion . Serious ly are made to be replaceS.
abrasive wear is usually associated with solid fuel Erosion by coal occurs in feeo pipes that deliver
processing equipient while eros ion is a serious the powdered coal suspended in flowinj air. Transport
problem in the developtent of high technclogy energy velocities are kept below 75-90 fpn arab high enough to
conversion systems, such as advanced coal gasification keep the coal flowing through bends and vertical rises.
plants. In a stu3y by the National ~~ adeny of Sciences , Erosion probless are the nest severe in pipe bends
it atralts~ed in 1977 that , “The design &cisions which where particle inpingetent occurs. Owing to the geo-
must be made to have an energy conversion plant cperate netxy of a pipe bend , the inpingeient angles change
for more than 20 ,000 hours without a major and costly along the flow path fran entrance to exit. The varia-
shutdown due to the failure of a c~itical aslp)nent are tion in inpingesent angle causes concentration of wear
not possible at the present time.” U) * The xmpDnent loss arab rapid penetration of the pipe wall in localized
failure referred to has a high probability of being areas. Experiments with air-blown sand have deionstra-
erosion or erosion-corrosion related. ted this effect quite graphically . (3) worn pipe bend

~.t)st notable among energy conversion systems in sections are slxz~n in Figure 1 together with a diagram
which significant wear problems are present are coal slu~ing the location of the penetration of the ellxxa.
systems, nuclear ixseer plants , arab trash-horning Even tkxxigh the pipe subjected to erosion by 23C pffi

pc~~ r plants. said showed larger total weight loss , the pipe eroded

*Nizrbers in parentheses designate l~~ferenoes at end of
papor.
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with 70 ~zn said was more severely damaged owing to Fly ash fran coal cartust ion is much more erosive
perforation . The erosion process is asiplex arab de- thati coal since it is concentrated mineral prtxiucts
perds on hardness, sharpness , size of particles , fran the coal. ‘l~~ f ly  ash can cause erosion problems
particle velocities, impact angles, arab tendency of in fluidized bed coal-horning furnaces , ecorxsnizer
particles to follow flow lines or flow disturbances , baffles , draft fans • arab cyclone separators. In s~~Te

cases, ceramic wear plates are the only solution t~
severe f ly ash erosion.

— a possibility for the future. If core coal is substi-
tuted for scarce oil arab gas aid large coal qasification

—- arab liquification plants are operated , the volume of
— coal transported fran the mines will thcreasi~ sharply
— over current experience. One way to move large amounts

— of coal long distances witlrsit traffic control probl~me
- — is by mixing IxMderei coal in water in a slurry arab

— psiping it through pipelines. Aside fran the very
difficult problem of water rights involved in wostern

— states , there are very serious potential erosion prob-
- — lens. Current experience at the Black Masa/Arizona

— Transportation of the coal by slurry pipelines is

- slurry pipeline (18 inch , 5 million tons/year ) has shown
that pipe erosion problems are mininal if flow veloci-

1’ — ties are maintained at levels just high enough to keep
the coal in suspension . The minimum settling velocity
depends on the particle size distrihotion arab the den-

— sity of the design slurry. Velocities are currently
maintained at aJxiut 5 fps . Considering pipelines pro-
j ectel for the future ‘~there throuqhppts will be ten

— times the Black Masa experience, flow rates may have to
increase to levels where pipe erosion will beasre a
real problem. Design of pipelines will be difficult
because of the unpredictability of erosion rates.
holent flow in slurries can cause localized substantial
velocity increases with undetermined acceleration in

Bend wear photographs showing bends in which (a) erosion. ( 4 ) Erosion damage is most sensitive to velo-
115 g was erodeS by 230 lAm said at a phase density of city. Erosion rate is an exponential function of ye—
1.0 arab a velocity of 32 ne~-1 aid (b) 44 g was eroded locity arab the exponent can go as high as 4 for sans
by 70 lATh sand at a phase density of 3.0 and a velocity brittle materials . In akUtion to pipe erosion , the
of 26 m e .  slurry preparation nguipsent is subject to severe

erosion problems. Pumps , valves, and centrifugal water
separators are the most vulnerable cxsnporienta. An ex-
ample of an eroded pmp casing fran a coal slurry pipe-

~0
’ line is shown in Figure 2. ~~cently, tungsten carbide

1~ - --~~ — (K-703) has been used successful ly to asabat erosion
in coal-oil slurry pumps. (5) 1~ard facings for pump

-  service have included Stellite 6 aid plasma-sprayed
tungsten carbide. The best performer has been horided
steel.

\ Coal gasification arab coal liquification processes
present save of the nest severe erosion problems ever
encountered. The severity of the problem cxlres fran 

o high teri~.erathre as well as high velocities involving
“a‘. erosive fly ash arab char f ran coal. Gasifier vessels,

I flow lines , valves , aid solids renuval nguiprent are all
subject to difficult erosion problems. The National

(c) The outer bend wall wear profile of a bend ACadeff,j of Sciences study has reported, “In advanceS
that was erodeS by 70 lAin said at a phase density of 3.0 gasification concepts, operational experience is liiniteS
arab a velocity of 26 rms ’~ . to pilot plant operation with operation periods of net

- more than 200 hours. This is insufficient experier~~~
__ to uncover erosion problems which may be serious enough

in full—scale azisercial operation to shut d~~n the
~~~ ~~~~~ — syst~~~.”(l)

I In coal liquification systems, valving is a par-
/ ( ‘a - ticu.larly vulnerable casponent to erosion. High clif--t -

~ 
- ferential pressures result in high flow velocities

1/ - through the valve during opening. The liquid is at
S,

’ - - high tesperature arab contains entrained hard particles
• 

- fran coal decxsçosition. Materials like St.ellite 6
can be eroded in a matter of days . The hardest car-
bide and boride coatings (including advanced coating

(d) Pire section profiles at various bend angles techniques) are beix~ investigated for this severe
for t1~~ bend shown in Fig. 1(a) . service. Valve design is also beis~ reconsidered to

change inpingmsent angles arab reduce flow velocities.
Fig. 1. - I~ sults of Said Erosion Experiments

in Pipe Bends (fran Pu lls & Mason(3) )

71



~~~~~, —~ 
r ~‘~YZ~j7f\ ~

‘.f

~~ -~~: 
‘
~~~~ ‘~~

‘ ,~~~ ~~~~~~ . “
~~~~ ~~~ 4y$~ ~~~~~~~~~~~~~~~~“~ “.4 ,~.. ~ . . . 

‘-
“ .• — - 

~
.. t ~~~~~~~~~ ~~~~~i’e’a~~~• 

-
.

, .~ •~~~~~~~~~:~~‘~ ~~~~~~~~~~~~~

i~*~~i~i:• ~~~
.‘‘ ~~~~~~~~~~~ ~~~~~~~~~ ,C- ~~ £!~‘ fl ~~ f 4’ ~~~. ~~~~ ~~~~~~~~~~~~‘‘. .-. .‘ .

~
.

~~~
•
~.:,~L-:- ~~~~~~~~~ . ~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~ ~~~~~~~~~ 

‘
~~~

‘
11

~~~~~~~~~~~~ If 
- 

~a. l’. 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -

‘

~~
. ‘

~ ‘~ki~~- I ~~~~~ 
l 

~~ 
:,

• , 
~~~~ 

~~~~~~~~~~~~~~ ¶ II, II
. 

• • 
j

• . • 1~-.• -’ u l .

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Fig. 2. - ~~osicm of Stai.nless Steel Pump Casting
by Coal Slurry

FRETIING WEAR IN ~ )CIEAR I~~~R G~~ERMDI~ - Water
cooled reactors are subject to a fretting type wear
involving zirconium alloy fuel rods and Irxioriel 600
steen generator tubing. Fretting is a type of wear
resulting fran contacting surfaces in very email 

-amp1it~de oscillatory ruboing motion . ~ e ruhoing S

process produces a localized scar and releases debris . .~I~~1L
which remains trapped between the surfaces and which •

acts as an abrasive medium. The result is wear of
cclmpcmenta that are net intended to wear . Fretting in a~~
reactors results fran fuel rods and steam generator . 

, •
tube vibration caused by high velocity flow of heat • I •.transfer fluids. (%~ing to the temperature ranges seen ~. •by long fuel rods aid steam generator tubes, they must ~ .

‘ t~~’
be supported in a way to allow for thermal expansion .
Therefore, spacers aid tube sheets that separate the
ele~ents must position the rods aid tubes, hot allow •_____

axial movemant. The rods and tubes rub arab impact
against the gliding surfaces pr~~uclng classic fretting
cxzditicqis. An exeiple of a fretted zir~~~ium alloy
fuel rod is shown in Figure 3. Severe fretting fran a
test on zircaloy in 550 F water is shown in Figure 4.
Once the ~~ditions for fretting exist, there is little
that can be done to prevent damage. Materials can be lOXselected to reduce the effect arab increase life, bat
the fretting carsot be eliminated. As a consequence, • • •

fretting has been a persistent problem in water ~ x led Fig. 3. - Incipient Fre ing on a Zir~~uLIn
reactors since water cooled reactors ware first built Alloy Fuel
for electric rx~~~r generation.
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can ho accelera ted by increasing particle velocity,
increasing taTperature, or increasing total particle
concentration. The use of any of these factors, how-s i -il, ever , can change the surface damage rsxle arab produce
misleading results. Just a change in the structure of
scale growing on an alloy surface by an increase in
teiperature can make an order of magnitude change in
erosion rate owing to the change in brittle behavior$ under particle impact. A change in yield properties
or fracture toughness of an alloy at elevated ti~npara--
ture can significantly influence the way in which
erosion progresses or the sensitivity to angle ofI inpingensrit. At thi s point , there are r~ reliable

2X rnst1~xSs which allow engineers to predict the effect of
arab interaction of operating parameters on erosion .

‘ 
Fig. 4. - Fretting Damage on Zircaloy Alloy 

Rese~jrch into the mechanisms of various wear

Specimens Tested under Simulated processes is being carried out. Sare progress is

Reactor operating Conditions in being made . However • if we want to solve our ene~ gy
550 F Water problems, hoth sPort arab long tens , much more research

Fretting in steam generators aid heat exchangers 
than is currently being done is needed.

fran flow induced tube vibration is prevalent. In the
newer designs for pc*~~r plants, flow velocities are high ~~~~~~~
arab flow induced vibration has becxsre a growing prob-
lem. Where carbon steel tube sheets are used ~~~ 1. Erosion Control ~n Energy Systems; Report of

fretting debris oxidizes and fills the clearance ~~~-. Ccninittee on Conservation of Materials in Energy

t~~en the tube aid the support cliannel imiilizing Systems Through the Reduction of Erosion , National

the tube arab saretimes causing pinching of the tube, Materials Advisory Board , Publ ication N~~ B- ’ 34,

restricting the flow of fluid through the tube . Re National Academy of Sciences , Washington, D.C., 1977.

search has s~xwri that increasing tube clearance with
resulting impact loading increases the fretting wear 2. Thinot , G.,  “Erosion aid Abrasion in Coal
rate. (6) Use of alternative materials such as Incoloy Fired Steam Generators” , ASTM/ASME Forum on Practical

800 aid t’bnel 400 has rot significantly altered ~~~ Erosion Problems in Fluid Systems aid Machinery, Paper
fretting damage trends. No. TIS—6209, June 1979.

In nuclear ~x~~~r reactors , material selection is
limited by corrosion constraints and neutron absorption 3. Mills~ D . ,  and Mason , J .S. • “Particle Size

properties . Therefore, fuel rod cladding has been Effects in Bend Erosion ” , !~ea~ , 44 ~1977), ~p 311—328.

limited to zirconium alloys. Trials with other mete-
rials (tantalum arab niobhnn) have shown little improve- 4. Glaeser , W.A. , arab Dow, T .A. , “Machanisms of

ment. H~~iever , recent experiments with ~~~t~~~ed 
Erosion in Slurry Pipelines” , Proceedings of the Second

atinum on Zircaloy have shown exceptional resistance International Technical Conference on Slurry Transporta-

$ - to fretting in high temperature water . (7) tion , March 1977, Slurry Transportation Association .

5. ~~~l1er , J.J., Wright, I.G., aid David , D.E.,
“Erosion Evaluation of Materials for Service in Liqui-
ficaticm Coal Slurry Feed Pumps”, Proceedings of Third

‘ 
Wear problems (especially high temperature erosion) International Conference on Slurry Transportati~~i ,

are slowing the develoçzrent of coal conversion systems Las Vegas , March 1978.
aid causing significant loss of continuous power genera-
tion in large coal-fired arab nuclear Ix~~ r generators 6. Xc. P .L . , “Experimental Studies of Tube
because of down tine for repair. The progress ii~ 

Fretting in Steam Generators arab Heat Exchangers” ,
solving these problems is slow because of the lack of ASME Paper No. 78-PVP- 22 , June 1978.
understanding of the beitavior of structural materials
under conditions of erosion , abrasion , arab fretting. 7. Eo~ P.L., “Wear of Zirconium Alloys Dae to
Selection of a better material is not possible because Fretting aid Periodic Impacting”, Proceedings of the
engineers do net ksa-~ of materials that are unguestion- International Conference on Wear of Materials, A~~E ,
ably “better” under high temperature erosion or fretting April 1979.

in 550 F water. Testing of materials under these con-
ditions has produced a body of data containing conflic-
ting results aid wide scatter in wear rates for the sane
materials. It is because we do rot understand the
nechaniere that cause surface damage arab release of
debris during erosion arab fretting that we cannot design

J 
proper test netI~~Ss to obtain design information .

These problems have net been widespread in the
past aid , therefore , little attention has been paid to
thorn in the engineering field. Rule of th~.ub or
“orsllvn sense” methods used to solve these problems
often result in no impro~~ nsnt or in wersening t&
situation. For instance, there is a need to test mate-
rials for coal gasification plants under antthiFated
high temperature erosion-corrosion conditions. Fran a
practical arab ecor~~nic standpoint , these tests must be
accelerated in tine since the real system must operate
for at least 10,000 hours. Erosion-corrosion can be
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~1EAR OF DENTAL TISSUES AND R€STOR AT IVE MATERIALS

John M. Powers a rid Rcber t  G. Cra i g
Schoo l of Den t is t r ,, U n i v e r s i ty of M i c h i g a n  - 4
Ann Arbor , Michi gan 48109

ABSTRAC F

A description of the clinica l wear of tooth
s t r uc tu re a nd res tora t i ve  ma te r i a l s  w i l l  be p resen ted
as well as a review of experimental methodology for  . - -~~
study ing wea of dental materials. Wear may result
from ph ysiological or patholog ica l cond i tions. Mech-
anisms of wear of ten are influenced by both chemica l
and mechanica l factors. Wear has been studied by
s e r v i c e  or c l i n i c a l  tes t i n g ,  simula ted service measure-
ments , model systems using wear instruments , acceler-
ited ag ing, measurement of surface failure caused by
sing le—pass sliding, and measurement of other FIg. 1 . - Wear of a composite restoration in an
properties. anterior tooth (Courtesy of J.8. Dennison ,

Univers i ty of Michigan , Schoo l of Den tistry)

C L I N I C A L  WEAR OF TOOTH STRUCTURE AND RESTORATIONS

Wear of dental tis sues may result from physio-
logical or patholog ical condi tions (l) **. The wear
resulting from norma l masticatory function is a
physiologic process termed dental attrition. Brux i sm
and xerostomia are the most frequentl y reported path-
olog i cal causes of wear. Wear also results from the - 

-

abrasive action of instruments used by the dentist to
finish restorations or to clean or polish the teeth.
Dentifrices used by the patient with toothbrush lng to
remove undes i rable surface deposits is an additional
cause for wear of denta l tissues.

Restorative materials in the -mouth are affected
by wear processes (2). Wear may be noticeable as the 4
slight loss of marginal contour of an anterior restora- - .,~
tion (Fig. I) or severe as seen when gold restorations
oppose porcelain denture teeth. Some restorative
materials , such as porcelain and chrom i um—cobalt alloys
may cause wear of opposing natural dent itlon . Exces-
sive wear rates can lead to failure of an appliance and
bring harm to supporting structures .

DENTAL ATTRIT I ON - Nor mal mas t i c a tor y function is
accompanied by the wear of occiusal and interproxima l FI g . 2. - Severe occlusal wear caused by denta l
surfaces of teeth (FIg. 2). AttritIon Is caused by attri tion (Courtesy of R.E. Buchholz ,
function of the teeth (3) and is more severe In prim l - Univers i ty of Michigan , School of Dentistry ,
tive than modern populations because of the nature of From J.M . Powers and A. Koran , Mich. Dent.
the aboriginal diet (tough meat and sandy , fibrous A.J., 55 :119-126 , 1973)
plants) and the use of the teeth for purposes other

~ Supported by Research Grant DE-O34l6 , National than eating. Attrition normally Is compensated for by
Inst itute of Dental Research , National In stItutes erupt ion of the teeth (4). When the rate of wear is
of Health , Bethesda , MD 20014. faster than compensatory eruption , changes in vertical

**N (Jmbers in parentheses designate References at end dim ension and occlusion can contribute to patho l og ic
of paper, conditions of the teeth and supporting structures . In

modern populations , caries and periodontal disease
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have replaced attrition as the causes of tooth loss numerous denta l tools or as slurries or pastes .
(5). In areas where the opposing teeth do not contact , Finishing and polishing of restorative dental materials
wear may be termed erosion, are important steps in the fabrication of cl i n i c a l l y

The attrition of teeth in sheep has been studied successful restorations. Polishing and cleaning are
for comercial reasons. Wear of the incisors of graz- routine procedures for maintaining the health of the
Ing sheep in New Zealand was more rapid on improved den t it ion. These procedures , however , can lead to
pasture than on unimproved pasture (6). It was sug- roughened ename l surfaces by the use of excessivel y
gested that chemical weakening of the teeth accelerated abras i ve materials. Prop hy lactic pastes and denti-
wear on the improved pasture. A correlation between frice s w i l l  be discussed here .
deg ree of wear and amount of soil i ngested by sheep has Prophy lactic Pastes - A dental prop hy lactic paste
been observed ( 7 ) .  should be sufficiently abrasive to remove effectivel y

BRUX ISM AND XEROSTOM IA - Bruxism is a nonfunction- exogeneous stains , pe ll icle , materia alba , and ora l
al mandibular movement that Is characterized by debris from the tooth surface withou t imparting undue
occasional or habitual grinding , clenching or clicking abrasion to the enamel , dentin or cementurn . Products
of the teeth (8) . L i t t l e  harm may result from mild containing mostl y quar tz and pumice show higher cleans-
br uxism ; howeve r , in sever e brux i sm tooth wear (Fi g . 3) Ing values but generall y resul t in greater abrasion to

th enamel and dentin (13). Abrasion of dentin b y a pum iceand alveolar bone loss can occur. In anterior tee 
slurry has been measured to be about 20 times greater
than abrasion of enamel under standardized conditions
(14). A proposed American Dental Association Specifi-
cation No. 37 for Dental Abrasive Powders may require
that the abrasiveness of a powder be stated.

During a proph ylactic proLedure , care must be
exercised to avoid excessive abrasion of any restora-

• tive materials present. Pol yme r i c ma te r i a l s , such as
den ture base and a r t i f i c i a l  tooth resins , composi teI restorations and p i t and fissure sealants are part icu-
larl y susceptible to wear because of their low hard-
ness (12). The undesirable results of such wear can
be reduction i n  anatomic contours and increased surface

• :  

•
. roug hness.

Dentifrices — The primary function of a dentifrice
is to clean ar~~ po li sh the surfaces of teeth accessible

- 
to a toothbrush (12) . The abrasives found lii dent i-

- 
~~~~~~~ frices include calciu m carbonate, d i b a s i c  c a l c i u m

phospha te d i h y dra te , anhy drous dibasic calciu m phos-

- 
pha te , tricalcium phosphate , calcium sulfa te , c a l c i um

- .~ pyrophosphate , insoluble sodium metaphospha te , and
hydra ted alumina . These are primarily cleansing and

enamel. In 1970 the Council on Dental Therapeutics of

.
p o lishing abrasives that are not intended to abrade

—~ — ç J the American Denta l Association reported an abrasivity
ranking of commercial de ritifrices compared to a stand-
ard abrasIve for dentin (15). Abrasion of enamel by
modern dentifrices is not considered a prob l em unless
unusua l oral conditions exist ; however , exposed dentin

- and cementum are susceptible to wear if improper

; 

Fig. 3. - Occlusa l wear caused by brux i sm (Courtesy brushing techniques are used (FI g. 4). The bristles
R .E . Buchholz , Universi ty of Michigan , of the toothbrush itself have li t t l e  abrasive power ,
Schoo l of Dentistry, From J.M . Powers and although they do influence the abrasion caused by the
A. Koran , Mich. Dent. A. J., 55:119-126 , dentifrice.
1973) Pol ymeric restorative materials are susceptible

to abrasicn from toothbrush and dentifrice use. Dent-
ifrice s should not be used i n  the routine cleaning of

incisal edges become flattened and polished , wherea s denture bases or acry lic denture teeth.
small , saucer-like excavations appear in posterior
teeth. MEASUREMENT OF WEAR

XerostomIa (dryness of the oral cav i ty) is caused
by dysfunction of the salIvary glands and can result Wear has been studied by clinical testing,
in rapid destruction of ename l (9). In white rats , simulated serv i ce testing . model systems using wear
ligation of the major salivary g land ducts increased instruments , accelerated ag ing , measurement of surface
both tooth and periodonta l bone loss (10). A hIg h i n- failure caused by single-pass sliding , and measurement
cidence of xerostomia Is found in women during or after of other properties (16). It would be desirable to
the menopause (Il) and in patients receiving radiation have an in vitro test to predict the amount of wear
therapy to the head and neck . observed~Tn’Vi~~ , but such correlation probabl y s not

Less common forms ~f pathologic wear occur in poss ibie. i~~ii more reasonable to attempt to rank
people who are exposed to an unusua l or severe environ- materials In the same order with clinical observations ,
ment. Examples are workers employed in silica refining but also i~ is Important to study mechanisms of wear
plants or in sulfuric a.id plant s. to Improve wear resistance.

DENTAL ABRASIVES — Finishing and polishing CLINICAL TESTING - The clinica l testing of
techniques used In dentistry are meant to remove excess restorative materials in humans g i ves reasonable as-
material and to smooth roughened surfaces often in surance tha t the comb i nation of parameters affect i ng
conjunction with restorative procedures (12). Cleans- wear In the test group will be similar to those In the
ing techniques are meant to remove food and othe r total population. The disadvantages of clinical
debris from a tooth surface without damag ing it. The studIes Inc l ude the time and effort Involved , the dif-
materIals used for finishing, p olishing and cleansIng ficulty of Interpreting mechan i sms of wear , and the
are primarily abrasIves and are applie d by means of



difficulty of quantif y ing the wear. Table - Rate of Abrasion of Experimental Formulations
and Commercial Composite Resins (25) .

Rate of Abrasion , lO~~ mm
3/m of travel

Commercia l Rms in with non- Resin without
Material Formulation silanated fil l e r  f i l l e r

/ ‘ 
A ~~~~ (o.99)* 13.8 (1.5) 17 .0 (1.1)

B 3.84 (0.20) 5.60 (0.20) 18.8 (0.6)

Mean of 6 rep l i c a t i o n s  w i t h  s t a n d a r d  d e v i a t i o n s  i n
parentheses.

The p i n - o n - d R k  t e s t  (2 7 )  u t i l i z e s  a cy l i n d r i c a l
‘4

• 
sample of human enamel on porcelain to rub on a rotat-

- • - of wear rates are p o s s i b l e , but transfer of materialI A

~~~ ~~ 

i n~ d i s k  of composi te re s i n  or ama l gam. Measiremerits

- 

I 
- from the disk to the pin confuses interpre tation of

- . . . the r e s u l t s .
ACCELERATED A G I N G  - The s u r f a c e  d e g r a d a t i o n  of

compos i te r e s i ns caused by accelerated aging in a
w e a t h e r i ng  c h a m b e r  h a s  been s t u d i e d  ( 29 ) .  E r o s i o n  of
the resin matrices and exposure of f i l l e r  p articles
were observed . After 900 hours of ag ing, differences
i n  s u r f a c e  roug hness and profile suggested that the
resins were eroded at different rates. Surface craz-
ing was observed for some resins. Accelerated ag i n g
holds promise as a model to sImulate the erosiv e wear

Fig. 4. - Cervical abras i on from improper use of of composite resins.

toothbrush and dentifrice (Courtesy of R .E. SINGLE—PASS SLIDING TEST — The mechan sm of wear

Buchholz , University of Mich i gan , School of during sliding can be studied when a single slidin g

Dentistry, From J.M. Powers and A. Koran , track is  examined (30-32). The track is formed by

Mich. Dent. A. J., 55 :119-126 , 1973) allowIng a diamond hemisphere (360 pm in diameter) to
traverse a flat specimen at various norma l loads.
Parameters such as track width , tangential force and
mode of surface failure can be measured. Three modesThe clinica l comparison of the wear of compos i te

and amalgam posterior restoratio ns i nvolves evaluation of surface failure observed for sing le crystals of
fluorapati te under sliding are shown in Fig. 5.of parameters such as anatomic form and margin adapta-

tion using the United States Public Health Service
Criteria (17) . In one study 87 percent of the amalgam
restorations retained their orig ina l anatomic form
after two years , whereas only 47 percent of the com-
posite restorations were rated as no change by trained

DUCTILE TO SPITTLE TPA PdSITIOH on
clinIcians ( 18) . Impression techniques have been used
to s tudy  mechanisms and rates of wear I n  v iv o  (19,20). basal plans of f luo rapatit. singl. cr ystal s

SIMULATED S E R V I C E TEST I NG - Numerous s t u d i e s  of
the abrasive wear of teeth caused by dent ifrices and 

______

prophy laxis materials have been repor ted . One method • -

i nvolves measuring the amount of tooth tissue abraded
from an irradiated tooth by the concentrat ion of
radioactive phosphorous in the wear debris from brush-
ing  (15, 2 1 ,22 ) .  A second method Involves determini ng
the change in the profile of samples of tooth struc 

-

__________

ture during brushing (23).
The wear resistance of denture teeth has been

stud i ed by the use of sets of teeth opposing each
other in a mach i ne that simulates chewing (24). Less
wcar was observed for acry lic opposing porcelain tee th 

______

than acrylic opposing acrylic teeth usi ng this machine.
WEAR INSTRUMENTS - A wide variety of wear

instruments have been used to rank dental materia ls. ci... I class 3 cI.., S
Two of these wear tests are the two-body abrasio n test
(25,26) and the pin-on-disk test (27). One two-body
abrasion test (25) utilizes a modified surface gri nder
to rub a cy l Indrica l specimen on an abrasIve (e.g.
silIcon carbide) paper. The rate of abrasion for
g lass-filled (A) and quartz-filled (B) cunsnercial corn—
pos l te resins and some experimental mo difications of Fi g. 5. - Ductile , tensile and chevron modes ot
them are shown in the Table. The rankings observed surface failure of fluorapat ite under
with the silicon carbIde abrasive agree with ranklnqs sliding.
found with othe r abrasives such as alumina , garnet ,
quartz , and glass (28). Single-pass sliding has been used ‘o stud y a number of jdental materials Including dental amalgam , composite

76



resin , human ename l , and feldspathic p orcelain (6,3u. 17. J. F. Cvar and G. Ryge , C r i te r i a  f o r  the C l i n i c a l
MEASUREMENT OF OTHER PROPERTIES - Numerous otter Evaluation of Denta l Restorative Mater i als. ”

mechanica l properties such as hardness , tensile United States Department of Health , Educa tion and
strength , elastic modulus , and fracture toughness have Welfare , Public Health Service , Dental Health
been measured to determine a relationship a i t h  wear. Center , San Francisco , Government Printing Office ,
Findings indicate that values of tensile strength and Publication No. 790-244, 1973 .
h a r d n e s s  of composite resins are not related to meas 18. K. F. Leinfelder , 1. B. Sluder , C. L. Stockwe ll ,
ured  a b r a s i o n  r a t e s  (34 ) . An e q u a t i o n  has  been p r o —  W. D. S t r i c k l a n d , and J.  1. W a l l , C l i n i c a l  E v a l -
posed t h a t  r e l a t e s  a b r a s i v e  wear to s c r a t c h  w i d t h  and u a t  ion  of Compos i t e  R e s i n s  as A n t e r i o r  and
m o d u l u s  of e l a s t i c i t y  i n  b e n d i n g  (35 ) , b u t  t h i s  mode l  P o s t e r i o r  R e s t o r a t i v e  M a t e r i a l s . ” J .  Prosthet.
does not  accoun t  f o r  t he  e f f e c t  of mode uf surface Dent. 33:407-16 , 1975 .
f a i l u r e  on t he  wear  p rocess .  F r a c t u r e  toug hnes s  d a t a  19. R.  P .  Ku sy and K.  F .  L e i n f e l d e r . P a t t e r n  of Wear
were c o n s i s t e n t w i t h  modes of s u r f a c e  f a i l u r e  of com i n  Posterior Composite Restorations. J. Dent. *

p o s i t e  r e s i n s  observed i n  s i n g l e - p a s s  s l i d i n g  (36). Res . 56 :54 4 , 19 7 7 .
The i n f l u e n c e  of z e t a - po t e n t i a l  on the  wear of f l u o r -  20. 0. E .  J e n se n , S. L. Hande lman , and C.  H .  P a m e ij e r ,
a p a t i t e  s i n g le c r y s t a l s  has been re por ted (37). A s s e s s m e n t  of S e a l a n t  Wear  I n  V i v o . ” A b s t r .  J .

D e n t .  Res .  57 ( S p e c i a l  I s s u e  A) :358 , 1 978.
SU M MARY 2 1 .  R .  J .  G r o b e n st e t t e r , ~~ . W. Broge , F .  L .  J a ckson ,

and A.  W . R a d i k e , “The M e a s u r e m e n t  of t he  A b r a s i o n
Wear of human  t e e t h  and r e s t o r a t i v e  m a t e r i a l s  may of Human Teeth  by D e n t i f r i c e  A b r a s i o n : A Tes t

r e s u l t  f r o m  ph y s i o l o g ica l or p a t h o l o g i c a l  c o n d i t i o n s .  U t i l i z i n g  R a d i o a c t i v e  T e e t h .  J .  D e n t .  Res .  37:
A v a r i e t y  of me thods  have been used to i n v e s t i g a t e  1 060-68 , 1958 .
these wear processes. It i s  i m p o r t a n t  not o n l y  to 22.  G . K. Stookey and B. R .  Schemehorn , “A Method f o r
evalua te data from laboratory simulations and clinica l Assessing the Relative Abrasion of Prop hy l a x i s
tests , but also to stud y the nature of the wear process Materials. ” J. Dent. Res . 58:588—92 , 1979.
by tests such as sing le- pass sliding and accelerated 23. H. Ashmore , N . J. V et Abbe , and S. J . Wilson ,
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WEAR IN MATERIAL PROCESSING

H . K. Rusna lc and S. K.  Rhee
Bendix Resemrch Laboratories
Southfiel d , Michigan 118076

ABSTRACT savings in this case amounted to over $6 ,000. Addi-

tional savings the amount of which has not been docu—
The consequences of wear problems f’r pr :- -l ‘ Iv ity mented accrued because of greater throughput due to

in material processing are r ev iewed .  In ~-- , r~~i. ’uiar iower machine downtime for tool changes .
wear in machining , r o l l i ng ,  mo lding , and lust ~o11ec- In another case the polycrys ta l l ine  diamond wan
t ion processes is discussed . .~p e c i f i c  ex a mp i e 3  are employed to machine a finish bore in a ~abbet t  b e a r i n g .
cited to provide information on actual o p e r a t i n g  en -  As in the previous case the competing tool was tungsten
periences. Data are provided on solutions to wear carbide . The results are surimarized in Table 2.
problems and on the resulting increase in process Annual tool savings of $2,107 were derived from a 75
e f f i c i e n c y .  The information provided shows that sig— percent reduction in tool cost per piece . Another
nificant increases in p r o d u c t i v i t y  can be obtained by benef i t  was the reduction of machine  idle time per
implementing either alternate materials or coatings to month from 11.9 hours to 0.0115 hours .
reduce wear. There is no general approach to solving Boron nitride has been shown to provide much longer
wear problems; each must be eva_uated in terms of the tool life relative to carbide tools in the m a c h i n i n g  of
specif ic  cause of the excessive wear, chilled cast iron , which has a hardness of about 61 Rc

(2). Conditions and economics are presented in
Table 3. In this case the good wearing character isticr

THE WEAR COMPONENTS IN PRODUCTION EQUIPMENT for mater— of the boron nitride provided a high material removal
ial processing can have a profound effect on industrial rate , and a final grind was not required. Conse—
prod u c t i v i t y .  The consequences of wear for produ~ ti— quently, in addition to the benefits of increased tool
vity are manifested in machine downtime , cost of re— life , throughput was increased significantly. The
placement parts , and the fabrication of products which carbide tool suf fe red  in comparison not only from more
do not meet specification. These factors all contri— frequent changing but also because machine a d j u s t m e n t s
bute to the cost of the product. Consequently the had to be made more frequently to compensate for wear.
alleviation of wear problems will result in overall
product~vit.y improvement and reduce the effect of ROLLING
i n f l a t i o n .

The influence of wear in material processing is far The rolling of automotive friction materials to
reaching and touches on nulLerous processes in many form linings is impacted by the wear of the rolls. The
industries. The purpose of this paper is not to survey friction material is a composite consisting of rein—
the breadth of the problem , but to select and discuss forcing fibers and inorganic particles held together in
some specific examples of the impact of wear on pro— a polymer matrix. This roll——a hollow cylinder located
cessing. In particular data are included for macbin— on a mandrel along with similar rolls——must rotate
ing, rolling , molding, and dust collection operations. between two clamp rings located on the lower roll ,
For each of these topics the discussion will include a which fixes the roll position and the width of the
description of the nature of the wear problem , the lining . Although the roll was lubricated with a mold
solutions attempted , and the impact of the solutions on release , edge wear and ultimately chipping were found
productivity, to limit the life of the roll.

Originally the rolls were made from an SAE 8620
MACHINING case—hardened steel. A solution to this wear problem

was found when a through—hardened tool steel (Re 58—62)
Improvement in the life of expendable cutting tools was substituted for the case-hardened alloy. The l i fe

has been an active area for increasing process effi— of the roll was increased to over 300 percent of its
cienoy because of the magnitude of machining in the original value. Easier dimensional control during roll
United States. There are many methods of improvement fabrication contributed additional benetits because the
through alternate tool materials or tool treatments, tool steel did not require a carburizing and normali—
Ore class of alternate material which has shown poten— zing heat treatment operation. When the tool steel
tial is that of extremely hard materials , namely, poly— roll did finally wear, it could be reground and reused.
crystalline diamond and boron nitride . Polycrystalline The case—hardened alloy steel roll had to be discarded
diamond has been cited for reducing tool costs and or heat—treated again once the wear exceeded the case
machine downtime in the machining of silicon aluminum depth.
and babbit bearing alloys for automotive applica-
tions (1). Tool blanks are prepared by growing dia— MOLDING
mond crystals together on a tungsten carbide substrata.

Details on the application of polycrystalline Die mold wear is generally the limiting wear factor
diamond to the machining of wrist pin bores in an in molding operations. In the manu rqcture of automo—
aluminum piston are given in Table 1. The annual tool tive friction materials in pad form the compaction of

the mix is an important operation. Mold wear of up to

Mumbers in parentheses designate References at end of
paper.
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Table 1 — Machining of’ Wrist Pin Bores in Aluminum Pistons (1)

Material Machined: Silicon Aluminum SAE 332,
Brinell  90 —1 21

Machine Type : Ful ler  Transfer  Line
Tool Material Replaced: Tungsten Carbide , C—3 Grade

Polycrystall ine
Machinine Conditions Tungsten Carbide Diamond

Cut Depth 0.005 in. 0.005 in.
Cutting Speed 2909 SFPM 2909 SFPM
Feed/Revolution 0.005 in. 0.005 in.

Economics

Tooi Cost X 16X
Pieces/Edge 383 100,000
Regrinds/Tool ‘4 3
Total Pieces/T ool  1915 1100 ,000

Table 2 — Machine Finish Bore in Babbett Bearing ~1)

Pol yc rysta l l ine
Machining Conditions Tungsten Carbide Diamond

Cut Depth 0.015—0.030 in. 0.015—0.030 in.
Cut t i ng  Speed 1292 SFPM 1292 SFPM
Feed/Revolut ion  0.002 in. 0.002 in.

Economics

Tool Cost X 23X
Cutting Edges/Tool 3 1
Pieces/Edge 1175 61 ,000
Pieces/Tool 11125 61 ,000

Table 3 — Machining of Grey Cast Iron Mill Rolls (2)

Machining Conditions ~~.rbide Tool. C— 3 Boron Nitride To~1

Cut Depth 0.125—0.180 in.  0 .0 9 0—0.100  in.
Speed 145—50 SFPM 275—300 SFPM
Feed 0.020—0 .030 1PM 0.012—0.020 1PM
Material Removal Rate 2,0 ir 3/mth 14. 8 in 3/min
Turning Time/Boll 14 4 .1  hours 37.5 hours’
Grinding Time/Roll 8 hours not required
Total Machining Time/Roll 52.1 hours 37.5 hours
Relative Tool Life X ‘IX

‘Thirty—five (35) hour scale removal with carbide and 2—1/2 hour finish cut with
boron n i t r ide .

‘ 
0.020 l-~-h could be tolerated before rework or replace— Another example where surface coatings have been
~~~~~~ ~~~~ ‘ required , used to increase mold life is in the compression

A ttrst approach to reducing mold wear (AISI—D2 molding of elastomers filled with crystalline boron
- - .. - )  ~~~ ~hr~~ 1um plating . However , spalli~g of the particles ( 3 ) .  The abrasive action of the boron parti—
•-.‘‘~4 :~ r.ng asrvice limited its life , and conse— d e s  on the walls was found to limit mold life from 100

~- ., ‘L, ~~ .o.’l lit. increase was realized. A second to only a dozen parts. The molds were made from either
.. o~ pr oved successful was the application of AISi H—13 or AISI A—6 steels hardened to Bc 14Q, Chro—

~r~~~~ary  -, ‘ ;r,~ (Poly—Ond). This coating mium plating was also tried in this application.

~ 
.,.—li s... r about Bc and provided a smooth However , the cost of reconditioning worn molds and the

— ~~ ~, ~ tests in production are localized nature of the mold wear—out (which produced
— . ~~~~~~~~~ sut ‘~~ - ‘tate the coated molds have parts with imperfections) made this an unacceptable
.~~~ ~~~~~~~~~ ‘.  LV• ~f ‘~he~ uncoated molda by 25 approach . The various coating methods attempted to

• ~~~~
. 

~~. - s sa still Intact . An additional alleviate this wear problem and the relative etfec—
.imu

~

I,

~ 

f ~~ . ‘ig between the c~’ld tiveness of each are presented in Table 14. Although a
— .

~~ ~~~~~~~~ r ‘r.. i m - - ’h  antifriction number of coatings provided increased life over the

~. -~~~~~~~4



Table 14 — Relative Durability of Various Wear—Resistant Coatings Tested (3)

Coating Thickness Run—In Steady State
(Method of ind ication ) ( u m )

TiB
2 

3.8—8.6 19 130

(CVD )

A12O3
/Cr

3
C
2 

— 14 .2 5.2

( CVD )

W/W 2C 6.7—38 .6 3.0 4 .8
(CVD )

Hard Chrome — 3,5 11.0
(Elect ropla te)

A1
2
O
3 

3.8—7.5 5.1 3.5

(CYD )

Nickel/Diamond 50 3.9 3.2
(Electroliss Ni Plate)

A—6 Steel (reference) 0 1.0’ 1.0

Cr
2
0
3 

148 0.9 1.0

(Plasma Spray)

A1
2
0
3 
+ Ti0

2 
66 0.714 —

(P lasma Spray)

reference uncoated A—6 steel , the TiB2 was by far the CONCLUSION
most effective and was selected for production use.

Further studies on process economics indicated that The cases cited in this paper show that significant
sputtering was a more cost—effective process than 1 ncreases in productivity can be achieved by reducing
chemical vapor deposition. Consequently a sputtered the wear encountered in widely varying processes.
TiB2 coating was evaluated. , A 5i~m sputtered coating Gains were realized in the life cycle of expendable
was foun d to provide even greater durability with a tools, rolls , molds, anc~ dust collectors. In each of
relative value of 214 for run—in and 650 for steady these cases the solution to the wear problem was dif—
state. The sputtering process was therefore accepted ferent. This highlights the fact that wear impacts
for production use , many different processes and the solutions are as

varied as the processes themselves. Each wear problem
DUST COLLECTION must be considered not onil’ in light of the particular

process , but also in light of the particular environ—
Often a processs which is not applied direétly to ment and operating conditions for that process.

the product is forgotten when improving production
efficiency. However , all such processes must be con— REFERENCES
sidered , since they are necessary and included in the
production cost for the product . One such example is 1. E. W. Krumrei , “Major U.S. Automotive Plant
the air treatment operation used to remove dust Improves Productivity by Using Compax Blank Tools.”
( including abrasives) following a grinding operation Presented at Industr ial  Diamond Association of’ Japan
for automotive friction materials. 30th Anniversary Meeting and Seminar , May 17, 1978.

A cyclone—type dust collector made of abrasion—
resistant steel was found to wear paper thin after two 2. Case History 203. Vendor Literature , General
years of operation. Attempts were made to improve this Electric Company.
by lining the collector with a cement—type material,
This did not prove efficient because patching of the 3. R .  S, Plumb a,,d W . A.  cReaser , “Wear Preventton
cement coating was required on an annual basis. A in molds Used to Mold Boron—Filled Elastomer s. ” In
second approach with rubber—based coating (Linatex “Wear of Materials 1977,” ASME , NY , NY , 1977.
Corp.) was found to be successful. A dust collector
with this coating has been in operation for three
years, and no significant coating degradation has
occurred.
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I
R DRY WEAR hard , cutting particulate s eithe r gain access to a

A. W. Ruff an exposed surface under some imposed load. Figure 1

MEASUREMENTS AND STANDARDS F’O 
concentrated contact zone (e.g., a beari ng) or abrade

Center for Materials Science shows an example of an abraded surface on a 0.2%
National Bureau of Standards carbon steel specimen . In many cases the wear
Washington , DC 20234 conditions are lubricated rather than dry , however,

H 
_

-~~ABSTRACT

The needs for improved capability in accurately ‘,“ “
~

determining the wear rates of materials will be ________

discussed. Activities currently undereay to develop
and provide reference materials for wear testing,
to improve wear measurement procedures and to obtain
meaningful wear data will be described. A comparison 

____________
will be attempted in the current state-bf- the-art 

_____________
between wear and corrosion .

_ _ _ _ _ _ _ _  

~ lO~jm~
PROGRESS IN MATERIALS resea rch and devel opment in -

recent years has been evi dent in many areas of tech- Fig. 1. - Abraded surface on 101 5 steel using
nology . For example, improved performance and 50 pm A1203 (2 body ) abrasive.
durability in current gas turbine engines is due
primarily to new and better materials of construction , the abrasive particles are so much larg~r than the
In the area of lubricated systems such as rolling protective, lubricating film that abrasive-metal
contact bearings , improved metallurgical processing to contact results and the lubricant has little beneficial
reduce non—metallic Inclusion effects has significantly influence. As examples of applications , we can
e~tended the fatigue lives and hence the bearing desi gn 

consider mining equipment , construction equipment,
lives .~

- Dry wear situations have themselves been i ndustrial operations involving solids-handling, and
favorably impacted by materials R&D. This can be seen many types of rotati ng machinery and systems .
most easily, perhaps , in connection with metallic In the absence of abrasive particles , metal-to—
(and non-metallic) hard coatings that provide consi- metal contact can occur under dry or inadequately
derably better abrasive wear resistance and lifetimes lubricated conditions and also produce unacceptable
In service. wear rates. This wear mode is usually called adhesive

It Is important to note, however , whe ther wear and is frequently the result of a contination of
advances such as these and others in providing more processes such’ a-s plasti c deformation , fatigue , su rface
durable , nigher performance materials have resulted and subsurface crack growth , and an adhesive or aggre-
from an Improved understanding and application of gating process th$t leads to the formation of large
fundamental mat,rials science or whether only empiri cal wear particles or transferred material between
and Inc remental progress Is Involve d. I n the area of contacting surfaces. Applications include (2) sliding
dry wear r’f materials It is believed that the latter contacts such as dry gear surfaces , office equipment ,
situation exists and that only recently has any sign i— and solid and oil-lubricated bearing contacts where
ficant research effort been mounted In the U.S. to lubri cant failure has occurred.
change thi s sltuatio,i. In this paper a brief discus- Erosion due to solid particle impact (rather than
sion will be presented to Indicate some of the barriers fluid flow) can be a serious wear problem in certain
that oppose further advances In the development of industrial situations (3). Much attention has recently

‘ 
wear resistant materials and an Improved understanding been paid to energy conversion systems such as coal
of dry wear. The scope of this paper will be limi ted gasifiers and fluid bed combustors , however , older
to dry wear of metals since other papers In the Industrial processes concerned with transfer of
symposium will be addressing other areas of lubri cation abrasive-gas mixtures have previously suffered from
and wear. It Is also Interesting to compare the field considerable erosive wear. One significant barrier to
of corrosion research and engineering with wear gas ~urbine use in combined cycle coal gasification
researcn and engineeri ng; a few I nteresting connections systems is particulate erosion of turb ine blades and
will be attempted concerning measurement capability components. An example of an eroded AISI type 310
and standards in the two fields . stainless steel surface is shown in Fig. 2.

While not meant to bt~ exhaustive, this discussion
APPLICATIONS CONCERNED WITH DRY WEAR PRO CESSES should convey to the reader some recognition of the

broad scope of dry wear problems In current techiology .
The most conronly experienced wear process In Many other examples ‘an be found in the references

service (1*) is probably abrasive wear , ca used when cited and In standard text books on the subject (4)(5L

j 
The aoount of research and materials development dir-
ected toward dry wear problems so far is not believed

* I~umbers In parentheses designate References at to have been con1~ nsurate with the incidence of those
end of paper . problems . Many authors at recent conferences (6) have

pointed out the lack of an adequate foundation of
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- As one example of the capability for precise wear
testing , consider the so-called dry sand/rubber wheel

- low stress abrasion test (9). That method is currently
- - involved in a round—robin measurement series in ASTM-

62. A draft standard for this method has been devel-
oped and appropriate test machines are in use in more
than 10 dIfferent laboratories . Resu’.ts using this
machine and method in our owr. laboratory and several
others have shown that wear rate values can be

- determined within one laboratory to relative precisions
of better than 5%. Interlaboratory comparisons without

- , the use of any reference materials have approached
agreement to within 10% to 20% in many rounds (however,

• widely di fferent values do still occur in this case).
While this process is not yet concluded , it is expected
to lead to an established abrasive wear test method
capable of precise measurement of material wear rat~s.Fi g. 3 shows a wear scar resulting from this test

4
Fig. 2. - Solid particle eroded surface on 1015

steel using 50 pm Al 203 abrasive
particles .

science from which to address these dry wear problems .
Recognition of this need finally appears to have

U
arrived , hence , one may expect the next few years to -
produce useful and far reaching developments.

MEASUREMENT PROBLEMS IN WEAR

Wear is a complex process that can include
several different, simoltaneous mechanisms . Mechanical Fig. 3a. - Abrasive wear track on 1015 steel
processes such as plastic deformation, crack growth and specimen using dry sand/rubber
fatIgue are frequently present. Chemical processes wheel test.
such as surface oxidation , corrosion product formation ,
and environmentally assisted crack growth are also
frequently involved. Therefore, the design of a
proper laboratory test method that includes all
relevant conditions of exposure and which g ives
reasonable correlation with servi ce experience can be
a formidable task. As ~‘n added diffi culty it Is wel l  ,

~ ~~~~~~~~~~~~~~~ ~ 

I

documented that wear measurements are notoriously
di fficult to reproduce at an adequate level. In this p

test method adequacy and measurement p rec ision - w i l l
section a briuf discussion of these two problems - ~~be given.

A laboratory faced with a typical wear measure-
“f
t .mont problem must select the materials to be tested, a *machine or test geometry, and the environment to be

used. The materials choice is usua lly straightforward.
The remai ning two choices can be very difficult. 

~~~~~~ 
-

,w
~
.Consider the choice of a test geometry . Assuming that

a full scale sinailetion of the service conditions is
not feasible, there must be a n~.enber of decisions made 

~~ 
~~ ul~t~~.5~

% 

~~5~w1
-,1

concerning size, load, speed, time , an d contac t shape . 

~‘details. An adequate understanding of the Implications Fig.
’ 
3b. - Abraded surface on 1015 steel using

of choosIng parti cular values Is rarely achieved. For 50 pm A1 2OS (3 body) abrasive .
example, In reducing the contact size by a certain
factor , does one also scale the local stress maximum geometry on a 0.2% carbon steel surface as well as a
or stress distribution , the surface temperature or magnIfied view of the worn surface morphology . Another
subsurface temperature distribution , etc.? A recent Comparative measurement acti vi ty concerning dry wear
collec tion of l aboratory wear test systems ( 7) In clu des that Is un derway Involves sol id pa rti c l e eros ion . To
over 200 dIfferent designs! Generi c similarities further esteblish a baseline of measurement in these
exist there, however, the effect of different size two cases, the NBS plans to ma ke ava i la b le reference
scales, loads and surface speeds are not known. In metal specimens for use with these ASTM standard
response to this difficult situation, the ASTM Commi t- methods of testing. While certi fied value s of wear
tee G2 on Erosion and Wear held a confe rence on Wear rates cannot be provided In these cases , It will be
Tests for Metals (8) in 1975. The proceedings of that possib le to assure the user of the homogeneity and
conference provide a va luable source of Information Ofl traceability of the reference material as well as
evaluted test methods . Specific tests for dry sliding access to the body of comparative laborato ry testing
wear , abrasive wear and erosion are described In the on the same metals. Test method standardi zatior
arti c les contained therein. A second symposium a c t i v i t i e s  conce rn i ng l ubri ca ted contacts are also
concerned with polymeric materials was recently underway in the ASTM-D2 Committee.
sponsored by the 62 Comittee.
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The third consideration in wear measurement pro- diagnosis of failure and can avoid unnecessary repair
blems i nvolves the test environment. It Is of course or maintenance operations . It has been suggested (12)
possib le to select a very reproducible labora tory the debri s analysis also can be used in laboratory
environment , for example, dry nitrogen gas. However , studies to Indicate whether successful simulation of
results on the wear rates of metals under those condi- field wearing conditions has been achieved. In a
tions will not necessari ly correlate with any actual diagnostic sense , wear debris analysis can be thought
service experience. Here the laboratory is faced wi th of as analogous to the recovery and analysis ci the
the problem of simulating the service exposure condi- products of corrosion .
tion3 in a way that also permi ts reproducible measure-
ment conditions. If the chosen method already STANDARDIZATION ACTIVITIE S
includes scaling of surface speed or load and hence
surface temperature, then the appropriate environment Proper methods for measuring the wear rates of
may require scaling of the oxygen concentration or different materials in the laboratory require appropri-
some other chemical activity . It is rarely possible ate standardization and calibration. Many laboratories
to make such adjustments with any assurance of with experience in wear measurements have their own
acceptable simulation of service experience . in fact internal standards and reference materials. In this
the usual approach to this problem is ~o select way consistent measurements are assured on a given
some relevant but controllable environment and then wear test system in that labora tory. Unfortunately
obtain preliminary wear data on materials In order to experience has shown that following this scheme exclu-
make decisions on subsequent full scale wear testing sively can lead to the introduction of systematic
programs . This approach may be the only feasible errors as well as unnecessari ly large random errors in
one unti l a much better understanding of wear funda- the measurement process. Comparati ve measurement exer-
nentals is achieved , including the effects of cises with other laboratories frequently reveals these
environments , bui l t-in errors. There are of course many professional

One important aspect of any discussion of wear societies and voluntary standards groups that provide
measurement problems is the ex stence of evaluated standardization support in physical and chemical
data on wear rates of materials. Relatively few measurements. Relatively little has been available so
comprehensive sets of data are available on material far, however, in the area of wear measurements . This
wear rates. Reports from individual studies uo situation is one of great concern to the ASTM Committee
contain wear rate data, however , the precise conditions 62 and several activities are now underway in 62 to
of measurement usuall y are not given. Frequently correct this situation. As indicated -below the
text books (4) and other authori tati ve sources are Creini ttee is organized technically in three principal
reduced to quoting wear coefficients to the nearest erosion and wear areas. Measurement methods develop-
order of magnitude in order to handle conflicting ment and round robin activities are underway in all
wear data. An obvious need exists for the development triree technical subcommi ttees. In the cavitation area
of reference measurement methods and the accumulation both methods and data on a number of materials are
of accurate wear data on at least some common materials , now avaflable. A solid particle erosion round robin

comparison of corrosion and wear measurement ____________________________________________~~
re wjl’l be said on thi s point in connection with the is underway and a reference material Is being selected .

capabilities. ASTM romi,-4.
Wear measurements can involve more than si mply r 

ee
dimensiona l changes and determi nations of weight rosion anu ear

I losses. Wherever plastic deformation is important - -
d u r I n g  wear , for example, the determination of mech- Chairman: G~ F. Schmitt, Jr.
anical stress patterns may be required for complete Vice Chair.: A. W. Ruff
wear analysis. Studies bearing on the density and Se~y.: C. W. Grennan
size of fatigue cracks near a wearing surface may be F . J. Heymann
useful to determine the remaining life of a component. Sub 2. !: Erosion by Liqui d Impact and
A relatively new approach to wear measurement concerns Cavitation (F. G. Hanri tt)
studies of wear debris particles recovered from wearing Sub 2.2: Erosion by Solid Particle Impact
systems. In this method (lO)(ll) It Is possible to (W. F. Adler)
sample a wearing system during operation and moni tor Sub 2.3: Wear (K. Budlnski)
the wear ra te as well as the active modes of wear (Fig.
4). This approach permi ts in some cases an early

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ The wear subcommi ttee is now finishing an extensive
round robin (containing materials data) concerned

- with abrasive wear. Other standards are being
developed in G2 as sumarized below. It is believed
that wi th proper Industrial participation , this
approach should produce a needed minimum number of

- 
- - 

. 
62 Standards (Apri l 1979)

.

~~ 

•
~~
. G32-77 Vibratory Cavitation Erosion Test

- 656-77 DeterminatIon of the Abrasiveness
of Ink Inpregnated Fabric Printer
Ribbons

- 
- 640-77 ErosIon and Wear Terminology and

(Draft) Dry Sand/Rubber Wheel Abrasion Test
5 (Draft) So lid Particle Erosion Test

(Draft) Jaw Crusher Gouging Abrasion Test
Fig. . - ear r s recovere rem an abraded (Draft) Ring—on-Block Wear Test

1015 steel surface (as in Fig. 1).
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standard dry wear test methods and materials in a few 10. W. W. Seifert and V. C. Westcott, Wear 21,
years. Active participatio n is sought in this work. 27—42 (1972).
(Note that available standards for lubricated wear
measurements through Committee 02 include the four ii. A. W . Ruff, Wear 42, 49-62 (1977).
ball geometry, the TImkln (ring/block) geometry, and
the Falex (pin/vee block) geometry). 12. K. C. Ludema , see Reference 8.

COMPARISON : WEA R AND CORROSION

There are some Interesting comparisons that car be
made concerning the state of measurement science ,
fundamental uncierstanding, ~nd standardization between
wear and corrosion. The purpose in making a few
comments here will be to suggest that more effort Is
needed in the wear area If improvements In the wear
durability of materials is to occur and If a deeper
fundamental understanding is to develop.

Both wear and corrosion represent serious and
costly degradation mechanisms . Both Involve local,
mi croscopic processes. There are overlapping areas
that include mechanical effects on corrosion , for
example -itress corrosion, and strong chemical effects
on wear , for example , fretting corrosion. In both
cases it is the conthlned chemical /mechanical reactions
that cause difficulty in obtaining useful measurement
results and In successfully modeling the processes .
Wear ra tes can vary by more thai, four orders of magni-
tude for changes In the environment.

A substantial amount of basic data as well as
engineering information is available to assist the
corrosion scientist. These include thermodynamic
considerations of stable and unstable (corrosion)
regions for many metal/environment systems. The
National Association of Corrosion Engineers has led
numerous activi ties to compile and disseminate
corrosion info rmation , for example , the Corrosion Data
Survey . There is no single comparably sized profes-
sional society as active In the wear area where the
response to such needs is more diffuse. A current
activity of the American Society of Mechanical
Engineers Is to produce an extensive Wear Control
Handbook that will fill an important need for design
Information and wear data on materials. Hopeful ly
other needed activities concerned wi th wear fundamentals
and wear i nformation will develop soon .
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DIAGNOST ICS OF WEAR IN AERONAUTICAL SYSTEMS

L. 0. Wedeven
NAS A Lewis Reseasch Center
Cleveland , Oh i o 44135

ABSTRACT and dynamic comp lexity is much greater than fixed wing
aircraft. Here , high speed gas turbine engines drive

Thera is a strong economical motivation for moni- low speed rotors through light weigh t hi gh torque
toring the health cf expensive or safety critica l sys- transmissions . In addition , hel icop ters opera te over
tems . This is particularly true for conisercial and a large number of high temperature cycles and in dirty
m ilitary aircraft where maintenance costs follow not environments. The TE0 for helicopter engines is on the
too far behind fuel Costs in overall operatii~g.~expenses . order of 2000 hrs . compared to 10,000 hrs . for fixed
Most of the operating cost.~ a—e engine related for wing aircraft. The added mechanical burden of the
fi::ed wing aircraft. Diagnostic monitoring is a par- transmission and drive train make maintenance a more
ticularl y strong thrust in the growing helicopter mar- critical issue than performance . According to (l)* the
ket. Here maintenance costs associated with the trans- drive sys tem alone accounts for 30% of the direct
miss ions  and d r ive  t r a in  greatly increase the mainte- maintenance Costs . The primary purpose of diagnostics
ance burden and failure risk. Detection measurements of oil wetted parts is to reduce unscheduled mainte-
fall under two general categories of vibration and par- ance , increase time between overhaul and create an
tid e detectors . The latter are more amenable to opportunity for ‘on-condition ” maintenance .
t r acking w c a r .  There are presently many militar y pro-
grams evaluating diagnostic systems . Greater attention ENGINE WEAR MODES
and documenta t ion  is now being given at overhaul to
wear and failure modes. Some very usefu l studies have Many of the engine maintenance problems are re-
been conducted on the wear and failure modes of ~artic- lated to bearings and seals. A study of the 153 and
u l a r  a ir c r a f t. Wear debr is anal ysis can supply a great T55 engines (2) shows that 377, of unscheduled mainte-
deal of information such as: particle concentration , ance is due to seals. This is generally in the f~nm
ra te  of change in concentration , composition , particle of carbon wear. Coking also occurs when pressurization
size and shspe , principal  me ta l s , e t c .  I t  it not eco- a i r  at idle drops causing oil to leak past  the carbon
nomical ly  feasible to monitor all variables . At least seal. Of the oil wetted par ts , bear ings  are the mos t
one role of the lubr ica t ion  and wear spec ia l i s t  is to cr itica l  componen t accoun ting for 257, of unscheduled
provide guidance in selecting the most appropriate repairs . These are followed by gears and splines .
va r i ab l e s  to monitor . Me n~is t further be involved in Early versions of these engines generated wear parti-
the problems of prognosis. How will the wear condition d e s  from outer ring rotation . Wear also occurs 5e-
change with continued runn ing ,  and what condit ion ca l l s  tween the cage and bearing r ing .  A more serious prob-
for  some action? lem is associated with roller skewing. This produces

particles from roller end wear but it can alan cause
catastrophic failure of the cage . Most cage failures

THE REDUCTION OF DIRECT operating cost of conunercial are too sudden for diagnostics to be e f f e c t i v e . The
and m i l i t a ry  a i r c r a f t  is becoming an i nc reas ing ly  im- event u s u a l l y resu l t s  in to ta l  engine f a i l u r e  and pos-
por t ant  th rus t  for f u t u r e  a i r c r a f t  des ign .  The use of s ibly  forced landing .
engine condi t ion  moni tor ing systems has s u b s t a n t i a l  Beerbower (3) has l is ted the r e l a t i v e  f r equency
potential in reducing unnecessary maintenance action of various wear modes from the investigation ot (4).
and improving f l i g h t readiness and s a f e t y . These include low cycle sliding f a t i g u e , r o l l i n g  fa-

Diagnost ic  systems can monitor  engine performance tigue and abrasive ‘.‘ear. The dominant wear mode was
through gas pa th  pressure and temperature  measurements s l id ing  f a t i gue  (547,) which inc ludes r o l l e r  sk idding
and fue l  fl ow measurements . They can also monitor the damage , cage wear and nonclass ica l  s p al l i n g  du e to
condition of nechanical systems containing hearings excessive load or manufacturing errors. Corrosion is
and gears . Corrosion and wear p lay  an impor tant  role not s p e c i f i c a l l y  categorized in some studies but in
in f a i l u r e  and component replacement .  The object ive the m i l i t a r y  i t  is g e n e r a l l y  f e l t  t ha t  p r e s e n t l y  i t
of this paper is to review the f a i lu re  modes of a i r-  accounts for as mu ch as 30% of bear ing  removals .
c r a f t  oil we tted parts , par ticularly in heli’opter en- As will be discussed later~ debris is a major
,iines and t ransmissions , and to high l igh t  some of the cause of component wear  and de te r io ra t ion . Airborne
1,eal th monitoring concepts and diagnostic devices , debris accelerates compressor and turbine blade ero-

The influence of various wear modes in aircraft sion. The dirty environments encourtered by holJco~-
has impact  on s a f e t y ,  performance , and l i f e .  Genera l ly  ters has led to the developmen t of in le t par tic le
performance , as measured by specif ic fuel  consumption separators which has improved the mean-t ime-between-
(SFC), has not been a er t ica l  fac to r  in f luenc in g  engine depot-returns (MTBD) for erosion from 3000 hrs . in .
scheduled ocerhaul .  However , with increasing fuel  1966 to over 100 ,000 bra , in 1973 (.). Erosion is now
costs there is a growing concern over performance re- a problem in the ceparatora themselves .
tentlon over the engint l i f e .  P r e s e n t l y ,  fue l  cost Di r ty  air  from compressor bleed can get into bear-
acr.ount for ~e5% of the operat ing expenses of domestic ing cavit ies  and produce debris damage to bear ing stir-
wide body a i r c r a f t  l ike  the 747 and DC-i0.  Wear act iv i -  faces  which can lead to sur face  i n i t i a t ed  fatigue.
ty cont r ibu t ing  to performance degredation include There is slsu some concern about compreas.r blsde/
erosion of turb ine  blades and wear of s h a f t  seals and shroud wear par t ic les  enter ing the bearing cavities .
gas path sea l s .  .‘t c learance  change of only 1% of blade
heigh t a f f e c t s  ape~~i f i c  fuel  consumption 1.5 to 2% . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

While  SFC is indeed an economic concern , the impact of *Numbers in parentheses  designa te  Re f erences at end
wear  on the cost of unscheduled maintenance and the of paper .
time between overhaul (180) is s u b s t a n t i a l  enough to
make complex diagnost ic  systems wor thwhi le .  This is
p a r t i c u l a r l y  true for hel icopters  where the mechanical
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TRANSMISSION WEAR MODES Lubricating oil , in addition to acting as a lub-
ricant and coolant , carries with it information that it

Studies of transmiaaion failures reveal that bear- has collected by way of wear particles or oxidation

I 
ings are the most sensitive compon~nt . Peterson et al. products as it journeys through the oil wetted parts .
(5) and (6) condensed the data  of (7) and showed that The concept of oil ana lys i s  is based on the premise
the f requency of component ma l func t ion  is: bear ings  t h a t  the type of wear or debris  par t ic les , if  co l lec ted
467., gears 23% , l iners  15% , misc .  ( s h a f t , clutches , and analyzed , is i nd i ca t ive  of the wear and s u r f a c e
lube system , e t c . )  16%. A greater v ar i e t y  of wear condi t ion  of the i n t e rna l  components .  Sampling alone
modes are present  in the t ransmiss ion  than in the en- p resen t s  s u b s t a n t i a l  problems due to :  s e t t l i n g  of
gine because of the larger number of gears and their  par ti c les , adhesion to component w a l l s, filtration and
c h a r a c t e r i s t i c  wear modes . Beerbower (3) has sun ,na- other factors affecting consistant , timely and useable
rized the frequency of wear modes fo r  bearings and samples . Once a debris sample is o b t a i n e d  there  iS 5
gears for two t ransmiss ions  (UN-I  and CH-47) from the g rea t  dea l  of i n f o r m a t i o n  ( g e n e r a l l y  more than  prac t i -
da ta  of (7) and (8) .  This is shown in t ab l e  1. The cab le )  tha t  can be ob ta ined  from them . These can be
dominant wear  modes as we l l  as the f requency  of com- c h a r a c t e r i z e d  by: concentration of particles , ra te of
ponent m a l f u n c t i o n  show d i f f e r e n t  pa t te rns  for each change of concent ra t ion , dominant m e t a l s  present , dis-
t r ansmiss ion .  This  is t rue  fo r  engines as wel l  as tribution of various metals , particle size distribu-
t ransmissions and i t  c o n t i n u a l l y  changes wi th  time as t ion , p a r t i c l e  shape and chemical  form ( e . g . ,  meta l ,
corrective modifications are made. Both transmissions oxide , metallo-organic). Despite the difficulties in
show greater malfunctions wi th bearings than gears . sampling and the limited range of par ticle sizes that
The UN-I  encounters more abrasion than the CH-47 which detection devices operate in , the various oil moni tor -
is more sensitive to r o l l i n g  f a t i g u e .  Corrosion is ing techniques heve been r e l a t i v e l y  s u c c e s s f u l .  Some
conanon to both , of these techniques are briefly described below .

The s tudies  c l ea r ly  show tha t  c l ass i ca l  f a t i gue  SOAP - Spect romet r ic  oil an a l y s i s  program (SOAP)
f a i l u r e  of bear ings  is rarely  observed . Bearings are is widely  known and has been used for many years  in the
general ly  removed because of other competing f a i l u r e  U . S . ,  U . K .  and Canada.  Periodic oil samples are taken
modes such as corr osion , debr is denting and manufac- from engines or transmissions . These are examined
turing defects (grinding furrow.~) .  In addi t ion , the spectrograph i c a l l y for  metal type and concentration .
advent of clean bearing materials (vacuum arc remelt The method is sensitive to particles smaller than lO om .
and degassing processes) has c~ duced the probabi l i ty  of I t  has l imited a b i l i t y  to i so la te  f a u l t s-  The general
c lass ica l  subsur face  i n i t i a t e d  f a t i g u e .  Bearing l i f e  feeling in the mi l i t a ry  is that SOAP is approx ima te ly
is now seen to be more sur face  sens i t ive .  Gears tend 807. e f f e c t i v e  in isola t ing engine f a i l u r e s  and perhaps
to be a l i t t l e  more to le ran t  of sur face  defects  than a l i t t l e  less e f fec t ive  with t ransmiss ions  (3).  A fac-
bearings . They also are a source of debris  generation tor inf luencing the lack of SOAP success is the time
along with other  components producing s l iding wear or involved in the logistics of sampl ing , shipment and
f r e t t i ng  (splines and bearing race/housing i n t e r f a c e s ),  laboratory ana lys i s . Some c i r c r a f t  require a SOAP
In general , the wear of gears and sp lines do not re- analysis after every flight. There is currently inter-
duce their ab i l i t y  to funct ion.  Their  wear pa r t i c les , ea t  in developing a por tab le  SOAP a n a l y z e r  whfch can
however, cause secondary damage to other components be taken on-board.
l ike bearings which are more sensitive to debr is ,  A CHIP DETECTORS - Chip detectors are use extensive-
transmission research engineer from the U . K .  has con- ly in helicopter engines and transmissions. The con-
cluded that ‘ cleanliness is godliness.” To avoid sec- tam a magnet and are positioned in the oil system to
ondar~- and progressive damage due to contaminants  a collect ferrous debris for periodic inspection and

I 
U.S. manufacturer is using a modular  t ransmission de- trend monitoring. Chip detectors are most e f f e c t i v e
sign separated by f i l t e r  screens . The sensi t iv i ty  of in col lect ing large  p a r t i c l e s  (25 om to over 500 on)
bearings to debris damage and the substantial abrasion that may come from fatigua spalls. Experience seemn
mode of wear in transmissions as shown in table 1 has to indicate that more failures are accompanied by rela-
motivated the Army to initiate a program on oil debris tively large particles (>50 oaf ) .  For this  reason chip

I analyais and superfine (3 on) filtration (9 ) .  detectors  compliment SOAP which can more appropriately
monitor the smaller  part icles and normal wear condi-

DLACNOSTICS tions.
Chip detectors can give on-board f a ul t  indica-

I 
Condition monitoring procedures involve the three tion . Metal  par t ic les  which bridge the gap between two

key elements of detect ion , diagnosis  and prognosis , electrodes in the chip detector ac t ivate  a warning
Detection mus t reveal an abnormality such as excessive light. It is well known that there are a large number
wear.  Diagnosis f u r t h e r  c l a r i f i e s  the abnormality as of fa l se  indications with these devices (many chip
to what  component may be experiencing a ma l func t ion , lights have been disconnected).  The warning l ight  w i l l

I Prognosis is the act of fo re te l l ing  the rete of deter i-  go on regardless of whether the gap is bridged by a
oration and when corrective action should be taken,  large number of small  pa r t i c les , a smal l  number of

Of the many detection aethod s that  are available large particles or a single long narrow particle. This
there seems to be three general statements that can be problem has been effectively resolved by the use of a
made. First, the concepts used in the various detec- capacitive discharge burnoff chip detector (10). When
tion devices are generally complimen .ary. Second , the the gap between the electrodes is bridged a strong
deficiencies encountered in the fie ld  are being cor- current pulse from a capacitor is discharged wh ich
rected through improved designs . Third, the success of causes local melting of the fine particles (‘fuzz”)
the diagnoStic device can only be achieved if it  is that cause false readings . Larger part icles wil l  con-
sensitive to the critical failure modes of the mechan- tinue to bridge the gap giving a t rue reading. These
ical system. types of detectors used in a full-flow-through mode

There are two general classes of detection methods within the oil system appear to be quite promising .
for oil wetted parts : vibration or vibration related FERROGRAPHY - Ferrography is a mnre recent devel-
(such as shock pulse) and oil (or particle) analysis. opment (11). A small sample of oil is allowed to flow
Vibration related methods are sttracrive because they over a glass slide located over a high gradient magnet.
are simple , inexpensive and not affected by filtration Magnetic particles such as iron and iron oxide are
level or the use of grease rather than oil. Oil analy- precipitated out with the larger particles located at
sis , hn,,ever, is more sensitive to wear and will be the entry point. The particle size rsnge is or. the
considered in ‘sore detail here , order 0-20 otn. The prepared slide can be examined

I



under a special microscope using bichromatic illumina- of surface treatments (for debris tolerance), new lub-
tion which reveals me ta l  in red and oxide in green or r i c a t i o n  concepts and opera t ion  in d i f f e r e n t  regimes of
yellow . Further analysis  can be done wi th  the scan- sever i ty . As an example , advanced eng ines are proposed
fling e lect ron microscope and other surface  a n a l y t i c a l  tha t  operate at  much h igher  speeds which w i t h  cur ren t ly
tools to determine chemical and elemental content (12). used mater ia ls , can cause ca tas trophic f r a c t u r e  of
This is an excellent laboratory tool which can distin- bearing rings as th~ result of crack propagation from
gu ish between va r ious par ticle morphol ogy a~d wear a surface fatigue spall.
modes.  It is called an Analytical Ferrograph.

A simplif ied version , known as the Direc t Reading CONCLUSIONS AND FINAL COMMENTS
Ferrogr aph , uses optical density measurements to deter-
mine the amount of wear. A more recent version , the 1. The use of appropriate diagnostic tools for
?eal-Time Ferrograph , was deveioped for on-board moni- aircraft oil wetted components h.~s good pay o f f  in the
to—ing . reduction of direct operating costs through reduced

IN-LINE OIL ~~NITOR - A technique which has had unscheduled maintenance . Diagnostics is a means by
some success in engine condition monitoring of oil which the practice of regularly scheduled maintenance
wetted par ts employs the principles of ligh t scatter- can he transformed into on-condition maintenance .
ing for part iculate debris detection and light attenua- 2. Diagnostics is particularly importani~ in hel i-
tion for chemical and therma l degradation (13). This copter engine and transmission systems where reliabil-
system has been tested in the TF4I-A-2 engine as part ity of oil wetted parts are a significant factor in
of a total infligh t engine condition monitoring sys- direct operating costs. Bearings account for the
tern (14). It provides greater information than some majority of failures . They are more sensitive to sec- 

-
other on-board syscems and is effective over a large ondary damage from debris than gears .
range ot particle sizes , but appears to be quite expen- 3. There are several useful diagnostic methods for
s ive . oil or wear pa r t i c l e  a n a l y s i s .  They are genera l ly

RADIOACTIVE ISOTOPE TAGGING - This method is not effective over a l imited range of p a r t i c l e  sizes but
frequently used but is very effective in isolating tend to compl iment each other if used in parallel.
f a u l t s  in c r i t i c a l  components. One example of its use 4 . Fi ne f i l tr at ion (<40 on) has the po ten t i a l  of
has been to monitor cage wear of an engine bearing (2). increasing time between overhaul , but reduces the ef-
A silver isotope layer is deposited below the normal fectiveness of oil monitoring techniques if convention-
silver pla ting. When the silver wears beyond a criti- al sampling methods are used . A l t e r n a t i v e  d iagnost ic
cal level the silver isotope is released into the oil techniques or at least sampling methods, must be used.
system and detected by a Geiger Mueller counter. This Further diagnostic modifications may have to be con-
method is also being used to monitor the roller end sidered for future aeronautical systems which may in-
wear of a critical main shaft engine bearing of a nih - corporate -sore grease lubrication , self-lubricating
tary engine, materials , sealed-for-life components and mist lubrica-

tion.
EFFECT OF FILTRATION 5. The development of a diagnostic system should

be parallel and integral with the developmen t of a
There is evidence that an ultra clean oil system mechanical system . Diagnostic measurements must ac-

can increase bearing life considerably through a reduc- company bench tests of componen ts for ul tima te rehi-
tion of debr is damaging surface stress raisers (is) .  ability and effectiveness of both .
The quantitative effect of improved filtration on life 6. A diagnostic technique l ike ferrography has
is ~ot c lear ly  documen ted , bu t the trend is certainly bene f i tted the science of tribology as much as the
there (16). At least the appearance of bearing sur- science of tribology has helped it become an excellent
faces and the amount of sludge has improved with finer diagnostic tool. Greater collaboration between de-
filtration (9). signers of mechanical systems , designers of diagnostic

Filtration down to the 3 om level removes most of systems and tribologists would be beneficial.
the particle information used in many oil monitoring
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I Table 1. - Rela tive Frequency (%) of Wear Modes

in t JH- l  and CH-47 Transmissions

I Wear Mode Bearings Gears Bearings Gea rs

Sliding fatiguea 0 19.01 5.97 8.24

I Roll ing f a t i gueb 14 . 12 1. 95 29.08 0
Adhesive 0 11.72 4.55 4.82
Corrosion 20.99 2.48 25.80 9.46
Abrasion 22.19 3.27 2.74 0.64

I Fre tt ing 0 1.89 6.81

Total 61.57 38.43 70.03 29.97

5Low cycle.
b~ig~ cycle.
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I
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TECHNOLOGY TRANSFER IN WEAR srsbr i t t lement , and the very process of adhesion , to

name a few.

Mikael  C i f t a n  and Cdward Saibel Gouy had made the observation that the surface
Duke Lniversity, Durhaw , N.C. 27706 and U. S. Army tension in contac t with e1c~ trol yt~~s could be changed
Research O f f i c e , Research  Triangle Park , N .C .  27709 dras t ica l ly by minu te  amounts of addi t ives  in the

- e lec t ro ly te  solu t ion .  Note , moreover , that  sur face
tension is no th ing  more than  f r e e  energy per un i t

0rdin.~r i ly  one thinks of Technology Transfer as surface aree . Even though this fundamental conr’ection
t . e  a p p l i c a t i o n  of basic s c i e n t i f i c  p r inc ip les to an to the H elmh o lt z  f ree  energy—which is also i n t e r p r e t a b l e
enginee : ing or t echnolog ica l  process . This imp lies as the mechanica l  er,ergy available to do useful wo’k—
that  the  s u b j ect  is wel l  understood but tna t  app l i —  does exist; the connectIon to the Rebinder effect that
ca t ion  has not yet  taken place. In the present context , will be descr ibed now must have seemed rather remote for
such is not the case. Here we mean tha t  basic pr in— a lor.g time because otherwise this connection would
ci p les and mechanisw s are known in phys ics  and c h e m i s t r y ,  have been used to a r r i v e  at  a b e t t e r  unders tand ing  of
but that these have not yeat  been successfully app lied wear before  now . As we shal l  see, up to now there has
to ihe fundamental processes of wear and corrosion . been a missing link , th~ chemostress effect.

(3)
When this endeavor proves successful , the theories of
the mechan i sms of wear and corrosion can then be Having discussed the Guoy effect we come now to the
applied to engineering and indu~ tria1 p rocesses , the Reb inder e f f ec t , which different groups interpret in
next phase of Technology Transfer, d ifferent ways.

Wear Is a partIcularly stiking and technologically Altho ugh generalizations of this effect have been
important manifestation of the coupling of mechanical noted , for our discussion it is sufficient to say that
energy to chemical energy, extremely rich in physical it is the dramatic change observed in the microhardness
and chemical mechanisms. While this richness and the of a solid when minute amounts of additives are edded
ensuing complexity provide a fertile ground for life— into the “lubricant” used be tween the Indenter and the
long investigations of carious facets of wear , it also solid.
creates the Impression tha t  to search for a uni f ying
picture in terms o~ a few governing fundamental  guan— Rebinder ’ s ori g inal e x p l a n a t i o n  of this e f f e c t was
titles wouhi be f u t i l e . Worse , this complexi ty  creates tha t it was elated to a change in the surface free

a feeling that even if such a construct is found, the energy. This is a natural connection to be made if we
pa th from these lzws and principles  to technological remind ourselves of Reb inder ’s insistence that the
app lications would be a very long one , mos t probabl y effec t was for very small loads , in the elastic
hop1~ ss1y tortuous , and might not even exist. We argue reversible regime .
here that such impressions are erroneous, and in suppor t
of our thesis we shall give the highlights of a theory, Of course , observation of this effect in the elastic
details of which can be found in recent publications. regime does not necessarily preclud its existence and
(1—5) observation in the inelastic irreversible regime and

indeed , this latter also has been observed . It too is
We men tioned tha t chemistry plays a major role in called “the Reb.inder effect ” and investigated at

wear; much of the chemistry involved has been referred length by Wes twood , MicMillan , La tanision, their
to iii the now popular phrase “environmental effect.” collabora tors ,(9) and Cuthrell and co1laborators .(10

~
Thus , one comes across qui te a number of ar ticles about
“the effec t of environment on mechanical properties of If one focuses on the mechanisms involved , it is
materials. ’ However this concept in its fundamental clear that distinction is not just a matter of semantics.
form goes as far back as thw ork of Gouy(6) in the It is immediately seen that to pass to the inelastic
context of electrochemistry. This was done in the regime to obtain permanent indentations , the format ion
latter part of the last century. While in the context and dynamics of defects such as dislocations, slip
of the mechanical strength of solids , it goes Lack to mechanisms, etc., will be involved. These struct’ires
the works of Joffe(7) and Rebinder ($) in tho 1920’s. will have to penetrate well below the ideal pe r fec t

crystal “surfaces .” This is so , since considera tion
We shall only briefly touch uopn the highlights of of the range of the surface forces involved would limit

their  works , of the more recent investigations of the effective surface of the solid to only a few atomic
Wes twood and his collaborators , and the very recent layers into the bulk.
work of ours(~~

5) which we believe ties all these
investigations into a coherer,t picture. This cohesive— In fact , it is precisely at this poin t tha t the main
nese arises from the rea l izat ion tha t a single funda— dilemma arises: if surface forces have such a short
mental quantity, a single driving force, namely the range into the bulk , why should what is added to the
gradient of the chemical po t en t i a l  of certain atomic— lubricant  in ainute amounts  h ave any th ing  to do wi th
molecular species, is the fundamental quantity. The what happens in the bulk where Ineleastic generalized
checmical po ten t ia l  of the specific species is in turn  Rebinder  e f f e c t s  are observed? Again , we are reminded
dependant on the environment—which may be an electro— of the s ign i f i can t  observation of Westwood and coworkers ,
lyte, a solid which defec ts, or a combination of these , shown in Fig. 1, tha t there are correla t ions be tween
Tracing the time evolution of the chemical potential the value of the zeta potential , the hardness of the
enables us to identif y and decode the intricate solid , and the drilling rate . If we had only tHe
processes such as adsorption and diffusion that take elastic Rebtnder effect , one could invoke the Cuoy
place. This ultimately leads to breaking of bonds observation and the matter would b~ closed.
and separation of solid material from the mein solid
body—namely wear. One of our objectives is to indicate To resolve the dilemma one needs to p inpoint
tha t the above ideas, due to the very richness of the specific slly to some fundamental quantity, some funds-
wear processes, bear on a large number of technological mental mechanisms that also involve changes in the
applic at ions going beyong sim~~y the wear of n.echanical bulk properties of the solid . The obvious mechanism
coinponenta of drilling of rocks , and embrace such that hes been ingnored is the diffusion of specific ions.
diverse phenomena as crack propagation , hydrogen This diffusion is in turn affected by stress fields ,

90



I
temperature gradients , and defect structures in the
material. The driving force of the diffusion is the

I gradient of the chemical potential ii which is afftected
by stress f i e lds  ~ according to the fo l low ing
relationship:

g ~~~~~~~~~~~~ + ....
I - 

Ia 
—where 

~~ 
has been calcu1a ted(~ 5) and has been designated

I 
as the chemostress coefficient .

The impor tance of diffusion in the context of
oxida t ion has a l ready been poin ted ou t by Wagner in his
theorty of oxidation.(11) The dependence of the
chemical potential on stress is necessary in a quanti—
tative description of oxidation and corrosion under stress.
So it is in this connection tt -it our discussion presented
here touches on the basic relationship between chemistry
and wear.
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I
used on occasion to enhance our international position
by conducting major famine relief operations as we did

TECHNOLOGY DEVELOPMENT AND NATIONAL STRENGTHS in the Sahal a few years ago or by using grain import
permits to the Soviet Union as a lever to achieve

~-ertain political objectives.

Hans Mark , Ac t ing  S e c r e t a r y  of the Ai r  Force
Our strength in agriculture is deep ly rooted in

our political and social traditionb. The Homestead
ALts which have been passed by successive Congresses
throughout our entire history go back to the Northwest
Ordinance of 1787 which was the first measure desi gned
to encourage people to move west and to develop the
land . Perhaps the most famous Homestead Act of all was
the one passed in 1862 which  was e s sen t i a l ly a ve t e ran ’s
benefit measure for people then fighting in the Civil
War. In addition to making free land available to
peop le under certain conditions , it establis~ ed the
Land Grant Colleges. I think a good case can be made

LADIES AND GENTLEMEN . I am particularly pleased to be that the establishment of these institutions was perhaps
here today to have the opportunity to talk with this the single most influential and far reaching measure
group . I come from the scientific community mysel f and ever passed by the Congress. The full intent of the
know something about your problems. However , with your law is perhaps worth quoting berbatim since it led
permission I would like to talk about some problems of directl y to the second great strength we have as a
my own and I hope that what I have to say would be of nation , which is the development a’~d app lication of
interest to you because I believe these problems are new technology .
ones tha t  we share in common.

It has become very fashionable among some in Wash— In the words of the ACT it was inteded to provide
ington to doubt the ability of this country to continue for the support “of at least one college (in each State)
to be a world power. This view is held by many people where the lead ing object shall be , without excluding
who have inf l uen tial posi tions , both in public and in other scientific and classical studies and including
private Life. It is by no means a majority view, but military tactics , to teach such branches of learning
one that is significant in that it is held by people as are related to agriculture and the nechanic arts ,
who are in positions tha t tend to set the nation ’s In such a manner as the Legislatures of the States may
intellectual goals. respec t ively prescr ibe , in order to promote the liberal

People who hold this view tend to make two argu— and practical education of the industrsl classes in
ments: One is that they question the propriety of the the several pursuits and professions of Life. ”
United States playing a major role in world affairs in
that they are not sure that this country can be trusted You all know that mechanic arts in those days meant
to use i ts  power and wealth with wisdom and restraint, technology development and engineering and therefore
Others ques tion the fac t tha t we can , in fact , physi— these institutions begaon to produce a large number of
cally maintain a strong position at all , what with the knowledgeable people in these fields. You also know
various economic and social problems that seem to beset that in 1887, the Homestead Act of 1862 was amended to
us. I would like to examine some of these questions establish “agricultural experiemen t sta t ions and
here today to see wha t , if any thing, that is useful engineering experiment stations” at each of these
might be said about them , institutions . These research establishments are now

First and foremost let me start by saying there is at the very heart of our public education system and
no doubt whatsoever in ;j mind that the United States they produce to this day the large majority of agri—
will continue to be a major power in the world almost cultural people and about fifty percent of our engineers.
independent of what some of our leading citizens think.
We have some very important permanent strengths that The art of taking scientific discoveries and turning
would have to be reckoned wi th  as a force in the world them to practical ends is something that we do peculiarly

even if the na t ion ’s leadership decided not to push the well in this country. Alexis de Toqueville , writing in
role of the United States as a world power. These per— 1840 in his famous and perceptive book “Democracy in
manen t stre ngths are a resul t of our geographic pos 4.— American” has a cha pter en tit led “Why the Americans
tion and of some very deeply rooted , political and eco— Are More Addicted to Practical than to Theoretical
nomic history. Science”. He said , “In Amer ica , the purely practical

Firs t , there should be no question at all in any— part of science is admirably understood and careful

one ’s mInd regarding our position in agriculture . We attention is paid to the theoretical protlon which is
are the world ’s leading agricultural nation. It is immediately requis i te  to application . On this head the
interesting to see, if you look at the map, why this is Americans always display a cle-i r , f r e e , original and in—
the case, We are the largest country in the world ventive power of mind.” I think what de Toqueville saw
lying entirely within the temperate zone. This is the 130 years ago is still true today. It is remarkable how
region in which  agricul tu re can be carr ied  ou t on a many of the modern technological achievemen ts org in ia ted
mass scale . Csnsda and the Soviet Union are too far in this country. I need not make a l i s t  here but you
north to do this properly. The Soviet Union , for certainly all know what they are . All you have to do is
examp le , has a southernmost point which is at the same look around and see the enourmous number of inventions
latitude as San Francisco , Ca l i fo rn ia , and the parallel that have made life both easier and more interesting for
going through Moscow , t h e i r  c a p i t a l , also goes through all of us .
Ke tchikan , Alaska. Other large nations lie in the tro-
pics and this position presents peculiar problems of It is entirely appropri ate that I should be talking to
its own with respect to carrying out large scale agri— to this group about these things because i~ a very real

cul tural activities. Not only can we feed ourselves sense , you , the people s i t t i n g  in t h i s  room , a re  the
but we can feed a large part of the world and we can do custodians of these great rational strengths. Our
all of this with less than five percent of our popula— scientific research est ablishments , in particular and
tion , Clearly this is a major strength which we have our institutions of higher education more generally are

still the major sources of people who propogate these
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I
traditions . it is a great intellectua l trad ition in
this country which must he nurtured and preserved m d

I I know that you will do just that.

A discussion such as this one would not be complete
if I did not also mention our major weakness which is , —

I I believe, a temporary one. This weakness is , of
course , our current dependence on imported oil. There
is no doubt in my mind that in the next decade we shall
have to develop our internal nergy resources in such a

I 
way that we will achieve virtual independence of foreign
oil sources. I know that can be recovered by secondary
and ter t iary recovery techniques . We also have plenty
of nuclear fuels. All of these resources will have to
be developed and we will have to make the capital in—

I vestments and the conomic sacrifices that will go with
this development . Fortunately, we are s trong in the
creation of new technology and this is , of course ,
precisely what the development I speak of will require.

I 
We have the ingenuity, imagina t ion and skill to over-
come the diff icult ies we face in achieving energy
independence and I expect that people who are now working
in some of the organizations you represent will take a

I 
leading role in this most important effort .

We are told by many of our poli t ical leaders that
we face an era of limits. Perhaps this iso, but I
think we need to remember that even though we always

I 
face physical limi ts the human imagina t ion is not
limited. It is precisely by using and developing our
imagina t ions that each generation has transcended the
limitb perceived by the preceding one. It is most
improtant in my opinion to remember this point and it is

I espe cially impor tant for you since scientific research
is one of the major ac tivi ties that st imula tes the
imagination of the next generation.

Thank you very much.

I
I
I
I
I
I
I
I
1
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